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 "ùer 2� yearT of 6Ter SerWJDe 
.oEe 	6S.
 oQeraUJoO
 20�� 
XaT a TQeDJaM Oo-6S. year� 
On 10 December 2018, the 
ESRF X-ray source was shut 
down for a 20-month upgrade 

to a brand-new storage ring, 
the new Extremely Brilliant 

SourDe 	E#S

 XJUI 6S. reTuNJOH 
JO "uHuTU 2020� 5Ie ESRF beaN Nay 

IaWe beeO TXJUDIeE oɭ UIJT year
 buU ESRF-
eOabMeE TDJeODe OeWer TUoQQeE
 aOE
 oODe aHaJO
 
this edition of the ESRF Highlights reneDUT UIe 
eYDeMMeODe aOE EJWerTJUy of UIe EJTDoWerJeT NaEe 
by ESRF uTerT� 

Research continues to reach impressive 
levels

*O faDU
 EurJOH 20��
 UIe TDJeOUJmD ouUDoNe 
baTeE oO QreWJouT yearT� beaNUJNe aU UIe 
ESRF reaDIeE MeWeMT by aMM NeaOT DoNQarabMe 
in terms of quantity (for example, number of 
refereeE QubMJDaUJoOT
 aOE RuaMJUy 	for eYaNQMe
 
OuNber of QubMJDaUJoOT JO IJHI-JNQaDU KourOaMT
 
o Wery TJNJMar Uo UIoTe of QreWJouT 6S. yearT� 
5IeTe Highlights report on selected examples 

and underline the long-term impact of research 
DarrJeE ouU aU UIe ESRF� .eaOXIJMe
 eYDJUeNeOU 
for UIe OeX oQQorUuOJUJeT Uo be uOWeJMeE by UIe 
E#S ErJWeT UIe QreQaraUJoO for a EyOaNJD aOE 
eɮDJeOU reTUarU of UIe ESRF QubMJD aOE $R( 
beamline portfolio, which will begin in March 
2020
 XJUI UIe obKeDUJWe Uo QroWJEe a NaYJNuN 
number of operational beamlines on the date of 
6S. reTUarU
 oO 2� "uHuTU
 2020� 

During the past year, enthusiasm for EBS has 
ErJWeO UIe DoODeQUJoO aOE EeWeMoQNeOU of OeX 
beamlines to be deployed in the coming years, 
aOE JU IaT aMTo beeO EeNoOTUraUeE by JNQreTTJWe 

aDUJWJUy JO UerNT of XorLTIoQT
 DoOfereODeT aOE 
TDIooMT 	abouU 20 TJODe UIe 20�� 6Ter .eeUJOH
 
to discuss and prepare future EBS science 
XJUI UIe uTer DoNNuOJUy� 5IeTe aDUJWJUJeT 
OoU oOMy aMMoXeE uT Uo LeeQ DoOUaDU XJUI ESRF 
users, but also to attract and interest the next 
generation of scientists, who will be the main 
actors for the best use of the new, extremely 
bright synchrotron source, and who will explore 
OeX reTearDI meMET for UIe DoNJOH EeDaEeT� 8e 
are MooLJOH forXarE Uo your QroQoTaMT
 TUarUJOH 
from the next beamtime proposal submission 
deadline of 2 March 2020!

First beam for EBS

0O 2 %eDeNber 20��
 Xe DeMebraUeE UIe mrTU 
injection of electrons in the new EBS storage 
rJOH aOE
 oO � %eDeNber
 UIe mrTU TUoreE beaN� 
SeeJOH UIe mrTU eMeDUroOT DJrDuMaUJOH
 JO QerfeDU 
accordance with the schedule established in 
20��
 XaT aO JOUeOTeMy reXarEJOH NoNeOU for 
aMM UIe UeaNT XIo IaWe beeO XorLJOH UJreMeTTMy 
on the EBS conception and implementation 
TJODe JUT MauODI JO 20��� *U NarLeE UIe 
successful completion of the engineering and 
installation of the EBS storage ring within the 
existing ESRF infrastructure, and the start of the 
commissioning phase of a brand-new generation 
of IJHI-eOerHy TyODIroUroOT� 

It was also a day of pride for the whole synchrotron 
DoNNuOJUy
 aT UIJT JOOoWaUJWe QroKeDU
 baTeE oO 
the principle of international cooperation, aims 
Uo TerWe UIe XorME�T TyODIroUroO TDJeOUJTUT aOE 
uTerT� 5IJT XaT QoTTJbMe UIaOLT Uo UIe EeEJDaUJoO 
aOE eYQerUJTe of UIe ESRF TUaɭ
 UIe DoMMaboraUJoO 
with international partner institutes and 
JOEuTUry
 aOE UIe JOWaMuabMe TUroOH
 DoOTUaOU 
support and trust of our 22 partner countries, 
all joining forces for the same goals: pioneering 
TyODIroUroO TDJeODe aOE UaDLMJOH HMobaM 
DIaMMeOHeT UIaU are Uoo DoNQMeY Uo be ToMWeE by 
oOe DouOUry aMoOe�

Ready for the challenges ahead

2020 XJMM be eRuaMMy JOUeOTe� *O QaraMMeM Uo 
optimising the operation of the new machine, we 
XJMM aMTo be XorLJOH aTTJEuouTMy Uo reTUarU UIe 
ESRF eYQerJNeOUaM QroHraNNe� *O QarUJDuMar
 UIe 
obKeDUJWe of 6S. reTUarU by "uHuTU 2020 XJUI a 
NaYJNuN OuNber of QubMJD aOE $R( beaNMJOeT 
JT ESRF�T UoQ QrJorJUy for 2020� *O aEEJUJoO
 Xe 
XJMM DoOUJOue Uo aEWaODe aDDorEJOH Uo QMaO oO UIe 
DoNQMeY XorL UIaU XJMM aEEreTT UIe DoNQMeUJoO of 
the EBS programme and the return of the ESRF 

%E"R ESRF 6SER
 
DEAR READER

2 ESRF

Francesco 
Sette

INTRODUCTION

This edition of the ESRF 

Highlights reflects the excellence 

and diversity of the discoveries 

made by ESRF users. I hope that 

it will inspire you for your next 

experiment at the ESRF.



Uo fuMM uTer oQeraUJoO JO UIe yearT 202�-2024� 
5IJT XorL XJMM be DarrJeE ouU oO NaOy froOUT
 
froN UIe MauODI of E#S naHTIJQ beaNMJOeT 
and the new High-Power Laser Platform, to 
the refurbishment of existing beamlines, the 
EeWeMoQNeOU of Ley JOTUruNeOUaUJoO aOE 
EeUeDUorT
 UIe EeWeMoQNeOU aOE JNQMeNeOUaUJoO 
of the ESRF data-management programme, and 
the recruitment of new beamline scientists and 
TUaɭ� "MM ESRF UeaNT are NobJMJTeE Uo QroWJEe 
the synchrotron community with the best tools 
Uo QuTI UIe MJNJUT of TDJeODe�

E#S XJMM QroWJEe OeX UooMT for UIe JOWeTUJHaUJoO 
of NaUerJaMT aOE MJWJOH NaUUer froN UIe 
macroscopic world down to the nanometre 
scale, and hopefully to the direct imaging of 
DoOHMoNeraUeT of a feX IuOEreE aUoNT� *U XJMM 
thus allow scientists to probe complex materials 
in greater detail, with higher quality, and much 
faTUer
 TQarLJOH OeX reTearDI oQQorUuOJUJeT JO 
meMET TuDI aT IeaMUI
 eOerHy
 UIe eOWJroONeOU
 
OeX TuTUaJOabMe aOE JOOoWaUJWe NaUerJaMT
 
aOE aMTo DuMUuraM IerJUaHe aOE QaMeoOUoMoHy� 
#y JOWeTUJHaUJOH UIe DoNQMeYJUy of DoOEeOTeE 
aOE MJWJOH NaUUer
 E#S XJMM IeMQ aEEreTT HMobaM 
challenges and contribute to their solution for 
UIe beOemU of our ToDJeUy� 

A new page in X-ray science

And what better way, in 2020, to open a new 
page in X-ray science, than to dedicate it to 
UIe XoNeO aOE NeO XIo QJoOeereE UIe meME of 
X-ray science, perhaps already imagining all the 
XoOEerfuM EJTDoWerJeT UIaU XouME foMMoX UIaOLT 
Uo UIeJr XorL� *O QarUJDuMar
 JU JT XJUI JNNeOTe 
pleasure that I wish to dedicate the ignition of 

E#S TDJeODe Uo 8JMIeMN $oOraE RÚOUHeO
 oO UIe 
�2�th aOOJWerTary of IJT EJTDoWery of 9-rayT
 aOE 
Uo RoTaMJOE EMTJe FraOLMJO
 JO XIaU XouME IaWe 
been her 100th year, for her X-ray crystallography 
XorL UIaU JT To DeOUraM Uo UIe uOEerTUaOEJOH of 
UIe NoMeDuMar TUruDUureT of %N"
 RN"
 WJruTeT
 
aOE HraQIJUe�

5IaOLT Uo eWeryoOe�T DoNbJOeE IarE XorL
 
20�� XaT aO JOUeOTe buU eYDJUJOH year fuMM of 
EeWeMoQNeOUT aOE JNQorUaOU aDIJeWeNeOUT� 
5IaOL you Uo aMM UIe TDJeOUJTUT XIo DoOUrJbuUeE 
Uo UIJT 20�� eEJUJoO of UIe ESRF Highlights� 
I hope you enjoy it and that it will inspire you for 
your OeYU eYQerJNeOU aU UIe ESRF�

FRANCESCO SETTE
Director General, 
ESRF



5Ie EuroQeaO )orJ[oO2020 QroKeDU
 
#E"NMJOe for 5oNoHraQIy aU 
SES".E 	#E"5S

 XaT MauODIeE XJUI 
UIe obKeDUJWe Uo EeTJHO aOE DoOTUruDU 
a beaNMJOe for IarE-9-ray
 fuMM-meME 
tomography at the SESAME 
synchrotron in Jordan, 
JO DoMMaboraUJoO XJUI UIe ESRF� 

" )orJ[oO2020 QroKeDU DoorEJOaUeE 
by the ESRF to promote open access 
to data, the Photon and Neutron 
0QeO SDJeODe $MouE 	PaN0S$
 brJOHT 
together six strategic European 
research infrastructures to help 
construct the European Open Science 
$MouE
 aO eDoTyTUeN for uOJWerTaM 
and cross-disciplinary open access to 
EaUa UIrouHI a TJOHMe aDDeTT QoJOU� 

January

H2020 project BEATS 
launched

H2020 project 
PaNOSC launched

28 February

Dismantling of third-
generation source complete

� February

Elisa Borfecchia,  
Young Scientist 2019

5Ie EJTNaOUMJOH of UIe ESRF�T 
third-generation storage ring was 
DoNQMeUeE JO �� XeeLT� 5eaNT 
reNoWeE oWer ��20 UoOOeT of 
equipment, including girders, 
NaHOeUT
 WaDuuN DIaNberT aOE 
associated instrumentation, from the 
TUoraHe rJOH UuOOeM� 

EMJTa #orfeDDIJa
 froN UIe 6OJWerTJUy 
of 5urJO JO *UaMy
 XaT aXarEeE UIe 
UJUMe of :ouOH SDJeOUJTU 20�� by 
UIe ESRF 6Ter 0rHaOJTaUJoO for 
UIe JNQreTTJWe reTuMUT oO TeMeDUJWe 
catalysis that she obtained with 
eYUeOTJWe uTe of 9-ray TQeDUroTDoQy 
aU *%2� aOE #.2�� 
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Four ESRF projects were among 
170 schemes awarded funding by 
"55R"$5
 a )orJ[oO2020 QroKeDU 
fuOEeE by UIe EuroQeaO 6OJoO aOE 
baDLeE by a DoOTorUJuN of reTearDI 
organisations, including the ESRF, to 
EeWeMoQ breaLUIrouHI EeUeDUJoO aOE 
imaging technologies for science 
aOE ToDJeUy� 

ESRF UeaNT JOTUaMMeE UIe mOaM E#S 
girder in the storage ring tunnel, 
NarLJOH UIe TuDDeTTfuM DoNQMeUJoO 
of the girder installation phase of 
UIe QroKeDU� 5eaNT IaE UIree NoOUIT 
Uo JOTUaMM �2� OeX HJrEerT TuQQorUJOH 
oWer �0 000 DoNQoOeOUT QreDJTJoO-
aMJHOeE Uo XJUIJO �0 NJDroOT� 

ESRF projects ATTRACT 
funding 

EBS girder installation 
complete

ESRF UeaNT JOTUaMMeE UIe mrTU 
components for the EBS in the 
TUoraHe rJOH UuOOeM� a Ley NJMeTUoOe 
JO UIe ��0.û QJoOeerJOH uQHraEe 
programme to replace the third-
generation source with a brand-new 
machine, boosting the performance 
of JUT HeOeraUeE 9-ray beaNT by �00� 

Kirsten Marie Ørnsbjerg Jensen, an 
aTTJTUaOU QrofeTTor aU UIe 6OJWerTJUy 
of Copenhagen and a longtime 
user of the ESRF, was awarded the 
20�� -�0rÏaM-6NES$0 JOUerOaUJoOaM 
8oNeO JO SDJeODe RJTJOH 5aMeOUT 
aXarE for Ier XorL oO TUruDUuraM 
aOaMyTJT of OaOoNaUerJaMT� 

&43' JOTUBMMT mSTU 
components of EBS

ESRF user wins L’Oréal 
UNESCO award

6 March

21 March

5HIGHLIGHTS 2019

22 May

24 May

ESRF inspires at Street 
Art Festival

ESRF–India workshop

14 June

14 June

5Ie ESRF JOTQJreE $aOaEJaO TUreeU 
artist Aaron Li Hill to include a 
EeTJHO of UIe TyODIroUroO aT a Ley 
part of his monumental fresco 
for (reOobMe SUreeU "rU FeTU 20��
 
named ‘Process of
"DDeMeraUJoO�� 

A symposium on multidisciplinary 
research at the ESRF was organised 
by the Regional Centre for 
Biotechnology in Faridabad, India, 
as a great opportunity to promote 
and strengthen the longstanding 
research collaboration between  
UIe ESRF aOE *OEJa� 
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EU project InnovaXN 
launched

French Science  
Festival

October 

10 – 12 October 

October saw the launch of 
*OOoWa9N
 a mWe-year E6-fuOEeE 
doctoral training programme 
bringing together the expertise of 
large-scale research infrastructures, 
such as the ESRF, with the R&D 
OeeET of EuroQeaO JOEuTUry� 

5Ie ESRF XeMDoNeE UIe QubMJD aU 
UIe aOOuaM FreODI SDJeODe FeTUJWaM� 
As well as leading 18 sessions with 
primary school classes from the 
region, the EPN Campus held a stand 
showcasing the research carried out 
at the four institutes, centred around 
oOe of UIe NaJO UIeNeT of UIJT year�T 
SDJeODe FeTUJWaM
 UIe PerJoEJD 5abMe� 

ESRF/ILL host joint Student 
Summer Programme

5Ie ESRF�*-- *OUerOaUJoOaM SUuEeOU 
Summer Programme on X-Ray 
and Neutron Science was held 
froN  � o 2� SeQUeNber� 5XeOUy 
international undergraduate 
TUuEeOUT UooL QarU JO a four-XeeL 
experimental project, embedded in 
a research group at the ESRF or ILL, 
together with a series of introductory 
lectures on the principles and 
applications of X-ray and neutron 
TDJeODe� 

September

ESRF welcomes European 
Young Scientist winner

5Ie ESRF XeMDoNeE ENJMy 9u
 a 
young British student and laureate of 
UIe 20�� EuroQeaO $oOUeTU for :ouOH 
SDJeOUJTUT 	E6$:S
� 5Ie DoNQeUJUJoO 
XaT TeU uQ JO ���� by UIe EuroQeaO 
Commission to promote the ideals of 
cooperation and exchange between 
youOH TDJeOUJTUT� 

June
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0OMy �� EayT aùer UIe TUarU of 
commissioning, teams were able to 
accumulate electrons in the storage 
rJOH aU UIe XorME-reDorE IorJ[oOUaM 
eNJUUaODe WaMue of �0� QN� 5Ie 
aDIJeWeNeOU XaT aO JNQorUaOU 
milestone on the way to opening 
a brand-new generation of high-
eOerHy TyODIroUroO Uo TDJeOUJmD 
uTerT JO "uHuTU 2020� 

5Ie mrTU eMeDUroOT Xere JOKeDUeE JO 
the new EBS storage ring according 
Uo TDIeEuMe
 NarLJOH UIe TuDDeTTfuM 
completion of the engineering 
and installation of EBS within the 
existing ESRF infrastructure, and 
the start of the commissioning 
QIaTe� 

EMeDUroOT Xere TUoreE for UIe mrTU 
time in the EBS storage ring, only 
mWe EayT aùer UIe TUarU of UIe 
DoNNJTTJoOJOH�  

�� NoWeNber

H2020 project 
STREAMLINE launched

South Africa–ESRF Light 
Sources conference

Record emittance for 
EBS

EBS commissioning 
started

First stored beam for 
EBS

S5RE".-*NE JT a )orJ[oO2020-
fuOEeE mWe-year QroKeDU UIaU XJMM 
complement the ESRF-EBS upgrade 
by enhancing user operation through 
OeX QroDeEureT aOE TyTUeNT� 
S5RE".-*NE XJMM UraJO eYJTUJOH uTerT 
in the new EBS opportunities as well 
aT reaDIJOH ouU Uo OeX TDJeOUJmD 
communities in academia and 
JOEuTUry� 

A South Africa–ESRF Light Sources 
conference was held in Johannesburg 
Uo eYDIaOHe oO UIe TDJeOUJmD 
collaboration with South Africa, and 
further collaboration, especially in 
MJHIU of UIe E#S
 JO meMET TuDI aT 
heritage sciences and palaeontology, 
NeEJDaM
 Heo- aOE eOWJroONeOUaM 
sciences, energy, nano- and material 
TDJeODeT
 aOE DoNQeUJUJWe JOEuTUry� 

5Ie ESRF IoTUeE aO arUJmDJaM 
JOUeMMJHeODe 	"*
 XorLTIoQ
 broaEDaTU 
MJWe froN UIe ESRF�T :ouUube 
DIaOOeM� 9-ray aOE OeuUroO faDJMJUJeT 
are facing growing challenges in 
producing, handling, treating and 
fully exploiting data of increasing 
WoMuNe aOE DoNQMeYJUy� 5Ie 
XorLTIoQ eYQMoreE UIe QoUeOUJaM 
applications of AI in treating data at 
MarHe-TDaMe faDJMJUJeT� 

"SUJmDJBM *OUFMMJHFODF 
workshop

�2 o �4 NoWeNber

7HIGHLIGHTS 2019

�� o �� NoWeNber

�� %eDeNber

2 December

6 December
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Fig. 1: Dismantling of the third-generation source began in 
%eDeNber 20��� #y .arDI
 OearMy ��00 UoOOeT of NaUerJaM IaE 

beeO reNoWeE froN UIe TUoraHe rJOH UuOOeM� 

Fig. 2: $JWJM XorLT Xere DarrJeE ouU Uo QreQare UIe UuOOeM 
for the new lattice, including painting and installing new 
HJrEer TuQQorU QMaUeT�

S5"56S 0F 5)E E#S
STATUS OF THE EBS

10 ESRF

The past year witnessed the achievement of momentous milestones in the Extremely Brilliant Source (EBS) 
programme, including the completion of the dismantling and installation phases and the start of commissioning 
PG UIF &#4 TUPSBHF SJOH� WPSL JT QSPHSFTTJOH XFMM PO UIF OFX nBHTIJQ &#4 CFBNMJOFT BOE GVSUIFS CFBNMJOF VQHSBEFT 
are also underway.

PR0+E$5 07ER7*E8

20�� NarLeE UIe mùI year of UIe ESRF�T E#S 
project to implement a new, fourth-generation 
MaUUJDe for UIe TUoraHe rJOH� 5IJT XJMM reEuDe 
UIe eRuJMJbrJuN IorJ[oOUaM eNJUUaODe froN 
4 nm to about 134 pm, thus greatly increasing 
the brilliance and coherence of the X-rays 
HeOeraUeE aOE oQeOJOH uQ OeX QerTQeDUJWeT for 
eYQerJNeOUT UIaU are OoU DoODeJWabMe UoEay� 
.uDI of UIe XorL of UIe QroKeDU JO 20�� foDuTeE 
oO UIe EJTNaOUMJOH of UIe QreWJouT
 UIJrE-
generation storage ring, which began with the 
start of the shutdown on 10 December 2018, 

aOE oO UIe JOTUaMMaUJoO aOE aMJHONeOU of UIe �2� 
pre-assembled girders that comprise the new 
MaUUJDe� 5Ie JOTUaMMaUJoO QIaTe XaT DoNQMeUeE 
TuDDeTTfuMMy by UIe eOE of NoWeNber 20��
 XJUI 
storage ring commissioning commencing on 
TDIeEuMe oO 2 %eDeNber�

5Ie eJHIUI aOE OJOUI .aDIJOe "EWJTory 
$oNNJUUee 	."$
 NeeUJOHT Xere IeME aU UIe 
ESRF JO .ay aOE NoWeNber 20��� $oNNJUUee 
members from leading institutes around the 
world came together to discuss the progress of 
UIe E#S QroKeDU aOE Uo NaLe reDoNNeOEaUJoOT 
for UIe TJY NoOUIT aIeaE� *O NoWeNber
 UIe ."$ 
XaT JNQreTTeE XJUI UIe MeWeM of QroHreTT NaEe 
oWer UIe year aOE DoOHraUuMaUeE UIe ESRF TUaɭ 
oO UIe UJNeMy aDIJeWeNeOU of Ley NJMeTUoOeT 
ready for the start of machine commissioning in 
%eDeNber�

%*S."N5-*N( P)"SE 
$0.P-E5E%

5Ie EJTNaOUMJOH of UIe QreWJouT TUoraHe rJOH 
UooL QMaDe oWer �� XeeLT
 XIJDI TaX Nore UIaO 
��20 UoOOeT of NaUerJaM reNoWeE
 JODMuEJOH ��0 
HJrEerT
 200 LN of DabMeT aOE �000 N of QJQJOH� 
SoNe DoNQoOeOUT
 TuDI aT UIe JOTerUJoO EeWJDeT 
aOE beaN-MoTT EeUeDUorT
 Xere reDoWereE Uo be 
re-uTeE JO UIe OeX NaDIJOe� 8orL TUarUeE Uo 
JOEJWJEuaMMy EJTNaOUMe aOE UeTU eaDI QJeDe of 
eRuJQNeOU reNoWeE froN UIe UuOOeM� PJQeT aOE 
DabMeT Xere aMTo EJTDoOOeDUeE aOE reNoWeE� $eMM 
by DeMM
 UIe DoODreUe roof XaT reNoWeE
 aOE eaDI 
HJrEer
 JOTerUJoO EeWJDe aOE raEJofreRueODy 	RF
 
DaWJUy MJùeE ouU XJUI UIe UIree oWerIeaE DraOeT 
in the Experimental Hall (Figure 1
� 

FoMMoXJOH UIe EJTNaOUMJOH
 DJWJM XorLT JO UIe 
UuOOeM beHaO JO February
 aOE JODMuEeE reNoWJOH 
concrete pillars and girder support plates from 
UIe UuOOeM noor� SoNe of UIe eYJTUJOH UreODIeT JO 
UIe UuOOeM noor Xere UIeO mMMeE XJUI DoODreUe aOE 
UIe UuOOeM XaT DMeaOeE aOE reQaJOUeE� FJOaMMy
 
2�� OeX HJrEer TuQQorU QMaUeT Xere JOTUaMMeE oO 
UIe UuOOeM noor 	Figure 2
� 5Ie DJWJM XorLT QIaTe 
eOEeE JO .arDI�



Fig. 3: 5Ie JNQreTTJWe JOTUaMMaUJoO of �2� Qre-aTTeNbMeE HJrEerT JO UIe TUoraHe 
rJOH UuOOeM TUarUeE JO .arDI 20���

Fig. 4: Following the completion of the girder installation in May, the insertion 
EeWJDeT Xere JOTUaMMeE JO UIe TUoraHe rJOH UuOOeM froN +uMy Uo NoWeNber�
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5Ie mrTU E#S HJrEer XaT QuU JOUo QMaDe JO .arDI 
(Figure 3

 NarLJOH UIe TUarU of UIe JOTUaMMaUJoO
 
DoOOeDUJoO aOE aMJHONeOU of �2� Qre-aTTeNbMeE 
girders as well as equipment such as the RF 
DaWJUJeT aOE UIe TUraJHIU TeDUJoOT� 5Ie HJrEer 
installation was successfully completed in 
.ay
 NarLJOH a NaKor NJMeTUoOe JO UIe QroKeDU� 
5IJrUeeO OeX )0.-EaNQeE RF DaWJUJeT Xere 
also installed in the storage ring by the end 
of May, fully equipped with all ancillaries and 
DoOOeDUeE UIrouHI UIe XaWeHuJEe EJTUrJbuUJoO 
OeUXorL Uo UIe RF QoXer UraOTNJUUerT� "MM �2 
cells of the storage ring were connected to the 
cooling system by July, while the installation 
of 13 000 cables connecting equipment to the 
DoOUroM rooN XaT DoNQMeUeE JO SeQUeNber� 5Ie 
eRuJQNeOU UeTUT TUarUeE QroHreTTJWeMy aT TooO 
aT UIe DabMJOH JO eaDI [oOe XaT mOJTIeE� 

5Ie JOTUaMMaUJoO of UIe JOTerUJoO EeWJDeT JO 
the EBS storage ring started in July and was 
mOJTIeE JO NoWeNber 	Figure 4
� "MM UIe JO-
WaDuuN uOEuMaUorT
 JODMuEJOH DryoHeOJD 
permanent magnet undulators, were adapted to 
the EBS lattice, which required the engineering 
NoEJmDaUJoO of UIe DooMJOH MayouU aOE UIe 
JOUeHraUJoO of OeX neYJbMe UraOTJUJoOT� 5Ie 
EeWJDeT Xere UIeO reJOTUaMMeE JO UIe TUoraHe 
rJOH aDDorEJOH Uo TDIeEuMe� 5Ie EJɭereOU 
sources for the bending magnet beamlines 
were magnetically characterised and tuned, 
including eight short bending magnets, eight 
UXo-QoMe XJHHMerT aOE oOe IJHI-meME
 UIree-QoMe 
XJHHMer� 

In July, the EBS magnets were tested for the 
mrTU UJNe aT UIe QrJODJQaM eMeDUroNaHOeUT aOE 
corrector magnets in four cells were powered up 
then ramped up to operation settings for three 
IourT� " bJH DIaOHe for E#S JT UIaU eaDI NaHOeU 
JO UIe TUoraHe rJOH JT QoXereE JOEJWJEuaMMy
 
rather than by family of 32 or 64 magnets as 
JO UIe QreWJouT rJOH� UIJT HJWeT JNQroWeE DoOUroM 
oWer UIe NaHOeUT
 buU JU aMTo NeaOT UIere are 
nearly a thousand separate power supplies to 
oWerTee. For UIJT
 UIe DoODeQU of AIoU-TXaQQJOH� 
was implemented, which means that in the case 
of a failure on one of the units, it can be changed 
RuJDLMy XJUIouU MoTJOH UIe beaN
 eOTurJOH UIe 
IJHI reMJabJMJUy of UIe NaHOeU QoXer TuQQMJeT�

5Ie JOKeDUJoO [oOe XaT uQHraEeE aT QMaOOeE
 
with the reduction of the booster circumference 
and the installation of magnets and supports 
JO UIe JOKeDUJoO [oOe UaLJOH QMaDe JO MaUe 
"uHuTU� 5Ie four DeraNJD DIaNberT for UIe 
JOKeDUJoO LJDLerT Xere EeMJWereE aOE JOTUaMMeE 
JO SeQUeNber
 foMMoXeE by WaDuuN DoOOeDUJoOT 
aOE aMJHONeOU� 

$oODerOJOH UIe WaDuuN
 UIe aEaQUaUJoO of UIe 
QreWJouT JO-WaDuuN JOTerUJoO EeWJDeT for E#S 
XaT aDDoNQMJTIeE aOE UIe EeWJDeT Xere reaEy 
for JOTUaMMaUJoO by UIe eOE of SeQUeNber� 5Ie 
straight sections were installed, connected 
aOE baLeE ouU by 0DUober� 5Ie TeDUor WaMWeT 
and bellows were replaced and all girders re-
DoOOeDUeE aOE uOEer WaDuuN by NoWeNber� 

ReHarEJOH EJaHOoTUJD eRuJQNeOU
 aMM of UIe mWe 
TUrJQMJOe DIaNberT
 TDraQerT
 QJDL-uQ DIaNberT 
and the beam stop were successfully installed, 
and the two collimators were installed and 
aMJHOeE beUXeeO "uHuTU aOE NoWeNber� "MM 
other equipment was tested and calibrated by 
NoWeNber� 

5Ie JOTUaMMaUJoO of a OeX MJRuJE OJUroHeO MooQ 
UooL QMaDe JO 0DUober aOE NoWeNber� 0O UoQ 
of the loops and connections, a complete 
refurbJTINeOU of UIe MJRuJE OJUroHeO UaOLT XaT 



Fig. 5: 5Ie QreDJTJoO-aMJHONeOU of UIe TUoraHe rJOH DoNQoOeOUT Uo MeTT UIaO 
�0 NJDroOT XaT DoNQMeUeE JO NoWeNber�

Fig. 6: 5Ie JOTUaMMaUJoO QIaTe of UIe E#S XaT DoNQMeUeE oO TDIeEuMe aOE UIe 
NaDIJOe XaT reaEy Uo DoNNJTTJoO by UIe eOE of NoWeNber 20���
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uOEerUaLeO
 XJUI a OeX UaOL aEEeE JO 0DUober 
Uo DoQe XJUI UIe IJHIer MeWeMT of DoOTuNQUJoO� 

" NaKor UaTL JO UIe JOTUaMMaUJoO QIaTe XaT UIe 
QreDJTJoO-aMJHONeOU of UIe �2� HJrEerT aOE 
oUIer eRuJQNeOU� FoMMoXJOH UIe JOTUaMMaUJoO 
and alignment of the girder feet and the girders 
UIeNTeMWeT JO .ay
 QreMJNJOary aMJHONeOU aOE 
UIeO mOe aMJHONeOU XaT DarrJeE ouU� NeYU
 UIe 
DQ2 magnets were installed across girders 2 and 
�
 aOE aMJHOeE Uo XJUIJO MeTT UIaO �00 �N� *O 
addition to the girder alignment, the front ends, 
TUraJHIU TeDUJoOT aOE JOTerUJoO EeWJDeT Xere 
JOTUaMMeE aOE aMJHOeE
 XJUI UIe mOaM aMJHONeOU of 
UIe TUoraHe rJOH Uo MeTT UIaO �0 �N mOJTIeE JO 
NJE-NoWeNber 	Figure 5
�

Regarding the EBS control system, which is 
baTeE oO UIe ESRF-EeWeMoQeE 5aOHo $oOUroMT 
fraNeXorL
 a OeX arDIJWe EaUabaTe XaT 
EeWeMoQeE Uo aMMoX Nore EaUa Uo be TUoreE 
at higher frequencies while speeding up the 

eYUraDUJoO UJNe TJHOJmDaOUMy� SJHOJmDaOU 
eɭorU XaT JOWeTUeE JO EeWeMoQJOH UIe DoOUroM 
ToùXare for UIe QoXer TuQQMy IoU-TXaQ TyTUeN
 
integrating the new beam position monitors with 
the existing ones, and replacing the hardware 
Uo JOUerfaDe UIe QerToOOeM TafeUy TyTUeN� 
A complete new set of graphical applications 
XaT EeWeMoQeE for oQeraUJOH UIe E#S� 5Ie DoOUroM 
system was ready on time with all features 
reRuJreE Uo DoNNJTTJoO UIe E#S�

5Ie DoNQMeUJoO of aMM UIeTe UaTLT JT UIe reTuMU 
of UIe TLJMM aOE EeEJDaUJoO of ESRF TUaɭ
 XIoTe 
DoOUrJbuUJoOT IaWe eOTureE UIe E#S JOTUaMMaUJoO 
phase has been accomplished successfully and 
on schedule (Figure 6
� 

S50R"(E R*N( 
$0..*SS*0N*N( S5"R5E%

*O NJE-NoWeNber
 UIe TUoraHe rJOH UuOOeM XaT 
DMoTeE� FoMMoXJOH HMobaM QoXer TuQQMy UeTUT 
and the start-up of the injector system, the 
mrTU eMeDUroOT Xere JOKeDUeE JOUo UIe -*N"$ 
aOE booTUer
 uQ Uo 5-2� 0O 2 %eDeNber
 UIe 
commissioning phase began with the injection 
of UIe mrTU eMeDUroOT JOUo UIe E#S TUoraHe rJOH 
(Figure 7
� -eTT UIaO UXo XeeLT MaUer
 UeaNT 
Xere abMe Uo aDDuNuMaUe uQ Uo ��� N" beaN 
DurreOU XJUI a XorME reDorE IorJ[oOUaM eNJUUaODe 
of 2�0 QN� 5Ie NaDIJOe DoNNJTTJoOJOH XJMM 
ruO uOUJM UIe eOE of February 2020� 0Wer UIe 
following months, teams will continue to fully 
characterise all aspects of the machine in terms 
of IarEXare QerforNaODeT 	WaDuuN TyTUeN
 
RF
 QoXer TuQQMJeT
 eUD�

 JEeOUJfy QoUeOUJaM 
XeaLOeTTeT
 aOE aEoQU NJUJHaUJoO ToMuUJoOT� "MM 
reTourDeT XJMM be uTeE Uo JNQroWe UIe reMJabJMJUy 
aOE UIe uQUJNe of UIe OeX NaDIJOe uQ Uo 6Ter 
SerWJDe .oEe 	6S.
 TUaOEarET
 XJUI EebuHHJOH 
of IarEXare aOE ToùXare DoOUJOuJOH EurJOH UIJT 
UJNe� %JaHOoTUJD UooMT aOE DoOUJOuouTMy eWoMWJOH 
mathematical algorithms will be utilised to 
identify potential problems and errors, while 
simultaneously tuning the machine in order to 
JNQroWe JUT oWeraMM QerforNaODeT
 JO QarUJDuMar
 
to bring the machine optics as close as possible 
Uo EeTJHO TQeDJmDaUJoOT�

5Ie TUoraHe rJOH DoNNJTTJoOJOH XJMM be foMMoXeE 
by six months of beamline commissioning, 
DoNNeODJOH JO .arDI 2020�

P6#-*$ #E".-*NE 6P(R"%E

Of the four selected EBSL beamline projects: 
 
• EBSL1 – ID18: Beamline for coherence  
 applications;
• EBSL2 – ID03: Beamline for hard X-ray  
 EJɭraDUJoO NJDroTDoQy�



Fig. 7: Commissioning 
of the EBS started 
on 2 December with 
UIe mrTU JOKeDUJoO of 
electrons into the new 
TUoraHe rJOH�

13HIGHLIGHTS 2019

• E#S-� o #.��� )JHI-UIrouHIQuU
 MarHe-meME
  
 phase-contrast tomography beamline;
• E#S-� o *%2�� SerJaM DryTUaMMoHraQIy  
 beamline,

EBSL3 and EBSL8 entered the implementation 
QIaTe JO 20��� 5Ie DoOTUruDUJoO of UIe TaUeMMJUe 
building for EBSL3 – BM18 progressed according 
to schedule and the contract for the construction 
of the experimental hutch in the satellite building 
XaT eTUabMJTIeE�  5Ie EeTJHO of UIe beaNMJOe 
JOTUruNeOUaUJoO XaT mOJTIeE aOE NoTU of UIe 
QarUT IaWe beeO orEereE for aTTeNbMy aOE 
JOTUaMMaUJoO� 

FoMMoXJOH UIe TuDDeTTfuM reWJeX of UIe 
UeDIOJDaM EeTJHO reQorU 	5%R
 for E#S-� o 
*%2�
 aQQroYJNaUeMy 40� of UIe DoOUraDUT 
for the construction of the infrastructure and 
UIe TDJeOUJmD JOTUruNeOUaUJoO Xere QMaDeE� 
5Ie TDJeOUJmD JOTUruNeOUaUJoO of UIe oME *%2� 
beaNMJOe XaT reNoWeE aOE DoOTUruDUJoO TUarUeE 
JO NoWeNber 20��
 aT QMaOOeE�

5Ie 5%R for UIe JNQMeNeOUaUJoO of E#S-2 o 
*%0� XaT TUarUeE JO auUuNO 20��
 aT XeMM aT 
an update of the conceptual design report 
	$%R
 for UIe E#S-� o *%�� QroKeDU
  foMMoXJOH 
the appointment of a lead scientist and a one-
XeeL eYDIaOHe XJUI UIe uTer DoNNuOJUy JO 
SeQUeNber� 5Ie reHuMar beaNMJOe refurbJTINeOU 
programme also progressed as part of the EBS 
beaNMJOe-reaEJOeTT QMaO�

*O aEEJUJoO Uo UIe E#S- beaNMJOe QroKeDUT
 TeWeraM 
existing beamlines are being rebuilt or deeply 
refurbJTIeE� 5IJT JODMuEeT�   
• ID27: High-pressure beamline;
• ID24: X-ray absorption beamline with two  
 branches;
• ID21: X-ray microscopy beamline;
• ID14: Nuclear resonance beamline;
• BM23: EXAFS beamline,
• #.2�� #JoS"9S beaNMJOe�

5Ie 5%R for UIe DoNQMeUe reDoOTUruDUJoO of *%2� 
as a long beamline in the Chartreuse Hall has 
beeO mOaMJTeE aOE reWJeXeE� 5Ie EeUaJMeE EeTJHO 
is progressing well and all the long-lead items 
for UIe beaNMJOe oQUJDT IaWe beeO orEereE� 5Ie 
5%RT for UIe reDoOTUruDUJoO of UIe UXo braODIeT 
of ID24 (ED-XAS branch for the HPLF – high 
QoXer MaTer faDJMJUy� %$. braODI for IJHI-nuY 
NJDrobeaN 9"S
 IaWe beeO mOaMJTeE aOE UIe 
DoOTUruDUJoO QIaTe TUarUeE� 5Ie 5%R for UIe UIJrE 
QIaTe of UIe uQHraEe of *%2� IaT beeO mOaMJTeE 
aOE aQQroWeE for UIe DoNQMeUe reDoOTUruDUJoO of 
UIe NJDroTDoQe JO UIe eYQerJNeOUaM IuUDI� 5Ie 
5%R for UIe reMoDaUJoO of UIe OuDMear reToOaODe 
beamline ID18 to port ID14 as a new beamline 
IaT beeO TUarUeE� 5Ie EeTJHO of UIe Dore eMeNeOUT 
of UIe OeX beaNMJOe IaT beeO mOJTIeE aOE UIe 
construction of those elements has been initiated 

for installation on beamline ID18 for testing 
aOE mrTU uTer eYQerJNeOUT before reMoDaUJoO Uo 
QorU *%�4� 5Ie UXo oQeraUJOH beOEJOH NaHOeU 
beamlines in the public beamline portfolio, BM23 
aOE #.2�
 are DurreOUMy beJOH EeeQMy refurbJTIeE 
for EBS-readiness and enhanced performance on 
UIeJr OeX UXo-QoMe XJHHMer TourDeT� 

$R( #E".-*NE 6P(R"%E

*O 20��
 JOfraTUruDUure XorLT oO beaNMJOeT 
eYDMuTJWeMy foDuTeE oO UIe $oMMaboraUJOH 
ReTearDI (rouQ 	$R(
 beaNMJOeT� 5Ie TQMJU of 
UIe EoubMe-braODI beaNMJOeT #.2�"�# aOE 
#.�0"�# DoOUJOueE aT QMaOOeE� 5Ie %uUDI-
#eMHJaO $R(
 %6##-E
 UooL oWer UIe reaDUJWaUeE 
beaNMJOe #.�4 Uo reQMaDe beaNMJOe #.2�" aùer 
UIe MoOH TIuUEoXO�

5Ie DoOTUruDUJoO of UIe JOfraTUruDUure for UIe 
OeX FreODI $R( beaNMJOe #.0� XaT mOJTIeE 
aOE UIe JOTUaMMaUJoO of UIe TDJeOUJmD eRuJQNeOU 
JT uOEerXay� 8orL oO EeeQ NoEJmDaUJoOT of 
UIe JOfraTUruDUure of UIe $R( beaNMJOeT #.20 
and BM28 continued in preparation for the new 
TourDe� "MM $R( beaNMJOeT Xere re-aMJHOeE aMoOH 
UIe OeX E#S beaN UraKeDUory aT EemOeE by UIeJr 
choice of source (single-bend, two-pole wiggler 
"
 or UXo-QoMe XJHHMer #
� $orreTQoOEJOH XorLT 
on the lead shielding were started and continued 
until the start of the EBS commissioning in 
%eDeNber� 0WeraMM
 UIe XorLT for UIe E#S- 
reaEJOeTT of UIe $R( beaNMJOeT are QroHreTTJOH 
XeMM aOE XJMM be mOJTIeE JO UJNe for UIe reTUarU 
of the beamlines in the beamline commissioning 
QIaTe
 froN .arDI 2 Uo "uHuTU 24
 2020�

*NS5R6.EN5"5*0N "N% 
%"5" ."N"(E.EN5

5Ie E#S QroKeDU DoNQrJTeT aO aNbJUJouT 
instrumentation and technology programme, 
XIJDI JT reRuJreE Uo HaJO UIe HreaUeTU beOemU 
froN UIe OeX TourDe QroQerUJeT� 
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*O 20��
 TeWeraM aDUJWJUJeT Xere JOJUJaUeE Uo 
prepare the reception and installation of the high-
QerforNaODe QJYeM array EeUeDUorT for TDaUUerJOH�
EJɭraDUJoO beaNMJOeT
 XIJDI XJMM be EeMJWereE 
uOUJM 202�� 5Ie R�% aDUJWJUJeT of UIe E#S EeUeDUor 
EeWeMoQNeOU QMaO 	%%P
 DoOUJOueE Uo QroHreTT
 
XJUI aMM UeDIOoMoHy QroHraNNeT EeWeMoQJOH 
TaUJTfaDUorJMy
 JO QarUJDuMar
 UIe EemOJUJoO aOE 
JNQMeNeOUaUJoO of UIe uQHraEeE WerTJoO of UIe 
ToùXare fraNeXorL for 2% EeUeDUorT
 -*."
 
which will enable scalable systems, able to cope 
with the high-throughput data streams produced 
by aEWaODeE EeUeDUorT� 5Ie EeWeMoQNeOU
 JO 
DoMMaboraUJoO XJUI UIe 6OJWerTJUy of )eJEeMberH
 
of a OeX
 Wery-IJHI-EyOaNJD-raOHe aOE faTU 
EeUeDUor DoEeOaNeE 9*%ER
 reDeJWeE a HraOU 
froN UIe )2020 "55R"$5 JOJUJaUJWe 	page 5
� 5Ie 
mrTU UeTU reaEouU "S*$ JO �� ON NJDroeMeDUroOJDT 
UeDIOoMoHy for UIJT QroKeDU XaT reDeJWeE aOE JT 
uOEer eWaMuaUJoO� 5Ie mrNXare aOE ToùXare 
reRuJreE for UIe S."R5P*9 EeUeDUor reaDIeE 
milestones necessary to build a 1-megapixel 
QroUoUyQe reaEy for mrTU eWaMuaUJoOT aU UIe 
beaNMJOe reTUarU JO 2020� 5Ie %%P XeOU UIrouHI 
JUT mrTU fuMM JOUerOaM reWJeX JO .ay o +uOe 20��� 
5Ie reWJeX MooLeE JO EeUaJM aU UIe QroHreTT
 
aDIJeWeNeOUT aOE JTTueT fouOE JO UIe WarJouT 
QroHraNNeT aOE R�% QroKeDUT of UIe QMaO� 

5Ie DoMMaboraUJoO XJUI PS* for UIe uTaHe aOE 
eWaMuaUJoO of UIe +6N(FR"6 EeUeDUor XaT 
extended to include the study of new types 
of pixelated sensors and the exchange of 
technical information and cooperation on 
the implementation of the high-performance 
DoNQuUJOH QMaUforNT reRuJreE Uo uTe +6N(FR"6 
EeUeDUorT eɮDJeOUMy aU TUoraHe rJOHT� 5IJT aTQeDU 
is crucial for the integration of the main detector 
at the new beamline for serial macromolecular 
DryTUaMMoHraQIy
 E#S-� o *%2��

9źR": 0P5*$S "N% 
.E$)"5R0N*$S

In X-ray optics, considerable progress was 
made in the modelling of the propagation of 
partially coherent X-rays through imperfect 
oQUJDT 	MeOTeT
 NJrrorT
 eUD�
� $aQabJMJUJeT JO UIe 
QreTTJOH of aMuNJOJuN DoNQouOE refraDUJWe 
MeOTeT Xere JNQroWeE aOE eYUeOEeE Uo TNaMMer 
raEJJ
 aOE UIe TurfaDe mHure error of a IarE 
9-ray NJrror XaT JNQroWeE by DoNbJOJOH 
EJɭereOUJaM EeQoTJUJoO aOE oɯJOe NeUroMoHy 
UooMT� SJNuMUaOeouTMy
 eɭorUT DoOUJOueE Uo 
enhance the quality of 2D-surface topography 
measurements necessary for the correction 

of TuDI NJrror oQUJDT� 5Ie EeUaJMeE EeTJHO of a 
OeX UIJO-mMN EeQoTJUJoO TyTUeN oQUJNJTeE for 
multilayer coating of nanofocusing and high-
resolution monochromators was completed 
aOE JT TDIeEuMeE for EeMJWery JO auUuNO 2020� 
5Ie E#S beaNMJOe TIuUEoXO aMTo QreTeOUeE UIe 
opportunity to upgrade some of the core tools 
JO UIe ESRF DryTUaM MaboraUory� 5Ie MaboraUory 
X-ray facilities and diamond saws essential for 
UIe NaOufaDUurJOH QroDeEureT XJMM UIuT beOemU 
froN fuOEaNeOUaM uQHraEeT�

In the area of mechatronics, the major on-going 
EeWeMoQNeOU XaT UIe TQeDUroTDoQy EoubMe-
crystal monochromator prototype (Figure 8

 
where the positions and angles of the crystals 
are ensured by fast actuators controlled in real 
UJNe JO DMoTeE MooQ XJUI �� JOUerferoNeUrJD 
TeOTorT� "ùer UIe mrTU UeTUT JO NoWeNber 20��
 
oɯJOe UeTUT XJUI a MaTer beaN
 aTToDJaUeE XJUI 
EyOaNJDT NoEeMMJOH
 reTuMUeE JO JNQroWeNeOUT 
JO TyTUeN QerforNaODe� For UIe OaOoQoTJUJoOJOH 
aOE aDUJWe TUabJMJTaUJoO TUaHe eOE-TUaUJoO 	*%��

 
Mab UeTUT QroHreTTeE Uo WaMJEaUe UIe DoODeQU of 
a multi-axis online metrology system with the 
reRuJreE OaOoNeUrJD QerforNaODeT oWer a raOHe 
of TeWeraM NJMMJNeUreT� *O QaraMMeM
 EeWeMoQNeOU 
of a mechatronics control approach was started 
through a collaboration with experts from the 
6OJWerTJUy of -JÒHe
 #ruTTeMT�

%"5" *NFR"S5R6$56RE

8JUI eYQerJNeOUaM EaUa raUeT eYQeDUeE Uo 
increase an estimated 10 to 100 times, dealing 
with data remains one of the major challenges 
of UIe E#S QroKeDU aOE beyoOE� $oODeQUuaM XorL 
oO UIe *5 JOfraTUruDUure XaT EoOe Uo NaLe Ture 
that the new generation of high-resolution 
detectors on the ESRF beamlines can write data 
aU NaYJNuN TQeeE Uo buɭer TUoraHe areaT� *U JT 
froN UIoTe buɭer TUoraHe TyTUeNT UIaU oO-MJOe 
EaUa reEuDUJoO DaO UaLe QMaDe before TeOEJOH 
the data to central storage systems for further 
QroDeTTJOH aOE mOaMMy arDIJWJOH� 5Xo OeX 
sets of computer clusters, based on the latest 
generation of graphics processing units and 
DeOUraM QroDeTTJOH uOJUT
 reTQeDUJWeMy
 IaWe beeO 
purchased to increase batch-processing capacity 
EurJOH aOE aùer UIe eYQerJNeOUT� *O UIe DoOUeYU 
of EaUa aOaMyTJT ToùXare
 a OeX WerTJoO of silx 
	IUUQ���XXX�TJMY�orH

 UIe SD*eOUJmD -Jbrary for 
e9QerJNeOUaMJTUT
 XaT reMeaTeE� 5IJT MJbrary of 
common algorithms and graphical tools for 
building data analysis applications will facilitate 
the long-term maintenance of applications, 
resulting in an increasing number of applications 
based on silx�

$oMMaboraUJWe eɭorUT DoOUJOueE oO UIe PIoUoO 
and Neutron Open Science Cloud (PaNOSC 
o DoorEJOaUeE by UIe ESRF
 QroKeDU for EaUa 
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aOaMyTJT ToùXare
 foMMoXJOH aDDeQUaODe of 
the proposal by the European Commission 
and the project launch on 1 December 2018 
(page 178
� PaN0S$ XJMM booTU aOE IarNoOJTe 
EaUa NaOaHeNeOU aOE EaUa TerWJDeT aDroTT UIe 
ESFR* PIoUoO aOE NeuUroO SourDeT oWer UIe OeYU 
UIree yearT� 5oQJDT beJOH aEEreTTeE JODMuEe EaUa 
policies, FAIR data principles, rich metadata, data 
TUeXarETIJQ
 EaUa aOaMyTJT OoUebooLT
 reNoUe 
TerWJDeT for EaUa aOaMyTJT
 MoOH-UerN arDIJWJOH
 
trusted data repositories, and training for users 
in the context of the European Open Science 
$MouE 	E0S$
 Uo DoOOeDU EaUa Uo DoNQuUaUJoO JO 
UIe NoTU eɮDJeOU Xay�

5Ie ESRF 0QeO %aUa PoMJDy 	IUUQ���XXX�eTrf�fr�
EaUaQoMJDy
 QroHreTTeE Uo UIe JNQMeNeOUaUJoO 
phase, with metadata being systematically 
collected on 18 beamlines, including the Cryo-
E.
 aOE raX EaUa beJOH arDIJWeE for �0 yearT� 
Current plans foresee full implementation for 
aMM beaNMJOeT by UIe eOE of 2020� 5Ie mrTU 
WerTJoO of aO eMeDUroOJD OoUebooL XaT reMeaTeE 
to some beamlines for testing before the long 
TIuUEoXO� FeeEbaDL XaT Wery QoTJUJWe
 XJUI UIe 
e-MoHbooL beJOH DoOTJEereE a bJH TUeQ forXarE 
(page 179
� %eWeMoQNeOU DoOUJOueE EurJOH UIe 
long shutdown with the addition of new features 
requested by beamlines and in preparation for 
UIe mrTU reMeaTe of UIe e-MoHbooL aT oQeO EaUa� 
For UIJT
 a OeX EaUa QorUaM XaT EeWeMoQeE aOE 
reMeaTeE� 5Ie OeX EaUa QorUaM eOIaODeT UIe uTer 
eYQerJeODe aOE XJMM QroWJEe TuQQorU for oOMJOe 
EaUa aOaMyTJT� 5Ie $aMJQToP-6S +R"2 QroKeDU 	MeE 
by ESRF aOE PS*
 EeWeMoQeE a QroUoUyQe of EaUa 
aOaMyTJT aT a TerWJDe for MoDaM aOE reNoUe uTerT� 
.uDI eɭorU XaT NaEe Uo TeU uQ a HeOerJD +uQyUer 
OoUebooL TerWJDe aOE a QroEuDUJoO-reaEy TerWJDe 
for JOUerOaM uTerT� 

*ODreaTeE eɭorU XaT JOWeTUeE JO EeWeMoQJOH 
optimised data analysis algorithms using 
parallel hardware to handle the increase in data 
Eue Uo OeX EeUeDUorT aOE UIe OeX TourDe� " 
number of experiments will produce such large 
data sets that the time to process them will 
by far eYDeeE UIe aDRuJTJUJoO UJNe� 5Ie NaJO 
domains concerned are the imaging beamlines 
(starting with tomography and coherent 
EJɭraDUJoO

 buU aMTo OeX UeDIOJRueT
 TuDI aT 
TerJaM NaDroNoMeDuMar DryTUaMMoHraQIy� NeX 
areaT of reTearDI aOE EeWeMoQNeOU XJMM JODMuEe 
data compression and machine learning, and in 
UIJT DoOUeYU
 a XorLTIoQ oO "rUJmDJaM *OUeMMJHeODe 
Applied to Photon and Neutron Science was 
orHaOJTeE KoJOUMy XJUI UIe *-- aOE S5F$� 

"T QarU of UIe DoOWerTJoO of TDJeOUJmD EaUa Uo 
)%F�
 UIe ESRF orHaOJTeE a XorLTIoQ XJUI UIe 
)%F HrouQ oO )%F� JO SDJeODe aOE *OEuTUry JO 
EuroQe� 5Ie XorLTIoQ IeMQeE aEEreTT RueTUJoOT 
arouOE )%F� aOE uTJOH UIJT EaUa forNaU oO UIe 
ESRF beaNMJOeT�

J.-C. BIASCI, R. DIMPER, C. NEVO, 
P. RAIMONDI, H. REICHERT and J. SUSINI

 Fig. 8: 5Ie EoubMe-DryTUaM NoOoDIroNaUor 
QroUoUyQe XaT furUIer EeWeMoQeE JO 20��� 
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During the last decade, an unprecedented 
surge in high-pressure, high- and low-
temperature research has greatly improved 
our fundamental understanding of materials 
VOEFS FYUSFNF DPOEJUJPOT� .BOZ TDJFOUJmD 
breakthroughs have been achieved across 
mFMET SBOHJOH GSPN &BSUI BOE QMBOFUBSZ 
science to physics, chemistry and materials 
research, and extending into biophysics/
biochemistry. In this context, ‘matter at 
extreme pressures and temperatures’ was 
one of the science drivers for the construction 
of the Extremely Brilliant Source (EBS). In 
particular, detailed structural, electronic 
and vibrational studies on much smaller 
sample volumes and much shorter time 
scales will become possible with EBS. Higher 
pressure and temperature states that can 
be generated only in smaller volumes will 
CF mOFMZ DIBSBDUFSJTFE� 4VCNJDSPO TBNQMF 
heterogeneities will also become accessible, 
down to 100 picoseconds, with a deeper 
understanding of processes such as phase 
transitions and transport under extreme 
conditions.

5o UaDLMe UIJT DIaMMeOHJOH TDJeOUJmD QroHraNNe
 
an ambitious refurbishment plan is underway at 
UIe .aUUer aU EYUreNeT 	.E9
 beaNMJOeT� SUaUe-
of-UIe-arU $E5e QJYeM EeUeDUorT XJMM be JOTUaMMeE aU 
UIe UIree 9-ray EJɭraDUJoO JOTUruNeOUT ID06LVP, 
ID15B and ID27 to fully exploit the enhanced 
QIoUoO nuY aOE QerforN faTU TIuUUerMeTT EaUa 
collection of high-quality powder and single-
DryTUaM EaUa uOEer eYUreNe DoOEJUJoOT� 

Prior to its full reconstruction, the nuclear 
resonance beamline ID18 will host two unique 
instruments: the nanoscope and spectrograph, 
reTuMUJOH JO aO orEer-of-NaHOJUuEe JNQroWeNeOU  
of the spatial and energy resolution without 
DoNQroNJTe oO UIe QIoUoO nuY� 5IeTe 
EeWeMoQNeOUT XJMM MeaE Uo a reEuDUJoO of UIe 
beaN TQoU froN �0 EoXO Uo 0�2 NJDroO
 eOabMJOH 
nuclear resonance scattering experiments in 
UIe UeraQaTDaM QreTTure reHJNe� *O QaraMMeM
 aT 
featured in this chapter (page 26

 UIe OeX 
TQeDUroHraQI EeWeMoQeE by "� *� $IuNaLoW et al. 
XJMM JNQroWe UIe eOerHy reToMuUJoO froN 0�� Ne7 
Uo 0�� Ne7
 aMMoXJOH EeOTJUy-of-QIoOoO-TUaUeT 
NeaTureNeOUT of TJHOJmDaOUMy IJHIer RuaMJUy� 

SeWeraM JNQorUaOU DIaOHeT are aMTo foreTeeO 
at the two X-ray absorption beamlines, BM23 
aOE *%24� BM23 will be re-aligned to a new, 
two-pole wiggler X-ray source and opened to 
uTerT JO +aOuary 202�� "U UIJT UJNe
 UIe IJHI-
energy-resolution micro-XAS station equipped 

XJUI a mWe-DryTUaM aOaMyTer TQeDUroNeUer aOE 
aO oQUJNJTeE 9"S-%R*F5S-.S EeWJDe XJMM be fuMMy 
oQeraUJoOaM� 

In parallel, ID24 XJMM be eOUJreMy refurbJTIeE� 5Ie 
IJTUorJDaM E%9"S-S braODI XJMM be DoOWerUeE 
into a high-brilliance XAS beamline equipped 
with an in-house scanning double-crystal 
monochromator with outstanding angular 
reToMuUJoO� 5Ie OeX braODI XJMM QroWJEe a WarJabMe 
TQoU TJ[e froN � mN Uo � NN aOE a WarJabMe nuY 
up to 1014 QIoUoOT�T
 XIJDI XJMM eOabMe fuMM E9"FS 
EaUa-DoMMeDUJoO JO _� T� 5IJT OeX JOTUruNeOU XJMM 
be oQeO Uo uTerT JO +aOuary 2022� 5Ie E%9"S-- 
braODI 	*%24-E%
 XJMM TUJMM be EeWoUeE Uo UJNe-
reToMWeE 	EoXO Uo �00 QJDoTeDoOET
 eYQerJNeOUT
 
including dynamic compression and pulsed 
NaHOeUJD meME TUuEJeT� 5Ie *%24-E% braODI UIaU 
will host the High Power Laser Facility will be 
EeMJWereE JO SeQUeNber 2020 aOE reTuNe uTer 
oQeraUJoO JO +uMy 202�� 

Finally, a major refurbishment of the high-
pressure XRD beamline ID27 is currently in 
QroHreTT� 5Ie OeX JOTUruNeOU
 XIJDI XJMM re-
open in September 2021, will nicely complement 
*%��# aOE *%0�-7P
 UIe UXo IJHI-QreTTure 
EJɭraDUJoO beaNMJOeT
 by QroWJEJOH OaOo-
foDuTJOH NoOoDIroNaUJD aOE AQJOL� beaN 
DaQabJMJUJeT� "O eYQeDUeE JODreaTe JO QIoUoO 
nuY by UIree orEerT of NaHOJUuEe XJMM eOabMe 
NJDroTeDoOE UJNe-reToMWeE TUuEJeT Uo brJEHe UIe 
HaQ beUXeeO TUaUJD aOE QJDoTeDoOE MaTer-ErJWeO 
EyOaNJD DoNQreTTJoO eYQerJNeOUT aWaJMabMe aU 
*%24� 5IJT JOTUruNeOU XJMM aMTo QroWJEe 9-ray 
emission spectroscopy and X-ray imaging 
capabilities to widen the panel of techniques 
oɭereE Uo *%2� uTerT�

5Ie TeMeDUJoO of XorLT QreTeOUeE JO UIJT DIaQUer 
can be seen as a tribute to the former storage ring, 
XIJDI eYDeMMeOUMy TerWeE UIe uTer DoNNuOJUy for 
Nore UIaO 2� yearT� *U DoOUaJOT IJHI-RuaMJUy
 
JO-IouTe aOE uTer DoOUrJbuUJoOT froN EJWerTe 
reTearDI meMET
 JODMuEJOH QIyTJDT
 DIeNJTUry aOE 
geosciences, illustrating the multidisciplinary 
OaUure of UIe .E9 HrouQ�

By combining ultrasonic and XRD measurements 
aU *%0�-7P
 "� R� 5IoNToO et al� EeNoOTUraUe 
UIaU aOoNaMouT DoOUJOeOU-TJ[eE reHJoOT TJUUJOH 
oO UIe EarUI�T DoreoNaOUMe bouOEary DouME be 
made from subducted oceanic crust (page 20
� 
*� ,uQeOLo et al. carried out challenging SMS 
TQeDUroTDoQy oO *%�� of IeNaUJUe aU EarUI�T 
lower mantle conditions, showing that this 
magnetic material could be a source of magnetic 
aOoNaMJeT JO TQeDJmD JOUerJor MoDaUJoOT of UIe 
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Earth (page 21
� FroN IJHI-RuaMJUy TJOHMe-
DryTUaM EaUa DoMMeDUeE *%��#
 E� #yLoWa et al. 
determined two new forms of silica that are 
EraTUJDaMMy EJɭereOU froN aOy oUIer LOoXO 
silica phases (page 23
� *O aOoUIer EeUaJMeE 
TUruDUuraM TUuEy DoOEuDUeE aU *%��#, 8� #aeL 
et al. determined the outstanding mechanical 
properties of lonsdaleite; a hexagonal lattice 
NoEJmDaUJoO of EJaNoOE 	page 24
� FroN a 
combined XRD, SMS and XAS study conducted 
aU UIree .E9 beaNMJOeT 	*%2�
 *%�� aOE #.2�

 
Sans et al. QrobeE UIe TUabJMJUy meME aOE OaUure 
of UIe WoMuNe DoMMaQTe of ε-Fe2O3 (page 27
� 
"U *%24
 %� *� (orbuOoW et al. microscopically 
obTerWeE UIe NaHOeUJTaUJoO of UIe ferrJNaHOeU 
HoFe�Al7 JO a TUroOH NaHOeUJD meME (page 29
� 
6TJOH UIe MaTer-IeaUJOH TyTUeN aU *%2�
 
%� -aOJeM et al. EJTDoWereE a MayereE forN of 
single-bonded nitrogen that is solid at ultrahigh 
pressure (page 31

 XIJMe %� 7� SeNeOoL et al. 
synthesised and characterised in situ two new 
forNT of UIorJuN IyErJEeT
 5I)� aOE 5I)10, 
XIJDI eYIJbJU Wery IJHI TuQerDoOEuDUJOH DrJUJDaM 
UeNQeraUureT 	�4� , aOE ��0 ,
 reTQeDUJWeMy
 
(page 32
� 

*O aEEJUJoO Uo eYUreNe DoOEJUJoOT aDUJWJUy
 UIe 
two XAS beamlines, BM23 and ID24, run an 
JNQorUaOU DIeNJTUry QroHraNNe� 5Xo eYaNQMeT 
are IJHIMJHIUeE JO UIJT DIaQUer� 5Ie oYJEaUJoO 
reactions of organic substrates by non-heme 
JroO aDUJWaUeE TQeDJeT Xere JOWeTUJHaUeE aOE UIe 
LJOeUJDT DoOTUaOUT EeUerNJOeE by (� $aQoDaTa 
et al. uTJOH UJNe-reToMWeE 9"S aOE 67-7JT 
spectroscopies with millisecond resolution 
(page 34
� 5Ie TUoJDIJoNeUry of DorOerTUoOeT 
JO bJNeUaMMJD $e;r-6J0-�� .0FT Xere reWeaMeE 
by E9"FS TQeDUroTDoQy by ,� "� -oNaDIeOLo 
(page 36
�

5IJT TeMeDUJoO of IJHIMJHIUT TIoXT UIaU TDJeODe 
uOEer eYUreNe DoOEJUJoOT JT a WJbraOU meME of 
reTearDI aOE HJWeT a naWour of XIaU DouME be 
aDIJeWeE JO UIe fuUure� 5Ie .E9 HrouQ aOE uTer 
DoNNuOJUy are DerUaJOMy eaHer Uo EJTDoWer UIe 
JNNeOTe QoTTJbJMJUJeT oɭereE by E#S�

M. MEZOUAR
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Calcium perovskite is the third most abundant mineral in Earth’s lower mantle but its seismic properties are 
relatively poorly constrained. High-pressure experiments have simultaneously measured the crystallographic 
and seismic properties of calcium perovskite. This has revealed that anomalous continent-sized regions sitting 
on the core–mantle boundary could be made from subducted oceanic crust.

5Ie EarUI�T MoXer NaOUMe JT WaTU� *U eYUeOET froN 
��0 LN Uo 2��� LN EeQUI beMoX UIe TurfaDe 
of the planet and contains approximately two-
UIJrET of aMM UIe TJMJDaUe roDLT oO EarUI� %eTQJUe 
the dearth of direct samples from the lower 
NaOUMe aWaJMabMe for TUuEy
 reDeOU HeoQIyTJDaM 
obTerWaUJoOT IaWe QroWJEeE NaOy JOTJHIUT 
JOUo UIJT reNoUe reTerWoJr of UIe EarUI� SeJTNJD 
anomalies ranging from widespread scatterers 
of �0-20 LN UIrouHIouU UIe uQQerNoTU MoXer 
NaOUMe Uo UIe UXo aOUJQoEaM DoOUJOeOU-TJ[eE 
MarHe MoX WeMoDJUy QroWJODeT 	--7PT
 UIaU reTJEe 
on the core–mantle boundary hint that the lower 
NaOUMe JT DoNQoTJUJoOaMMy IJHIMy IeUeroHeOeouT� 
)oXeWer
 Uo QroWJEe NeaOJOHfuM JOTJHIUT JOUo UIe 
OaUure of UIe EeeQ EarUI UIe DauTe	T
 of UIeTe 
TeJTNJD obTerWaUJoOT NuTU be JEeOUJmeE� 5Ie 
NoTU MJLeMy rouUe Uo TuDDeTT JOWoMWeT DarefuM 
DoNQarJToO of obTerWaUJoOT of TeJTNJD WeMoDJUJeT 
with those predicted using mineralogical 
NoEeMT of NaUerJaMT aU UIe DoOEJUJoOT of EarUI�T 
EeeQ JOUerJor
 buU uOforUuOaUeMy UIe aWaJMabMe 
mineralogical models are simply not yet up to 
UIe UaTL� 

SoNe of UIe NoTU TJHOJmDaOU oNJTTJoOT froN 
current mineralogical models [1] are well-
constrained seismic properties of calcium 
TJMJDaUe QeroWTLJUe 	$a-PW

 XIJDI JT UIe MoXer 
NaOUMe�T UIJrE NoTU abuOEaOU QIaTe
 DoNQrJTJOH 
�-�0 WoM�� of DoNNoO roDL aTTeNbMaHeT� 
5Ie NaJO reaToO for UIe MaDL of EaUa oO $a-PW  
TUeNT froN UIe uOreDoWerabMe OaUure of 
QeroWTLJUe-TUruDUureE $aSJ03, which undergoes 
spontaneous amorphisation during room-
temperature decompression [2]� 5IJT beIaWJour 
IaT OoU oOMy QreWeOUeE aMNoTU aMM eMaTUJDJUy 
NeaTureNeOUT of $a-PW
 buU aMTo IaNQereE 
DoODMuTJWe JEeOUJmDaUJoO of JUT DryTUaMMoHraQIJD 
TUruDUure aU NaOUMe DoOEJUJoOT� 8orLJOH JO 
UIe MarHe WoMuNe QreTT aU beaNMJOe ID06-LVP, 
aO eYQerJNeOUaM TUraUeHy XaT EeWeMoQeE Uo 
simultaneously measure the crystal structure 
aOE aDouTUJD WeMoDJUJeT of eOENeNber
 aOE 
5J-bearJOH
 $a-PW TaNQMeT� .eaTureNeOUT 
Xere QerforNeE aU QreTTure-UeNQeraUure 	P5
 
DoOEJUJoOT uQ Uo �� (Pa aOE ��00 ,
 aOE QroWJEe 
OeX JOTJHIUT JOUo UIe OaUure of UIe EeeQ EarUI� 

)JHI-reToMuUJoO EJɭraDUJoO QaUUerOT DoMMeDUeE 
from CaSiO3 and Ca[Si0��5J0�4]O3 QeroWTLJUe 
DoOmrNeE QreWJouT eYQeDUaUJoOT UIaU $a-PW JT 
DubJD aU IJHI P5 DoOEJUJoOT� )oXeWer
 uQoO 
DooMJOH Uo rooN UeNQeraUure $a-PW TaNQMeT 
Xere obTerWeE Uo uOEerHo oOe
 or UXo
 
symmetry-reducing phase transitions that had 
OoU beeO obTerWeE before� $oODurreOU WeMoDJUy 
measurements (Figure 9

 DoMMeDUeE uTJOH 
QuMTe-eDIo uMUraToOJD JOUerferoNeUry
 reWeaMeE 
these phase transitions are associated with 
MarHe aOoNaMJeT JO UIe TaNQMeT� eMaTUJDJUy
 MarHe 
eOouHI Uo DreaUe obTerWabMe WeMoDJUy aOoNaMJeT 
Jf UIey Xere Uo oDDur JO OaUuraM $a-PW� 5Ie 
obTerWeE EJTUorUJoOT are DoNQMeUeMy aOaMoHouT 
Uo TJNJMar UraOTJUJoOT LOoXO Uo oDDur JO aMNoTU 
aMM oUIer QeroWTLJUe NaUerJaMT
 e.g. $a5J03, 
#a5J03 aOE�or Sr5J03 but, until now, these 
phenomena had mostly been ignored in Earth 
SDJeODe�

By combining new experimental measurements 
XJUI MJUeraUure IJHI P5-WoMuNe NeaTureNeOUT
 
an equation-of-state describing cubic-structured 
$a-PW aU IJHI UeNQeraUure aOE QreTTure XaT 
DoOTUraJOeE� 5Ie forNaMJTN QreEJDUT $a-PW�T 
EeOTJUy
 DoNQreTTJoOaM aOE TIear TouOE-XaWe 
WeMoDJUJeT aU aMNoTU aOy NaOUMe DoOEJUJoOT
 

Fig. 9: $oNQreTTJoOaM XaWe WeMoDJUy NeaTureNeOUT of $a[SJ0��5J0�4]O3 
QeroWTLJUe aU _ �� (Pa 	UoQ
 aOE RJeUWeME remOeE MaUUJDe QaraNeUerT of UIe 
TaNe TaNQMe 	boUUoN

 boUI aT a fuODUJoO of UeNQeraUure� #oUI EaUaTeUT 

reWeaM QIaTe UraOTJUJoOT froN DubJDoUeUraHoOaMoNoOoDMJOJD TUruDUureT�



SeJTNJD WeMoDJUJeT of $aSJ03 QeroWTLJUe DaO 
eYQMaJO --S7PT JO EarUI�T MoXer NaOUMe
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Hematite (Fe2O3), a strongly magnetic mineral, was studied with SMS spectroscopy at temperatures and pressures 
found down to the Earth’s lower mantle. The data show that hematite retains magnetic properties at the depth of 
the transition zone in certain regions and could therefore be a source of magnetic anomalies there.
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aMMoXJOH $a-PW Uo be robuTUMy JODorQoraUeE JOUo 
mineralogical models (Figure 10
� 5IJT QroDeEure 
IJHIMJHIUeE UIe JOaEeRuaDy of QreWJouT NoEeMT 
for $a-PW
 XIJDI Xere baTeE oO DaMDuMaUJoOT aOE 
QreEJDU WeMoDJUJeT �-2�� IJHIer UIaO UIe OeX 
experimentally constrained model [1]� 

5IJT JT a IuHe EJɭereODe
 aOE aEoQUJoO of UIe 
new parameterisation completely alters the 
interpretation of seismic anomalies from the 
deep lower mantle, especially the possible 
eYQMaOaUJoOT of UIe --7PT� *U JT QreEJDUeE UIaU 
the seismic signature of recycled oceanic 
DruTU
 XIJDI JT eOrJDIeE JO $a-PW
 TIouME IaWe 
TMoXer-UIaO-aWeraHe WeMoDJUJeT 	UIe oQQoTJUe of 
QreEJDUJoOT uTJOH QreWJouT NoEeMT
 JO UIe MoXer 
NaOUMe o aMMoXJOH UIe --7PT Uo be forNeE froN 
QJMeT of EeOTe reDyDMeE NaUerJaM UIaU IaT TuOL Uo 
UIe DoreoNaOUMe bouOEary� 

6MUJNaUeMy
 UIJT reDoODJMeT UIe reTuMUT of 
geodynamics calculations [3] and geochemical 

studies [4]
 XIJDI boUI Qrefer UIe --7PT Uo be 
MoOH-MJWeE QJMeT of DruTUaM NaUerJaM
 beDauTe 
UIe TMoX obTerWeE TeJTNJD WeMoDJUJeT froN UIeTe 
regions matches those predicted for subducted 
oDeaOJD DruTUaM roDLT�

Fig. 10: 7eMoDJUy of 
DubJD $a-PW aMoOH 
a mantle adiabatic 
UeNQeraUure QromMe 
based on the 
thermodynamic 
model from this 
study (coloured 
DurWe XJUI ��� 
DoOmEeODe 
JOUerWaMT

 
compared with 
UIe aWeraHe �% 
WeMoDJUy QromMe of 
UIe EarUI�T NaOUMe 
(dashed grey 
DurWe
 aOE UIe 
QreWJouT eTUJNaUeT 
of $a-PW�T WeMoDJUy 
along the same 
UeNQeraUure QromMe 
from [1] 	QJOL 
DurWe
�

5Ie EarUI�T DruTUoNaOUMe bouOEary
 UIe 
.oIoroWJǒJǑ EJTDoOUJOuJUy
 IaT beeO 
traditionally considered the interface between 
the magnetic crust and the non-magnetic 
mantle [1]
 XJUI eMeWaUeE UeNQeraUureT JO 
the mantle thought to be too high to retain 
aOy NaHOeUJTN JO UIe DoOTUJUuUJOH NJOeraMT� 
)oXeWer
 TaUeMMJUe aOE aeroNaHOeUJD EaUa 
QroWJEe eWJEeODe for NaHOeUJD aOoNaMJeT JO 
the mantle [2,3], particularly around cooler 
areaT TuDI aT TubEuDUJoO [oOeT� 5Ie TourDe of 
UIe aOoNaMJeT reNaJOT MarHeMy uOLOoXO
 buU 
JroO oYJEeT are DoOTJEereE a MJLeMy TourDe Eue 
to their high critical temperatures [4]� 0f UIeTe
 
hematite (Fe2O3
 JT UIe EoNJOaOU JroO oYJEe aU 
EeQUIT of arouOE �00-�00 LN beMoX UIe EarUI�T 
TurfaDe o a UraOTJUJoO [oOe beUXeeO UIe uQQer 
and the lower mantle [5]�

Fig. 11: 5Ie JOUerJor 
of the Earth and the 
experiment graphically 
JMMuTUraUeE� 5Ie bMue 
dotted lines depict 
UIe NaHOeUJD meME 
TurrouOEJOH UIe EarUI� 
Heated samples of the 
iron oxide hematite were 
pressed between two 
oQQoTeE EJaNoOE aOWJMT 
aOE MaTer-IeaUeE 	rJHIU
 
to simulate the extreme 
DoOEJUJoOT JO UIe EarUI�T 
NaOUMe� *U XaT obTerWeE 
that the iron oxide is 
magnetic under these 
conditions in certain 
reHJoOT of UIe EarUI�T 
UraOTJUJoO [oOe�
© 5JNofey FeEoUeOLo�

5o JOWeTUJHaUe XIeUIer IeNaUJUe reUaJOeE 
magnetism under lower mantle conditions, 
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Fig. 12: EWoMuUJoO of S.S TQeDUra of Fe2O3 
QoMyNorQIT XJUI QreTTure aOE UeNQeraUure� 
a–c) SMS spectra of α-Fe2O3 	IeNaUJUe
 
aU ���4	4
 (Pa aOE aU UeNQeraUureT 
JOEJDaUeE� d–f) Characteristic SMS spectra 
of Fe2O3 high-pressure phases at room 
UeNQeraUure aOE aU QreTTureT JOEJDaUeE� 
5Ie rooN-UeNQeraUure S.S TQeDUruN of 
the Rd2O3	**
-TUruDUure ι-Fe2O3 consists of 
a single magnetic component, while both 
UIe EJTUorUeE QeroWTLJUe-TUruDUure ζ-Fe2O3 
aOE UIe QoTU-QeroWTLJUe-TUruDUure η-Fe2O3 
EJTQMay UXo .ÚTTbauer DoNQoOeOUT o oOe 
magnetically ordered (cyan in (e) aOE EarL 
red in (f)
 aOE oOe OoO-NaHOeUJD 	yeMMoX JO 
(e) and light green in (f)
�

It was found that hematite retains magnetism 
aU QreTTureT DorreTQoOEJOH Uo UIe EarUI�T 
UraOTJUJoO [oOe aU reMaUJWeMy DoME UeNQeraUureT
 
TuDI aT UIoTe fouOE aU TubEuDUJoO [oOeT
 aOE 
Nay DauTe EeeQ NaHOeUJD aOoNaMJeT� 5Ie 
UeNQeraUure QromMeT of DroTT-TeDUJoOT of UIe 
EarUI�T TubEuDUJoO [oOeT Xere DaMDuMaUeE aOE 
a baOE of [oOeT JO UIe 8eTU PaDJmD reHJoO XaT 
EJTDoWereE Uo IaWe QMaUe UeNQeraUureT MoX 
eOouHI for IeNaUJUe Uo reNaJO ferroNaHOeUJD�

5IJT TuHHeTUT UIaU UIe EarUI�T NaOUMe NJHIU 
OoU be aT NaHOeUJDaMMy JOaDUJWe aT QreWJouTMy 
DoOTJEereE
 aOE DouME aMTo IaWe JNQMJDaUJoOT 
for QaMeoNaHOeUJTN� .aHOeUJD aOoNaMJeT JO 
UIe baOE of EeeQ NaHOeUJTeE roDL JO UIe 8eTU 
PaDJmD reHJoO DorreMaUe XJUI oOe of UIe QreferreE 
QaUIT of UIe HeoNaHOeUJD QoMeT EurJOH reWerTaMT� 
5IuT
 UIJT QaUI DouME aQQear JO roDL reDorET Eue 

to the presence of magnetic sources 
TuDI aT IeNaUJUe JO UIe UraOTJUJoO [oOe
 
raUIer UIaO reneDU UIe reaM HeoNeUry of 
UIe NaHOeUJD meME EurJOH reWerTaMT� 5Ie 
potential deep magnetic sources can 
DoOUrJbuUe Uo UIe TJHOaM obTerWeE oO UIe 
TurfaDe aOE UIJT TIouME be UaLeO JOUo 
aDDouOU XIeO aOaMyTJOH EarUI�T TaUeMMJUe 
geomagnetic data, and especially in 
studies of planetary bodies with only an 
aODJeOU EyOaNo
 TuDI aT .arT�

samples of synthetic hematite in single 
crystal and powdered form were compressed 
JO EJaNoOE aOWJM DeMMT aOE MaTer-IeaUeE Uo UIe 
extreme pressures and temperatures found in 
UIe EeQUIT of UIe QMaOeU o uQ Uo �0 (Pa aOE 
��00 ,
 reTQeDUJWeMy 	Figure 11
� SyODIroUroO 
.ÚTTbauer SourDe 	S.S
 TQeDUroTDoQy XaT UIeO 
carried out at beamline ID18 Uo JOWeTUJHaUe UIe 
magnetic transitions and critical temperatures 
of the hematite and its high-pressure phases 
(Figure 12
� S.S aMMoXT UIe JOWeTUJHaUJoO of 
magnetism in situ at high pressures and high 
UeNQeraUureT� 0Oe of UIe aEWaOUaHeT of uTJOH 
SMS spectroscopy on laser-heated materials 
is that the temperature of the sample can 
be DaMDuMaUeE froN aOy DoMMeDUeE .ÚTTbauer 
TQeDUra
 aDUJOH aT aO AJOUerOaM UIerNoNeUer� 
Uo QroWJEe a WaMuabMe baDL-uQ Uo UeNQeraUure 
NeaTureNeOUT UaLeO aU UIe TaNQMe TurfaDe�
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.oEeMMJOH of QroDeTTeT JOWoMWJOH EeeQ-EarUI 
liquids requires information on their structures 
aOE DoNQreTTJoO NeDIaOJTNT� )oXeWer
 
LOoXMeEHe of UIe MoDaM TUruDUureT of TJMJDaUeT aOE 
silica (SiO2
 NeMUT aU EeeQ-NaOUMe DoOEJUJoOT
 
aOE of UIeJr EeOTJmDaUJoO NeDIaOJTNT
 JT 
TUJMM MJNJUeE� " DoOWJODJOH NeUIoE Uo obUaJO 
a structural model of non-crystalline silica 
NaUerJaM JT Uo DoNQare 	or mU
 eYQerJNeOUaM 
total scattering data with the pair distribution 
fuODUJoO of LOoXO DryTUaMMJOe QIaTe	T
� So far
 Oo 
crystalline phases that could describe features of 
UIe UoUaM TDaUUerJOH EaUa of TJMJDa aOE�or TJMJDaUe 
HMaTT 	aDUJOH aT QroYJeT of NeMU
 aU IJHI QreTTure 
are LOoXO�

SJOHMe-DryTUaM 9-ray EJɭraDUJoO JO EJaNoOE aOWJM 
cells was applied in order to study SiO2 phases, 
which appear on compression of coesite, and 
UIeJr IJHI-QreTTure beIaWJour uQ Uo QreTTureT 
oWer �0 (Pa� 5Ie eYQerJNeOUT Xere QerforNeE aU 
beamline ID09A (now ID15B
� "U QreTTureT aboWe 
20 aOE 2� (Pa
 UIe TUruDUuraM UraOTforNaUJoOT 
Uo DoeTJUe-** aOE DoeTJUe-***
 reTQeDUJWeMy
 Xere 
obTerWeE [1]� 0O DoNQreTTJoO beyoOE Da� 
�0 (Pa
 a OeX TeU of reneDUJoOT NaOJfeTUT 
the presence of a new triclinic (space group 
P-�
 QIaTe
 XIJDI XaT DaMMeE DoeTJUe-*7� 6QoO 
furUIer DoNQreTTJoO
 UIe reneDUJoOT of DoeTJUe-
*7 TQMJU aOE a OeX UrJDMJOJD 	TQaDe HrouQ P-�
 
QIaTe
 DoeTJUe-7
 eNerHeE� "boWe _�0 (Pa
 oOMy 
DoeTJUe-7 XaT fouOE� 5Ie TUruDUure of DoeTJUe-*7 
possesses tetra-, penta- and hexa-coordinated 
TJMJDoO� UIe TUruDUure of DoeTJUe-7 NaJOUaJOT oOMy 
penta- and hexa-coordinated silicon (Figure 13
� 
5Ie TUruDUureT of DoeTJUe-*7 aOE DoeTJUe-7 
may be considered as a three-dimensional 
fraNeXorL of faDe- aOE eEHe-TIarJOH oDUaIeEra 
XJUI UIe eNQUy TQaDe
 mMMeE by SJ0� and SiO4 
	JO DoeTJUe-*7

 or oOMy SJ0� 	JO DoeTJUe-7
 
polyhedra (Figure 13
� 5Ie QreTeODe of faDe-
TIarJOH oDUaIeEra
 UIe TUruDUuraM eMeNeOU OeWer 
obTerWeE or eWeO eYQeDUeE JO TJMJDa
 TJMJDaUeT or 
HMaTTeT
 breaLT PauMJOH�T 5IJrE ruMe� 5Ie reTuMUT 

Fig. 13: $ryTUaM TUruDUureT of DoeTJUe-*7 aOE DoeTJUe-7� PoMyIeEraM NoEeMT 
of UIe TUruDUureT of DoeTJUe-*7 (a) aOE DoeTJUe-7 (b) (SiO6 octahedra are 

brown, SiO� polyhedra are green; SiO4 UeUraIeEra are bMue
� c) A fragment 
of UIe TUruDUureT
 TJNJMar for boUI DoeTJUe-*7 aOE DoeTJUe 7
 TIoXJOH a �% 

fraNeXorL of SJ06 oDUaIeEra�

Fig. 14: Pair distribution functions of silica and silicate 
QIaTeT� SoMJE DurWeT reQreTeOU QaJr EJTUrJbuUJoO fuODUJoOT 

calculated for silica polymorphs and silicates compared 
XJUI UIoTe for baTaMU aOE TJMJDa HMaTT NeaTureE aU EJɭereOU 

pressures: (a) JO UIe raOHe froN 2� Uo �� (Pa� (b) in the 
raOHe froN �� Uo �0 (Pa�
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5IF mSTU FYQFSJNFOUBM TUVEZ PG TNBMM MPOTEBMFJUF�SJDI EJBNPOE DSZTUBMT GSPN UIF PPQJHBJ NFUFPSJUJD JNQBDU DSBUFS 
IBT CFFO QFSGPSNFE VOEFS DPNQSFTTJPO JO B EJBNPOE BOWJM DFMM VTJOH 9�SBZ EJɭSBDUJPO 	93%
� 5IF CVML NPEVMVT 
of lonsdaleite was found to be lower than that of diamond but may be higher in a possible lonsdaleite/diamond 
biphase.

TuHHeTU UIaU QoTTJbMe TJMJDaUe MJRuJET JO EarUI�T 
MoXer NaOUMe Nay IaWe DoNQMeY TUruDUureT
 
NaLJOH UIeN Nore DoNQreTTJbMe DoNQareE Uo 
QreWJouTMy DoOTJEereE NoEeMT�

It was found that pair distribution functions 
DaMDuMaUeE for DoeTJUe-*7 aOE DoeTJUe-7 JOEeeE 
closely reproduce experimental data reported 
recently for compressed silica glass and molten 
basalt [2,3] (Figure 14
� .oreoWer
 aboWe 4� (Pa 
UIe EeOTJUJeT of DoeTJUe-*7 aOE -7 XJUIJO UIe 
uncertainty of measurements coincide with the 

EeOTJUy of TJMJDa HMaTT� 5IeTe obTerWaUJoOT are 
strong arguments in support of analogous atomic 
arrangements in compressed silica glass (and 
NoMUeO baTaMU
 aOE JO DoeTJUe-*7 or DoeTJUe-7� 5Ie 
QreTeODe of AuODoOWeOUJoOaM� TUruDUuraM eMeNeOUT 
MJLe SJ0� polyhedra and face-sharing octahedra 
JO UIe TJMJDaUe NeMUT XouME IaWe EeDreaTeE UIeJr 
EeOTJUy aOE
 eWeO Nore JNQorUaOUMy
 DauTeE UIe 
EroQ JO UIeJr buML TouOE WeMoDJUy 	by abouU �0� 
JO a �00-(Pa QreTTure raOHe
� *f TJMJDaUe MJRuJET 
with such properties are present in the lower 
NaOUMe
 UIey TIouME be TeJTNJDaMMy EeUeDUabMe�

Natural and synthetic diamonds show 
UIe HreaUeTU LOoXO IarEOeTT aOE MoXeTU 
DoNQreTTJbJMJUy
 XJUI a QreTeODe of WarJouT 
TUruDUuraM EefeDUT TuDI aT TUaDLJOH fauMUT aOE 
JOUer-HroXUIT� 5IeTe DaO TUroOHMy aɭeDU UIe 
mechanical and optical properties of diamonds 
[1]� Rare TaNQMeT obUaJOeE uOEer TQeDJaM 
conditions, such as diamonds formed within 
NeUeorJUeT aOE UIeJr JNQaDU DraUerT
 IaWe 
exceptional importance for the understanding 
of diamond properties and can shed light 
oO EJaNoOE HeOeTJT� *NQaDU EJaNoOET are 
associated with a lonsdaleite phase (a 
IeYaHoOaM MaUUJDe NoEJmDaUJoO

 UIouHIU Uo QMay 
a fundamental role in the graphite-to-diamond 
transformation under extreme conditions and an 
JNQorUaOU NarLer of NeUeorJUe JNQaDUT [2]�

Recent calculations predicted that pure 
MoOTEaMeJUe Nay IaWe a MarHe buML NoEuMuT aOE 
greater hardness than diamond [3]
 NaLJOH 
it a unique object for further theoretical and 

eYQerJNeOUaM TUuEJeT� )oXeWer
 Eue Uo UIe 
absence of pure lonsdaleite crystals, these 
QroQerUJeT IaWe OeWer beeO EeNoOTUraUeE 
by eYQerJNeOUaM TUuEJeT uOEer aNbJeOU aOE�
or IJHI-QreTTure DoOEJUJoOT� -oOTEaMeJUe-rJDI 
impact diamonds with a record concentration of 
IeYaHoOaM QIaTe Xere EJTDoWereE JO UIe PoQJHaJ 
JNQaDU DraUer fouOE JO ��4� JO NorUIerO SJberJa� 
Samples from this impact crater were the focus 
of EeUaJMeE TUruDUuraM JOWeTUJHaUJoOT�

According to early transmission electron 
microscopy data, Popigai impact diamonds can 
be EeTDrJbeE aT a NJYUure of �-�0 ON EoNaJOT 
of graphite, cubic and hexagonal diamonds 
XJUI a IJHI EeOTJUy of TUaDLJOH fauMUT 	uQ Uo mWe 
Qer �0 ¯
 aOE NJDro-UXJOT [4]� *OEJWJEuaM TNaMM 
EJaNoOE DryTUaMMJUeT 	TeWeraM ɦN JO MeOHUI
 froN 
Popigai showed good homogeneity and a large 
aNouOU 	uQ Uo �0-40 XU� �
 of UIe IeYaHoOaM 
lonsdaleite phase mixed with cubic diamond 
and graphite sequences [5,6]� 5Ie TaNQMeT Xere 
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DoNQreTTeE JO a EJaNoOE aOWJM DeMM uQ Uo 2� (Pa 
and XRD patterns were obtained on beamline 
ID15B (Figure 15a
�

*O DoOUraTU XJUI QreWJouT UIeoreUJDaM 
QreEJDUJoOT
 JU XaT fouOE UIaU UIe buML NoEuMuT 
of lonsdaleite is systematically lower and equal 
Uo ��-�00� of UIaU of EJaNoOE� *O abToMuUe 
WaMueT
 JU eRuaMT 40�	2�
 (Pa aOE 4��	�
 (Pa for 
EJɭereOU TaNQMeT XJUI EJɭereOU NorQIoMoHJeT� 
Figure 15b TIoXT UIe refereODe buML NoEuMuT 
for buML EJaNoOE JT 444	�
 (Pa� 5Ie MoOTEaMeJUe 
compressibility is smaller in comparison with 
that of diamond and depends upon the length 
of JOUerHroXUIT aOE reMaUJWe orJeOUaUJoO of UIe 
EJaNoOE aOE MoOTEaMeJUe QIaTeT�

5Ie 9R% eYQerJNeOUaM EaUa Xere aDDoNQaOJeE 
by density functional theory simulations, 
XIJDI reWeaMeE UIe QoTTJbMe DoeYJTUeODe of a 
OuNber of EJaNoOE�MoOTEaMeJUe aOE EJaNoOE 
twin biphases with unique nanomechanical 
QroQerUJeT� "T Figure 16 illustrates, among the 
EJɭereOU DoOmHuraUJoOT
 TeQaraUe JODMuTJoOT of 
oOe MoOTEaMeJUe 	00�
 QMaOe Qer four EJaNoOE 
	���
 EeNoOTUraUe UIe MoXeTU eOerHy Qer DarboO 
aUoN
 TuHHeTUJOH a faWourabMe forNaUJoO of 
TJOHMe-Mayer MoOTEaMeJUe 	00�
 fraHNeOUT JOTerUeE 
JO UIe EJaNoOE NaUrJY� $aMDuMaUJoOT aOE QoXEer 
XRD experiments indicate these biphases could 

Fig. 15: a) )JHI-QreTTure baDLHrouOE-TubUraDUeE 9-ray DryTUaM 
EJɭraDUJoO QaUUerOT 	raEJaM TXeeQT of 2% JNaHeT
 of a MoOTEaMeJUe-

rJDI TaNQMe aU 0�� (Pa 	Meù
 aOE ���4 (Pa 	rJHIU
 obUaJOeE aU *%��# 
uTJOH a EJaNoOE aOWJM DeMM 	λ � 0�4� ¯
� b) Pressure-dependent 

aUoNJD WoMuNeT for a EJaNoOE NaUrJY eTUJNaUeE froN JOEJWJEuaM 
EJɭraDUJoO MJOeT of� 	���

 	���

 	���
 aOE 	220
� aOE MoOTEaMeJUe 

JOUerHroXUIT eTUJNaUeE froN 	002
 EJɭraDUJoO MJOe�

Fig. 16: a) FroN UoQ Uo boUUoN� 5IeoreUJDaM buML NoEuMJ 	P#$ P#E P8 MeWeM of UIeory
 of 	00�
LY	�������
��	���
D 
(structural model presented in (e)

 	00�
LY	2����
��	���
D (structural model presented in (d)

 	00�
LY	���
��	���
D 

(structural model presented in (c)

 	00�
LY4��	���
D (structural model presented in (b)

 MoOTEaMeJUe
 EJaNoOE
 	���
D twin, 
	���
D UXJO
 	���
D�	-��2
L
 	���
D�	00�
L
 	���
D�	�00
L
 aOE 	���
D�	00�
L bJQIaTeT�

be forNeE uOEer IJHI-QreTTure DoOEJUJoOT� 
Following the 2nd-order Birch-Murnaghan 
equation of state, it was calculated that inclusions 
of a TJOHMe 	00�
 MoOTEaMeJUe QMaOe beUXeeO four 
EJaNoOE 	���
 QMaOeT MeaE Uo UIe MoXeTU-eOerHy 
bJQIaTe XJUI UIe IJHIeTU buML NoEuMuT o eWeO 
HreaUer UIaO UIaU of QrJTUJOe EJaNoOE�

5Ie reTuMUT aEEreTT JNQorUaOU RueTUJoOT abouU 
UIe eYJTUeODe of UIe Qure MoOTEaMeJUe QIaTe� 
It seems that hexagonal lonsdaleite can occur 
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Spectrographic imaging with visible light has been known since the invention of Newton’s prism. In the hard X-ray 
domain, this approach is hampered by the constraints of X-ray optics. Here, the principles of spectrographic 
imaging have been applied to hard X-ray spectroscopy, improving the energy resolution by an order of magnitude 
XJUIPVU TJHOJmDBOU MPTT JO JOUFOTJUZ�

6OJRue NaOoNeDIaOJDaM ProQerUJeT of 
Diamond-Lonsdaleite Biphases: Combined 
EYQerJNeOUaM aOE 5IeoreUJDaM $oOTJEeraUJoO 
of PoQJHaJ *NQaDU %JaNoOET
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only as intergrowths with cubic diamond and 
JT OoU fouOE aT aO JOEJWJEuaM DryTUaM� FurUIer 
experimental and theoretical studies of the 

HraQIJUe-Uo-EJaNoOE UraOTJUJoO TIouME UaLe 
into account only such intergrowths and not 
JOEJWJEuaM MoOTEaMeJUe QIaTeT�

In hard X-ray spectroscopy, the monochromators 
aOE aOaMyTerT XorL aT OarroX-baOE mMUerT
 
eliminating photons of all energies other than 
UIe EeTJreE oOeT� 8JUIJO UIJT aQQroaDI
 aOy 
attempt to narrow the energy bandwidths 
Uo JNQroWe UIe eOerHy reToMuUJoO JOeWJUabMy 
reEuDeT UIe JOUeOTJUy� " breaLUIrouHI ToMuUJoO 
to this problem would be to complement 
hard X-ray spectroscopy with the principles 
of spectrographic imaging, widely used in a 
WaTU TQeDUraM raOHe froN JOfrareE raEJaUJoO Uo 
Toù 9-rayT� " TQeDUroHraQI LeeQT raEJaUJoO 
components of all energies, dispersing the 
ADoMourT� TQaUJaMMy� $oOTeRueOUMy
 UIe eOerHy 
reToMuUJoO JT QroWJEeE by TeMeDUJOH EJTUJODU 
DoNQoOeOUT JO TQaDe
 XIereaT UIe aWaJMabJMJUy of 
aMM UIeTe DoNQoOeOUT LeeQT UIe eOUJre JOUeOTJUy�

For WJTJbMe MJHIU
 UIe DoODeQU of TQeDUroHraQIJD 
imaging – dispersion of radiation components 
XJUI WarJouT eOerHJeT JO TQaDe o IaT beeO LOoXO 
TJODe NeXUoO�T UJNe� #uU for IarE 9-rayT
 oQUJDaM 
QrJTNT aOE DoOWeOUJoOaM EJɭraDUJoO HraUJOHT 
are OoU eɮDJeOU� NeWerUIeMeTT
 UIe QrJODJQMeT of 
UIe aOHuMar EJTQerTJoO of IarE 9-rayT are LOoXO 
[1]� 5Iey reMy oO UIe aOHuMar EJTQerTJoO of 
9-rayT JO #raHH EJɭraDUJoO by aTyNNeUrJDaMMy 
DuU DryTUaMT� $oNbJOeE XJUI foDuTJOH oQUJDT
 
UIJT reTuMUT JO EJTQerTJOH 9-rayT of EJɭereOU 
energies in space, and using the entire beam 
in all spatial coordinates in parallel, which 
QreTerWeT UIe UoUaM JOUeOTJUy� SuDI a TDIeNe IaT 
now been applied to hard X-ray spectroscopy in 
reDeOU eYQerJNeOUT aU UIe ESRF�

Fig. 17: Principles 
of a hard X-ray 
TQeDUroHraQI�  

a) 5Ie NaJO eMeNeOUT 
of the spectrograph, 

comprising three 
silicon crystals that 

QroWJEe aOHuMar 
dispersion of X-rays 

XJUI WarJouT eOerHJeT
 
and a focusing 

DoNQouOE refraDUJWe 
MeOT 	$R-
� b) 5Ie 

energy distributions 
of X-ray components 

selected by a  
20 ɦN-XJEe TMJU aU 

mWe JOEJDaUeE WerUJDaM 
positions, and the 

energy distribution 
of an entire beam 
measured without 

the slit (the spectral 
window of the 
TQeDUroHraQI
�
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Spectrographic hard X-ray imaging was 
demonstrated at beamline ID18 in measurements 
of the density of phonon states by nuclear 
JOeMaTUJD TDaUUerJOH uTJOH �4�4�2� Le7 QIoUoOT 
corresponding to the energy of the nuclear 
resonance of the ��Fe JToUoQe� 5Ie Ley eMeNeOUT 
of the hard X-ray spectrograph are shown in 
Figure 17a� 5Ie EJTQerTJoO JT QroWJEeE by UIe 
second and the third silicon crystals in the 
IJHIMy aTyNNeUrJD 	�2 2 2
 reneDUJoOT� 5Ie mrTU 
silicon crystal is used to maintain the exit beam 
JO UIe IorJ[oOUaM EJreDUJoO aQQroYJNaUeMy
 aOE 
UIe EoXOTUreaN NuMUJMayer NJrror 	OoU TIoXO
 
aTTureT UIJT QreDJTeMy� 5Ie DoNQouOE refraDUJWe 
MeOT foDuTeT raEJaUJoO DoNQoOeOUT XJUI EJɭereOU 
eOerHJeT Uo EJɭereOU WerUJDaM DoorEJOaUeT
 QroWJEJOH 
UIe TQaUJaM EJTQerTJoO� SJODe UIe raEJaUJoO 
DoNQoOeOUT of WarJouT eOerHJeT are TeQaraUeE JO 
space, the scheme allows for measurements of the 
EeOTJUy of TUaUeT XJUI TeWeraM JEeOUJDaM 	or EJɭereOU
 
TaNQMeT JO QaraMMeM
 beOemUJOH froN UIe JNQroWeE 
eOerHy reToMuUJoO aOE DoOTerWeE JOUeOTJUy� 

Figure 17b shows the energy distributions 
of 9-ray DoNQoOeOUT TeMeDUeE by a 20 ɦN-
XJEe TMJU aU mWe JOEJDaUeE WerUJDaM QoTJUJoOT
 
and the energy distribution of an entire beam 
NeaTureE XJUIouU UIe TMJU� 5Ie NeaTureNeOU 
XJUIouU UIe TMJU EemOeT UIe TQeDUraM XJOEoX 
of UIe TQeDUroHraQI� 8JUI a TuɮDJeOUMy TNaMM 
TMJU 	JO UIJT DaTe o 20 �N

 UIe NeaTureNeOUT 
HJWe UIe eOerHy reToMuUJoO of UIe TQeDUroHraQI� 
Figure 17b shows that the spectral window of 
UIe TQeDUroHraQI JT ��0 �e7
 aOE UIe eOerHy 
reToMuUJoO JT abouU �00 �e7� 5IJT DoNQareT XeMM 

XJUI UIe beTU reToMuUJoO of RaNaO TQeDUroTDoQy� 
Furthermore, it is about an order of magnitude 
better than the typical resolution of presently 
employed hard X-ray inelastic scattering 
TQeDUroNeUerT� For OuDMear JOeMaTUJD TDaUUerJOH
 
IoXeWer
 JNQroWJOH UIe eOerHy reToMuUJoO JT 
easier as the method does not require energy 
aOaMyTerT aOE NoNeOUuN reToMuUJoO�

Figure 18 demonstrates spectrographic imaging 
in the measurement of the density of phonon 
states in α-JroO� 5Ie JNQroWeE eOerHy reToMuUJoO 
reWeaMT aOoNaMouT Toù NoEeT 	Figure 18

 a 
QreWJouTMy uOLOoXO QIeOoNeOoO of UIJT aMreaEy 
eYUeOTJWeMy TUuEJeE TyTUeN� "EEJUJoOaM EaUa 
show that this phenomenon is intrinsic to an 
ideal lattice of α-iron, and cannot be attributed 
to possible imperfections such as impurities, 
grain boundaries, dislocations, texture, and 
NaHOeUJD EoNaJO XaMMT� PMauTJbMy
 UIe obTerWeE 
anomalous dynamics is related to anharmonic 
eɭeDUT aOE�or NaHOeUo-eMaTUJD XaWeT�

Fig. 18: Anomalous 
Toù EyOaNJDT of 
α-JroO� 5Ie reEuDeE 
density of phonon 
TUaUeT 	reEuDeE %0S
 
H	E
�E2� 0OMy UIoTe 
points are shown 
where the systematic 
uncertainty related to 
the subtraction of the 
eMaTUJD QeaL JT MeTT UIaO 
UIe TyNboM TJ[e� 5Ie 
error bars indicate the 
TUaUJTUJDaM uODerUaJOUy� 
5Ie EaUa aU QoTJUJWe 
aOE OeHaUJWe eOerHJeT 
are EerJWeE froN 
the corresponding 
parts of the inelastic 
TQeDUruN� 5Ie bMaDL 
IorJ[oOUaM MJOe TIoXT 
UIe %ebye MeWeM � UIe 
expected contribution 
to the reduced DOS 
from the acoustic 
NoEeT� 5Ie eMeWaUJoO 
of the reduced DOS 
aboWe UIJT MJOe reWeaMT 
aO aOoNaMouT Toù 
dynamics of α-JroO�

6N7E*-*N( 5)E #E)"7*06R 0F EPS*-0NźFe2O3 
6N%ER E95RE.E $0N%*5*0NS

This work presents a joint experimental and theoretical characterisation of the structural, electronic and 
magnetic behaviour of ε-Fe2O3 under extreme conditions. This study showed a volume collapse at 27 GPa, which 
is associated with a spin-crossover and an increase of coordination of the initial tetrahedrally coordinated iron, 
leading to a new ε’-phase.

Iron sesquioxides (Fe2O3
 IaWe aUUraDUeE HreaU 
aUUeOUJoO XJUI UIeJr mWe EJɭereOU QoMyNorQIT 
found at ambient conditions, each of them 
reWeaMJOH EJɭereOU aOE eYDJUJOH QroQerUJeT [1]� 
5Ie eQTJMoO QIaTe
 JO QarUJDuMar
 IaT eYIJbJUeE 

QaraNouOU NaHOeUJD QroQerUJeT 	HJaOU DoerDJWJUy
 
aOE IaT reDeOUMy beeO fouOE JO baTaMUJD roDLT aT 
a nanomineral [2]� 5Ie MaUUer EJTDoWery Nay 
reWeaM UIaU UIe QreTeODe of UIJT NaUerJaM JO UIe 
EarUI�T JOUerJor JT uOEereTUJNaUeE� IoXeWer
 UIJT 
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material should be stable at extreme conditions 
of QreTTure aOE UeNQeraUure� 5IJT QIaTe XaT 
QreWJouTMy DoOTJEereE aT aO JOUerNeEJaUe 
product of the transformation between the 
metastable beta and gamma phases and the 
thermodynamically stable alpha phase, which 
MeE Uo UIJOL UIaU JUT TUabJMJUy raOHe XaT Qoor� 
5Ie ε-Fe2O3 is considered unique because it 
crystallises in an orthorhombic structure formed 
by four polyhedral units: a regular octahedron, 
two  distorted  octahedral  units  and  a  regular 
tetrahedron (Figure 19
 DeOUre

 aOE aMTo 
because it is the only ordered iron sesquioxide 
polymorph  that  contains  crystallographic  iron 
in tetrahedral coordination in absence of oxygen 
WaDaODJeT� 

9-ray EJɭraDUJoO 	9R%
 aU beaNMJOe ID27 
(Figure 19b
 aOE eYUeOEeE 9-ray abTorQUJoO 
mOe TUruDUure 	E9"FS
 TQeDUroTDoQy aU beaNMJOe 
BM23 (Figure 19d
 Xere DarrJeE ouU uOEer 
QreTTure uTJOH a EJaNoOE aOWJM DeMM
 JO orEer Uo 
describe the local structure around Fe atoms 
of the ε-Fe2O3 QIaTe� 5Ie mrTU reTuMU XaT 
UIe MarHe TUruDUuraM TUabJMJUy raOHe obTerWeE 
	uQ Uo 2� (Pa

 DoOUraEJDUJOH UIe QreWJouT 
aTTuNQUJoOT abouU UIJT DoNQouOE� " EeeQ 
analysis of the structural compressibility of 
UIJT QIaTe TIoXT a QreTTure-JOEuDeE WoMuNe 
DoMMaQTe aboWe 2� (Pa
 NaJOMy aTToDJaUeE Uo a 
TQJO-DroTToWer� $oNbJOJOH eYQerJNeOUaM aOE 
UIeoreUJDaM reTuMUT
 UIJT WoMuNe DoMMaQTe DaO be 
explained by the increase of coordination of the 

Fig. 19: Scheme of the 
EJɭereOU eYQerJNeOUaM 
and theoretical proofs 

QroWJEeE� a) SMS of  
ε�-Fe2O3 DoMMeDUeE aboWe 

	���� (Pa
 UIe DrJUJDaM 
pressure, (i.e.
 aùer 

UIe WoMuNe DoMMaQTe
� 
b) 9-ray EJɭraDUJoO 

pattern of ε-Fe2O3 at 
��� (Pa� c) 5IeoreUJDaMMy 

simulated phonon 
EJTQerTJoO DurWe of 

ε-Fe2O3 aU 2� (Pa aOE 
��00,� d) EXAFS signals 
and its Fourier transform 

before aOE aùer UIe 
DrJUJDaM QreTTure� Centre: 
Structure of the ε-Fe2O3 

DoNQouOE�

initial tetrahedrally coordinated independent 
iron towards a strongly distorted octahedron (or 
��� DoorEJOaUJoO
� 5IJT EJTUorUJoO JT EeTDrJbeE 
by the ab initio theoretical simulations and 
reneDUeE JO UIe JODreaTe of UIe %ebye-8aMMer 
faDUor aTToDJaUeE XJUI UIe QreWJouTMy UeUraIeEraM 
JroO� SyODIroUroO .ÚTTbauer TQeDUroTDoQy 
	S.S
 DarrJeE ouU aU beaNMJOe ID18 corroborates 
UIe JODreaTe of DoorEJOaUJoO of UIe QreWJouTMy 
tetrahedral iron and shows that this new 
arrangement is coherent with a high-spin-to-
intermediate-spin transition (Figure 19a

 OoU 
obTerWeE QreWJouTMy JO aOy bJOary JroO oYJEe 
counterparts but reported in pentacoordinated 
iron in complex compounds [3]� 5IuT
 UIe TQJO-
DroTToWer UraOTJUJoO reTQoOTJbMe for UIe WoMuNe 
DoMMaQTe aOE UIe TUruDUuraM NeDIaOJTN ErJWJOH JU 
IaWe beeO JEeOUJmeE 	Figure 20
� 5IJT UraOTJUJoO 
allowed the high-pressure phase to be assigned to 
a new polymorph of the iron sesquioxide, named 
ε�-Fe2O3� FurUIerNore
 ε-Fe2O3 was also found to 
be EyOaNJDaMMy TUabMe aU 2� (Pa aOE ��00 , by 
ab initio theoretical simulations (Figure 19c
 by 
UIe abTeODe of JNaHJOary or Toù NoEeT
 XIJDI 
might indicate that this compound is stable at 
UIe EarUI�T JOUerJor DoOEJUJoOT� 

In conclusion, the structural, electronic and 
NaHOeUJD beIaWJour of ε-Fe2O3 was probed 
uOEer DoNQreTTJoO for UIe mrTU UJNe� 6TJOH UIree 
EJɭereOU eYQerJNeOUaM UeDIOJRueT DarrJeE ouU 
aU UIree EJɭereOU beaNMJOeT
 DoNbJOeE XJUI ab 
initio UIeoreUJDaM DaMDuMaUJoOT
 JU XaT obTerWeE 



SUabJMJUy aOE OaUure of UIe WoMuNe DoMMaQTe 
of ε-Fe2O3 under extreme conditions,  
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that ε-Fe2O3 is stable under extreme conditions 
of pressure and temperature, and therefore the 
QreTeODe of UIJT NaUerJaM JO UIe EarUI�T JOUerJor 
DouME be uOEereTUJNaUeE�

Fig. 20: SLeUDI of UIe TUruDUuraM DIaOHeT 
JOEuDeE JO UIe TQJO-DroTToWer UraOTJUJoO�

Intermetallic compounds based on rare-
earth (R
 aOE UraOTJUJoO-NeUaM 	T
 eMeNeOUT
 
especially those from the 3d group, are 
JNQorUaOU IarE-NaHOeUJD NaUerJaMT� 5Iey 
combine large magnetic anisotropies 
typical of the rare-earth elements with 
high magnetic ordering temperatures 
typical of the 3d eMeNeOUT� 6OEerTUaOEJOH 
the intrinsic magnetic properties of the 
R-T materials is thus of fundamental and 
QraDUJDaM JNQorUaODe�

FerrJNaHOeUT DaO be TUuEJeE Wery eɭeDUJWeMy 
by macroscopic techniques, such as 
magnetisation measurements, as external 
NaHOeUJD meMET aɭeDU UIe ferrJNaHOeUJD 
TUruDUure
 QroWJEJOH EJreDU RuaOUJUaUJWe 
information on the exchange interactions 
aOE NaHOeUoDryTUaMMJOe aOJToUroQy� 
)oXeWer
 UIe uTe of UIJT aQQroaDI JT MeTT 

Fig. 21: Fe ,-eEHe abTorQUJoO aOE 9.$% TQeDUra� a) 
Normalised absorption and (b) orUIoOorNaM baTe� 9.$% 
(c) below and (d) aboWe UIe DoNQeOTaUJoO UeNQeraUure� 

%oUT� raX EaUa� bMaDL MJOeT� reDoOTUruDUJoO of UIe EaUa 
uTJOH UIe TQeDUraM DoNQoOeOUT TIoXO aT TIaEeE areaT� 

(reeO� Fe TubMaUUJDe� oraOHe� )o TubMaUUJDe�



Microscopic Nature of the First-Order Field-
*OEuDeE PIaTe 5raOTJUJoO JO UIe SUroOHMy 
Anisotropic Ferrimagnet HoFe�Al7,  
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straightforward for many real systems due to 
a QroOouODeE meME-JOEuDeE OoODoMMJOearJUy of 
NaHOeUJD NoNeOUT� 5IJT DaMMT for a NJDroTDoQJD 
UeDIOJRue UIaU foMMoXT UIe eWoMuUJoO of UIe 
NaHOeUJD TUruDUure UIrouHI meME-JOEuDeE 
QIaTe UraOTJUJoOT� )oXeWer
 UIe TUreOHUI of 
UIe uOEerMyJOH JOUeraDUJoOT NaLeT TuDI a 
NJDroTDoQJD TUuEy DIaMMeOHJOH�

5Ie TubKeDU of UIe QreTeOU JOWeTUJHaUJoO JT UIe 
strongly anisotropic ferrimagnet HoFe�Al7 
	UeUraHoOaM DryTUaM TUruDUure
 UIaU TIoXT a meME-
JOEuDeE QIaTe UraOTJUJoO aU abouU 20 5 aU 2 , 
for meMET aQQMJeE aMoOH UIe eaTy NaHOeUJTaUJoO 
direction, [110] [1]� 9-ray NaHOeUJD DJrDuMar 
EJDIroJTN 	9.$%
 eYQerJNeOUT Xere DarrJeE 
out at ID24 in transmission in pulsed magnetic 
meMET uQ Uo �0 5� For UIe JOUerQreUaUJoO of UIe 
data, it was noted that the spectral shape is 
a consequence of a mutually induced signal 
arising from the other magnetic constituent, i.e., 
the induced signal at the T site is proportional 

to the magnetisation of the R system and 
WJDe WerTa� SJOHuMar-WaMue EeDoNQoTJUJoO [2] 
DoOmrNeE UIaU UIe EaUa are JOEeeE EeTDrJbeE 
by an orthogonal base of two dominating 
spectral components representing the R and T 
DoOUrJbuUJoOT�

Figure 21 shows the normalised Fe K-edge 
absorption, the orthonormal base to reconstruct 
the original data, XMCD spectra at selected 
meME WaMueT beMoX aOE aboWe UIe DoNQeOTaUJoO 
QoJOU
 �� ,
 aOE a reDoOTUruDUJoO uTJOH a MJOear 
DoNbJOaUJoO of UIe )o aOE Fe DoNQoOeOUT� 5Ie 
buML NaHOeUJTaUJoO of )oFe�Al7 at 11 K shows 
a mrTU-orEer UraOTJUJoO beUXeeO �4 aOE ���� 5 
(Figure 22
� "U �� ,
 UXo UraOTJUJoOT DaO be 
reToMWeE beUXeeO ��� aOE � 5 aOE beUXeeO �� 
aOE �� 5� 5Ie meME-EeQeOEeOU Fe- aOE )o-
sublattice magnetisations inferred from the 
XMCD data both rotate at the phase transition 
aU �� ,
 XIereby UIe Fe NaHOeUJTaUJoO reWerTeT 
JUT TJHO� "boWe UIe DoNQeOTaUJoO UeNQeraUure
 
the Ho moment starts to increase continuously 
aboWe � 5
 reWerTJOH TJHO aU abouU �� 5� For UIe 
Fe moment, two small hysteresis loops open 
aU arouOE �0 aOE 2��� 5
 DoODoNJUaOU XJUI UIe 
beHJOOJOH aOE UIe eOE of UIe reWerTaM of UIe )o 
NaHOeUJTaUJoO�

5Ie EaUa aU �� , TIoX UIaU UIe roUaUJoO of UIe 
Fe and Ho moments proceeds from the easy 
[110] direction to another easy direction in the 
basal plane, [1-10], as the projection of the 
)o NaHOeUJD NoNeOU oOUo UIe meME EJreDUJoO 
decreases, whereas the projection of the Fe 
NaHOeUJD NoNeOU DIaOHeT TJHO aU UIe UraOTJUJoO� 
5Ie aEEJUJoOaM meME-JOEuDeE UraOTJUJoO obTerWeE 
aboWe UIe DoNQeOTaUJoO UeNQeraUure DaO be 
explained by the fact that the Ho-sublattice 
magnetisation is no longer rigid, as the applied 
meME aDUT aHaJOTU UIe )o-Fe NoMeDuMar meME 
JO UIJT UeNQeraUure raOHe� .oEeMJOH of UIe 
JOEJWJEuaM TubMaUUJDe NaHOeUJTaUJoOT aMMoXeE 
the determination of the in-plane anisotropy 
constant, K ƅ 0�� .+�N3, close to the ground 
TUaUe� 5IJT TUuEy QroWJEeT UIe mrTU NJDroTDoQJD 
insight into the magnetisation process of a 
strongly anisotropic ferrimagnet in pulsed 
NaHOeUJD meMET�

Fig. 22: #uML NaHOeUJTaUJoO aOE meME EerJWaUJWe of UIe (a),(b) magnetisation 
and (c),(d) meME EeQeOEeODeT of UIe aNQMJUuEeT of UIe Fe-MJLe 	HreeO
 aOE )o-MJLe 

	oraOHe
 DoNQoOeOUT beMoX aOE aboWe UIe DoNQeOTaUJoO UeNQeraUure� 0QeO 
TyNboMT aOE EaTIeE MJOeT� rJTJOH meME� fuMM TyNboMT aOE MJOeT� EeDreaTJOH meME�
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Pure molecular nitrogen was investigated to its most extreme conditions yet reached through static compression: 
244 GPa and 3300 K. At this pressure and temperature, it was found to transform into a new polymeric single-
bonded state comprised of two layers of interconnected N6 chains, challenging previous experimental and 
theoretical results.
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0Wer UIe QaTU 20 yearT
 Qure ToMJE OJUroHeO IaT 
beeO eYUeOTJWeMy TUuEJeE Uo DoNQreIeOE UIe 
pressure-induced transformations in simple 
NoMeDuMar TyTUeNT aOE Uo QroWJEe JOTJHIU JOUo 
aDIJeWabMe QoMyOJUroHeO arraOHeNeOUT JO N-rJDI 
DoNQouOET
 reMeWaOU aT IJHI eOerHy EeOTJUy 
NaUerJaMT� 5Ie QIaTe EJaHraN of OJUroHeO EJTQMayT 
a reNarLabMe QoMyNorQIJTN
 DoNQrJTJOH �� 
crystalline phases and a single amorphous phase 
[1]� %oNJOaUeE by EJaUoNJD NoMeDuMar QIaTeT 
(N2
 beMoX ��0 (Pa
 UIe DryTUaM DIeNJTUry of 
nitrogen radically changes at higher pressures 
and brings forth a new realm of interatomic 
JOUeraDUJoOT XIere QoMyNerJD OeUXorLT of TJOHMe-
boOEeE N-N arraOHeNeOUT QreWaJM� "T of OoX
 
only two single-bonded nitrogen arrangements 
IaWe beeO eYQerJNeOUaMMy EJTDoWereE
 OaNeMy 
DubJD-HauDIe QoMyNerJD OJUroHeO 	DH-N
 aOE 
MayereE QoMyNerJD OJUroHeO 	-P-N

 XJUI UIe 
crystal structure of LP-N still a subject of 
debate [2]� 5IJT JT aU oEET XJUI UIeoreUJDaM 
JOWeTUJHaUJoOT
 XIJDI QreEJDU a XJEe array of 
eYoUJD TJOHMe-boOEeE QIaTeT� *OEeeE
 beUXeeO 
��� (Pa aOE 2�� (Pa
 TJY QoMy-N TUruDUureT Xere 
DaMDuMaUeE Uo IaWe aO eOUIaMQy EJɭereODe of oOMy 
a feX UeOT of Ne7 JO DoNQarJToO XJUI UIe NoTU 
stable phase [3]� ReNarLabMy
 UIe EJNeOTJoOaMJUy 
of these extended single-bonded forms of dense 
OJUroHeO TIouME eWoMWe XJUI QreTTure froN �%
 2% 
to 3D N10 TuQeraUoNT� 

In the present study, pure nitrogen was 
QroHreTTJWeMy DoNQreTTeE aOE MaTer-IeaUeE Uo 
reaDI QreWJouTMy uOaUUaJOeE TUaUJD QreTTureT of 
244 (Pa aOE UeNQeraUureT of ��00 ,� $oOmrNJOH 
QreWJouT eYQerJNeOUT
 OJUroHeO XaT fouOE Uo 
become completely opaque and amorphous 
aboWe ��0 (Pa [4]� SIoXO JO Figure 23, laser-
IeaUJOH UIe TaNQMe Uo 2�00 , aU 2�� (Pa yJeMEeE a 
partial transformation into a transparent phase, 
a DoOWerTJoO UIaU XaT DoNQMeUeE uQoO furUIer 
IeaUJOH Uo ��00 , aU 244 (Pa� 5Ie TUruDUuraM 
DIaraDUerJTaUJoO of UIJT QIaTe XaT aDIJeWeE by 
QoXEer 9-ray EJɭraDUJoO aU UIe ESRF beaNMJOe 
ID27 and, combined with Raman spectroscopy 
measurements and density functional theory 
	%F5
 DaMDuMaUJoOT
 a OeX QoMyNerJD OJUroHeO 
ToMJE XaT uOWeJMeE� 5Ie OoWeM DoNQouOE�T 
structure was shown to adopt a tetragonal 
lattice (P42bc TQaDe HrouQ
 DoNQoTeE of UXo 
distinct layers of interconnected N6 hexagonal 
rings – hence coined as the hexagonal layered 

QoMyNerJD OJUroHeO 	)-P-N
 QIaTe 	Figure 24
� 
In this arrangement, each N atom is bonded to 
UIree oUIer N aUoNT XJUI boOE MeOHUIT WaryJOH 
beUXeeO ���0-���� ̄  aU 2�� (Pa
 XIJDI JT UyQJDaM 
of N-N TJOHMe boOET�

Fig. 23: Microphotographs of the pure nitrogen sample (a) uOEer reneDUJoO 
MJHIU aU 22� (Pa before IeaUJOH
 (b) uOEer UraOTNJTTJoO MJHIU aU 2�� (Pa aùer 
heating to 2800 K and (c) uOEer UraOTNJTTJoO MJHIU aU 244 (Pa aùer IeaUJOH 

Uo ��00 ,� d) -e #aJM remOeNeOU of aO JOUeHraUeE 9-ray EJɭraDUJoO QaUUerO 
reDorEeE aU ��� (Pa foMMoXJOH UIe TyOUIeTJT of UIe )-P-N QIaTe aU 244 (Pa aOE 
JUT EeDoNQreTTJoO� 5Ie 	ILM
 JOEeYeT of UIe eYQerJNeOUaMMy obTerWeE EJɭraDUJoO 

QeaLT are NarLeE� 5Ie raX 9-ray EJɭraDUJoO JNaHe JT TIoXO aboWe aOE UIe 
EJɭraDUJoO TQoUT of UIe NuMUJHraJO )-P-N TaNQMe DaO eaTJMy be EJTDerOeE froN 

UIe Re HaTLeU QoXEer MJOeT�

Fig. 24: a) HLP-N tetragonal (P42bc TQaDe HrouQ
 DryTUaM TUruDUure aU 
2�� (Pa
 XJUI UIe mWe EJTUJODU N-N boOE MeOHUIT NarLeE� For DMarJUy
 
the inner surface of the N6 IeYaHoOT JT mMMeE XJUI a MJHIU HreeO QMaOe� 

b) .uMUJQMe uOJU DeMMT of UIe )-P-N ToMJE
 XIere UIe JOmOJUe aOE MayereE 
nature of the N6 rJOH DIaJOT JT DMearMy TeeO�
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Hexagonal layered polymeric nitrogen 
QIaTe TyOUIeTJ[eE Oear 2�0 (Pa
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b
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 aOE  
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4ZODISPUSPO IJHI�QSFTTVSF BOE 9�SBZ EJɭSBDUJPO FYQFSJNFOUT IBWF SFTVMUFE JO UIF TZOUIFTJT PG B OPWFM IJHI�5C 
hydride superconductor, ThH10, with the experimental TC of 161 K at a pressure of 175 GPa. This is one of the highest 
critical temperatures that has been achieved experimentally and a step closer to attaining room-temperature 
superconductivity.

"DDorEJOH Uo QreWJouT %F5 DaMDuMaUJoOT QerforNeE 
at 0 K, the LP-N phase is thermodynamically 
faWoureE froN ��� (Pa Uo 2�� (Pa
 XJUI UIe 
)-P-N QIaTe UraJMJOH beIJOE by UeOT of Ne7�
atom [3]� "T UIeTe eOUIaMQy DaMDuMaUJoOT are 
performed at 0 K, a correction to account for 
the experimental synthesis at 3300 K was here 
computed but still yielded the HLP-N phase 
eOerHeUJDaMMy EJTaEWaOUaHeouT DoNQareE Uo 
UIe -P-N QIaTe by UIe NarHJOaM WaMue of abouU 
�2 Ne7�aUoN� 5IJT reTuMU TuHHeTUT UIaU %F5 
calculations with a higher degree of precision 
are needed in order for the theory to match 

the experiments or that, under these pressure-
UeNQeraUure DoOEJUJoOT
 a TJHOJmDaOU aDUJWaUJoO 
barrier impedes a transformation towards 
the LP-N phase and instead promotes the 
eYQerJNeOUaM TyOUIeTJT of UIe )-P-N ToMJE� 

5IJT JOWeTUJHaUJoO EemeT UIe DoNNoO 
assumption of an increasingly simple structural 
aOE DIeNJDaM beIaWJour DoODoNJUaOUMy XJUI 
pressure, as the complexity of the phase 
diagram of nitrogen is here unambiguously 
demonstrated to extend from its molecular state 
JOUo JUT QoMyNerJD forN aU IJHI QreTTure�

)yEroHeO JT UIe mrTU
 TJNQMeTU
 aOE 
most common chemical element in the 
6OJWerTe� *U QMayT a HreaU roMe JO JOEuTUrJaM 
chemistry, energetics, space technology and 
eOWJroONeOUaM QroKeDUT� 5Ie reDeOU EraNaUJD 
QroHreTT of TuQerDoOEuDUJWJUy Uo reDorE DrJUJDaM 
UeNQeraUureT 	5C
 2�0-2�� ,
 JT Eue Uo UIe 
properties of atomic hydrogen enclosed in a 
NeUaM TubMaUUJDe� 5Ie UraOTJUJoO of NoMeDuMar 
hydrogen to the metallic atomic phase at high 

QreTTureT XaT DaMDuMaUeE for UIe mrTU UJNe JO 
���� [1]� -aUer
 JU XaT QroQoTeE UIaU IyEroHeO-
rich compounds with properties similar to pure 
atomic metallic hydrogen, might form at lower 
pressures when hydrogen is combined with 
other elements [2]� 5IeTe DIeNJDaM DoNQouOET
 
which possess an excess of hydrogen, can only 
be TyOUIeTJTeE aU IJHI QreTTureT� 5Iey Nay 
reaDI UIe IJHI-5C TuQerDoOEuDUJWJUy QreWJouTMy 
QreEJDUeE for a NeUaMMJD forN of Qure IyEroHeO�  

Fig. 25: a) Le Bail 
remOeNeOU of  

Fm–3m-5I)10 and 
bcc-8 aU ��� (Pa� 

b) Pressure-dependent 
WarJaUJoO of eYQerJNeOUaM 

XRD patterns of  
Fm–3m-5I)10 in the range 

of ���o�� (Pa�
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RooN-UeNQeraUure TuQerDoOEuDUJWJUy IaT 
been an unattainable dream and subject 
of TQeDuMaUJWe EJTDuTTJoOT for a MoOH UJNe� 
)oXeWer
 UIe UIeoreUJDaM QreEJDUJoO of a IJHI-
temperature superconductor H3S [3], followed 
by eYQerJNeOUaM DoOmrNaUJoO [4], has opened 
a new chapter in high-pressure physics – the 
TUuEy of TuQerDoOEuDUJOH IyErJEeT� SJODe UIeO
 
NaOy OeX IyErJEeT IaWe beeO QreEJDUeE aOE 
synthesised, e.g. LaH10 with critical temperature 
2�0o2�0 , [5], YH6 and YH�  XJUI 5C = 226 K and 
243 K [6]� 5IeTe reTuMUT MeE Uo aO eYQerJNeOUaM 
JOWeTUJHaUJoO of UIe 5I-) TyTUeN XJUI a WJeX Uo 
TyOUIeTJTJOH DubJD 5I)10, which was predicted 
Uo be a reNarLabMe IJHI-5C superconductor [7]� 

5o JOWeTUJHaUe UIe QoTTJbMe forNaUJoO of 
UIorJuN IyErJEeT
 UIree �0-NJDroO DuMeU 
EJaNoOE-aOWJM DeMMT Xere QreQareE
 MoaEeE by 
a metal piece of thorium in ammonia borane 
	"#
 NeEJa
 aOE DoNQreTTeE Uo ��� (Pa� 
Experimental high-temperature synthesis and 
9-ray EJɭraDUJoO 	9R%
 NeaTureNeOUT Xere 
performed at beamline ID27� " TIorU MaTer 
IeaUJOH QuMTe 	200o�00 NT
 XaT aDDoNQaOJeE 
by the dissociation of ammonia borane, which 
leads to the generation of hydrogen with 
subsequent synthesis of higher hydrides, as 
XaT mrTU EeNoOTUraUeE JO UIe TyOUIeTJT of -a)10 

[5a]� "T a reTuMU
 aMNoTU Qure DubJD 5I)10 was 
obUaJOeE JO UIe EJaNoOE aOWJM DeMM 	Figure 25
� 

5o NeaTure UIe UraOTQorU QroQerUJeT of UIe 
TaNQMeT
 a TQeDJaM DeMM XJUI EJaNoOE aOWJMT aOE 
four 5a�"u eMeDUroEeT XaT QreQareE� " �-NJDroO-
UIJDL UIorJuN TaNQMe XaT TaOEXJDIeE beUXeeO 
UIe eMeDUroEeT aOE "# JO UIe HaTLeU IoMe� 5Ie 
QreTTure JO UIe DeMM XaT JODreaTeE Uo ��� (Pa� 
Heating of the sample led to the emergence of a 
clear and sharp drop in the electrical resistance 
Uo [ero aU ���o��� ,� 5Ie TuQerDoOEuDUJOH 
OaUure of UIe UraOTJUJoO XaT WerJmeE by JUT 
EeQeOEeODe oO UIe eYUerOaM NaHOeUJD meME JO 
UIe raOHe 0o�� 5 	Figure 26
�

%urJOH UIJT eYQerJNeOU
 UXo OoWeM IJHI-
5C superconductors, Fm–3m-5I)10 and new  
P63/mmc-5I)� Xere TyOUIeTJTeE
 DoOmrNJOH 
earMJer UIeoreUJDaM QreEJDUJoOT baTeE oO %F5 
methods [7]� 5I)10 has a unique combination 
of IJHI TuQerDoOEuDUJOH 5C 	��� , aU ��� (Pa

 
a DrJUJDaM NaHOeUJD meME of 4� 5
 aOE MoXer bouOE 
of TUabJMJUy of �� (Pa
 XIJDI JT far MeTT UIaO 
UIaU of oUIer IJHI-5C IyErJEeT� 5IeTe reTuMUT 
XJMM IaWe a TUroOH JNQaDU oO UIe uOEerTUaOEJOH 
of high-pressure chemistry of metal hydrides, 
aiding attempts to attain room-temperature 
TuQerDoOEuDUJWJUy�

Fig. 26: Synthesis of 
5I)10 in a diamond 
aOWJM DeMM� 9R% QaUUerO
 
dependence of 
electrical resistance 
of the sample on 
temperature and 
eYUerOaM NaHOeUJD meME�
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Time-resolved X-ray absorption (XAS) and UV-Vis spectroscopies with millisecond resolution were used 
simultaneously to investigate oxidation reactions of organic substrates by non-heme iron activated species. It 
JT TIPXO GPS UIF mSTU UJNF UIBU UIF QTFVEP mSTU�PSEFS SBUF DPOTUBOUT PG GBTU CJNPMFDVMBS QSPDFTTFT JO TPMVUJPO 
(milliseconds and above) can be determined by the time-resolved XAS technique.

An important challenge in modern chemistry 
reTJEeT JO uODoWerJOH UIe TUruDUuraM eWoMuUJoO 
of TQeDJeT JOWoMWeE JO faTU DIeNJDaM reaDUJoOT
 
where characteristic time scales range from 
the seconds to the milliseconds and below, and 
JO EeWeMoQJOH OeX eYQerJNeOUaM TUraUeHJeT Uo 
TUuEy UIe reaDUJWJUy of TuDI JOUerNeEJaUeT� *O 
UIJT TUuEy
 UJNe-reToMWeE eOerHy-EJTQerTJWe 
9-ray abTorQUJoO TQeDUroTDoQy 	E%9"S
 aOE 67-
7JT TQeDUroTDoQy Xere DoNbJOeE Uo JOWeTUJHaUe 
the oxidation reactions of organic substrates 
by a TeMeDUeE OoO-IeNe JroO aDUJWaUeE TQeDJeT� 
PTeuEo mrTU-orEer LJOeUJD DoOTUaOUT reMaUeE 
to fast bimolecular reactions in solution were 
obUaJOeE by UIe UJNe-reToMWeE 9"S UeDIOJRue� 

5Ie reTearDI XaT foDuTeE oO TuMmEe aOE aMDoIoM 
oxidation by the oxo-complex [N4Py•Fe*7O]2+, 
EerJWJOH froN UIe QroUoUyQJDaM OoO-IeNe 
iron complex [N4Py•FeII]2+ (N4Py=N,N-bis(2-
QyrJEyMNeUIyM
-N-bJT	2-QyrJEyM
NeUIyMaNJOe
� 
5Ie DouQMeE 9"S�67-7JT aQQroaDI XaT eNQMoyeE 
at beamline ID24 to follow the oxidation 
of beO[yM aMDoIoM Uo beO[aMEeIyEe aOE UIe 
oYJEaUJoO of a TerJeT of UIJoaOJToMeT
 EJɭereOUMy 
substituted in the para position of the aromatic 
ring, to the corresponding methylphenyl 
TuMfoYJEeT� 5Ie oYJEaOU [N4Py•Fe*7O]2+ was 
prepared in situ, under experimental conditions 
aMreaEy JOWeTUJHaUeE WJa UIe QaraMMeM 9"S�67-7JT  
technique in a pioneering study [1], and all 
reactions were carried out under pseudo-

mrTU-orEer DoOEJUJoOT� *O QarUJDuMar
 UIe raUe 
of UIe JroO-oYJEaUJoO-TUaUe eWoMuUJoO EurJOH 
each reaction was determined by following 
UIe reMaUJWe Fe ,-eEHe eOerHy TIJù JO UIe UJNe-
reToMWeE 9"S TQeDUra� 5Ie WaMueT for UIe LJOeUJD 
DoOTUaOUT obUaJOeE by 9"S Xere JO Wery HooE 
agreement with those obtained by means of the 
DoODoNJUaOU 67-7JT EeUeDUJoO�

Figure 27a TIoXT UIe eWoMuUJoO of UIe Fe ,-eEHe 
OorNaMJTeE UJNe-reToMWeE E%9"S TQeDUra reMaUJWe 
to the oxidation of PhCH2OH by [N4Py•Fe*7O]2+ 
aU TeMeDUeE UJNeT froN reaDUJoO TUarU� 5Ie 9"NES 
TQeDUra TIoX a TIJù of UIe Fe ,-eEHe QoTJUJoO 
UoXarET MoXer eOerHy WaMueT
 JO aDDorEaODe 
with the reduction of Fe*7 to FeII throughout the 
QroDeTT� Figure 27b IJHIMJHIUT UIe WarJaUJoO 
of ɤE0 EurJOH UIe reaDUJoO
 XIere ɤE0 is the 
EJɭereODe beUXeeO UIe ,-eEHe eOerHy QoTJUJoO 
of the XANES spectra at time t and the edge 
QoTJUJoO of UIe mrTU 9"NES TQeDUruN aU U � 0 T
 
XIoTe eYQerJNeOUaM EeDay XaT mUUeE XJUI UIe 
foMMoXJOH eRuaUJoO 	bMue DurWe
�

ƎE0(t
 � [E0(i
 o E0(f
>e–kt + E0(f


where k JT UIe reaDUJoO LJOeUJD DoOTUaOU
 XJUI a 
WaMue of 0��� � 0�0� T-1�

Figure 27c TIoXT UIe 67-7JT TQeDUroQIoUoNeUrJD 
data recorded simultaneously on the same 
reaDUJoO NJYUure� 5Ie abTorbaODe WarJaUJoO 

Fig. 27: Oxidation 
of PhCH2OH by 

[N4Py•Fe*7	0
>2+ 
followed using the 

DouQMeE 9"S�67-7JT 
UeDIOJRue� a) 5JNe 

eWoMuUJoO of UIe 9"NES 
spectra (colours 

correspond to selected 
times from the reaction 
TUarU JEeOUJmeE JO QaOeM 

(b)� " NaHOJmDaUJoO 
of Fe K-edge region 

JT TIoXO JO UIe JOTeU� 
b) ɤE0 vs UJNe� 5Ie 

bMue DurWe EerJWeT 
froN a mrTU-orEer 

LJOeUJD UreaUNeOU of 
eYQerJNeOUaM QoJOUT� 
c) 67-7JT NoOJUorJOH 

of [N4Py•Fe*7	0
>2+ 
(downward triangles 

at λ � ��0 ON
 aOE 
[N4Py•FeII]2+(upward 

triangles at 
λ � ��� ON
 EurJOH 

UIe reaDUJoO� #Mue 
aOE reE DurWeT EerJWe 

froN a mrTU-orEer 
LJOeUJD UreaUNeOU of 

eYQerJNeOUaM QoJOUT�



$ouQMeE 9-ray abTorQUJoO�67oWJT 
monitoring of fast oxidation reactions 
*OWoMWJOH a OoO-IeNe JroOooYo DoNQMeY
  
(� $aQoDaTa 	a

 F� SeTTa 	a

 F� 5aWaOJ 	a

 

.� .oOUe 	b

 (� 0MJWo 	a

 S� PaTDareMMJ 	b

 
0� -aO[aMuOHa 	a

 S� %J SUefaOo 	a
 aOE  
P� %�"OHeMo 	a

 J. Am. Chem. Soc. 141, 
22��-2�04 	20��
�  

doi: �0��02��KaDT��b0�����
(a) Department of Chemistry, University La 
Sapienza, Rome (Italy). 
(b) ESRF

[�> (� 0MJWo et al., J. Phys. Chem. Lett. 8
 2���-2��� 	20��
�
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aU ��0 ON JT Eue Uo UIe 
decrease in concentration 
of [N4Py•Fe*7O]2+, while the 
concentration increase of 
the [N4Py•FeII]2+ species 
determines the contemporary 
absorbance increase at 
��� ON� 5Ie mrTU-orEer LJOeUJD 
QMoUT 	reE aOE bMue DurWeT
 
QroWJEeE LJOeUJD DoOTUaOUT 
identical to those determined 
from the EDXAS spectra 
(Figure 28
�

5Ie 9"S UeDIOJRue QroWJEeE 
RuaOUJUaUJWe WaMueT of UIe 
LJOeUJD DoOTUaOUT of faTU 	JO 
the millisecond to second 
UJNeTDaMeT
 bJNoMeDuMar 
DIeNJDaM reaDUJoOT JO ToMuUJoO� 
5IeTe reTuMUT reWeaM 9"S 
TQeDUroTDoQy aT aO JOOoWaUJWe 
UooM for UIe JOWeTUJHaUJoO of faTU 
complex chemical processes 
JOWoMWJOH UIe oYJEaUJoO of a 
metal centre, where the use of 
other experimental techniques 
XouME be JNQoTTJbMe�

Fig. 28: 5JNe eWoMuUJoO of UIe 
Fe K-edge EDXAS spectra of the 

reactions between (a) MeOPhSMe, 
(b) PhSMe and (c) CNPhSMe with 
[N4Py•Fe*7	0
>2+� *O aMM DaTeT
 UIe 
LJOeUJD DoOTUaOUT EeUerNJOeE WJa 

EDXAS were in good agreement 
with the k WaMueT NeaTureE 

UIrouHI 67-7JT aOE XJUI MJUeraUure 
EaUa� -eù� .aHOJmDaUJoOT of Fe 

K-edge regions are shown in the 
insets (colours correspond to 

selected times from the reaction 
TUarU JEeOUJmeE JO rJHIU QaOeM
� 
RJHIU� ɤE0 vs UJNe� #Mue DurWeT 
Xere EerJWeE froN a mrTU-orEer 

LJOeUJD UreaUNeOU of E%9"S 
eYQerJNeOUaM QoJOUT�
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Bimetallic metal-organic frameworks (MOFs) constitute a next generation of MOF materials, adding one more 
EFHSFF PG GSFFEPN UP NBUFSJBMT EFTJHO� "EWBODFE FYUFOEFE 9�SBZ BCTPSQUJPO mOF TUSVDUVSF 	&9"'4
 BOBMZTJT IFMQFE 
to determine the exact stoichiometry of CexZr6-x DPSOFSTUPOFT JO 6J0�66 .0'T BU EJɭFSFOU PWFSBMM $F DPOUFOUT
 
leading to an explanation of the physical properties of the material.

#JNeUaMMJD $e�;r-6J0-�� .0FT QroWe Uo be 
QroNJTJOH NaUerJaMT for WarJouT DaUaMyUJD 
redox applications, representing, together with 
other multimetallic MOFs, a new generation of 
porous structures (Figure 29a
� "MUIouHI NeUaM 
TubTUJUuUJoO JO EJɭereOU .0FT JT XJEeMy EJTDuTTeE 
in the literature, no direct proof for the existence 
of NJYeE-NeUaM DorOerTUoOeT JO 6J0-faNJMy .0FT 
IaT beeO QreTeOUeE To far� 5Ie DorOerTUoOeT JO 
mixed-metal compounds are usually assumed to 
be either pure or truly bimetallic (Figures 29b-c
� 
)oXeWer
 UIeTe DIeNJDaMMy EJɭereOU DaTeT IaWe 
OeWer beeO JOWeTUJHaUeE
 aMUIouHI UIJT QoJOU 
is crucial for rationalising the properties and 
QoUeOUJaM aQQMJDaUJoOT of UIe NaUerJaM�

5o aEEreTT UIJT QrobMeN
 9-ray abTorQUJoO 
TQeDUroTDoQy 	9"S
 EaUa aU UIe ;r ,-
 $e ,- 
and Ce L3-absorption edges were collected 
at beamlines BM23 and BM31 for a series of 
bimetallic CexZr6-x-6J0-�� .0FT� $e -3-edge 
9-ray abTorQUJoO Oear-eEHe TUruDUure 	9"NES
 
EaUa DoOmrNeE UIe 4� oYJEaUJoO TUaUe of $e 
DeOUreT JO aMM UIe TUuEJeE ;r�$e-6J0-�� .0FT� 
)oXeWer
 9"NES TQeDUra of aMM UIe DoNQouOET 
were almost identical at all studied edges, 
XIJDI NaEe JU EJɮDuMU Uo EraX aOy TUruDUuraM 

DoODMuTJoO froN UIeN� "U UIe TaNe UJNe
 $e aOE 
;r ,-eEHe E9"FS EaUa TIoXeE Wery QroOouODeE 
EJɭereODeT beUXeeO UIe $e�;r-6J0-�� .0FT 
XJUI EJɭereOU $e DoOUeOU 	Figures 29d-e
� 5Ie 
obTerWeE EeQeOEeODe of UIe E9"FS TQeDUra oO 
$e DoOUeOU Nay be RuaMJUaUJWeMy eYQMaJOeE by 
the preferential formation of CeZr� clusters, 
accompanied by pure Zr6 or Ce6 cornerstones 
in the proportion dictated by the total 
stoichiometry of the sample (Figure 30a
� 5IJT 
implies a coexistence of CeZr� and Zr6 clusters 
for $e DoOUeOUT MoXer UIaO ��� 	UIaU JT
 ���
 
and a mixture of CeZr� and Ce6 for higher Ce 
MoaEJOHT� 

A hypothesis about the preferential formation 
of CeZr� DorOerTUoOeT
 QuU forXarE aùer 
RuaMJUaUJWe aOaMyTJT of UIe E9"FS EaUa
 XaT 
UeTUeE by RuaOUJUaUJWe E9"FS mUUJOH aU UIe ;r 
aOE $e ,-eEHeT� "MM �0 E9"FS EaUa TeUT 	mWe 
aU eaDI eEHe
 Xere mUUeE UoHeUIer
 MeaEJOH 
Uo UIe DaMDuMaUJoO of a HMobaM R-faDUor� 5Ie mU 
was done respecting the physical constraints 
for JOUeraUoNJD EJTUaODeT aOE %ebye-8aMMer 
factors and resulted in excellent agreement 
with the experimental data (Figure 30b

 UIuT 
DoOmrNJOH UIe QroQoTeE TUruDUuraM NoEeM�

Fig. 29: a) "rUJTUJD WJeX of $e;r-6J0-�� .0F TUruDUure IJHIMJHIUJOH UIe QoTTJbJMJUy of 9"S Uo EJTUJOHuJTI 
beUXeeO UIe $e 	yeMMoX
 aOE ;r 	bMue
 aUoNT JO UIe DorOerTUoOeT� b-c) Representation of possible mixed-

metal CexZr6-x-6J0-�� TUruDUureT XJUI Qure (b) and bimetallic (c) DorOerTUoOeT� d-e) Close-up of the 
NeUaM¦NeUaM TDaUUerJOH QeaL JO UIe NoEuMuT of OoU-QIaTe-DorreDUeE FourJer UraOTforN of L3-weighted 

E9"FS EaUa DoMMeDUeE aU ;r aOE $e ,-eEHeT for UIe Qure aOE NJYeE-NeUaM 6J0-�� .0FT� PaOeM (a) courtesy of 
:� -oNaDIeOLo� PaOeMT (b-e) are aEaQUeE froN UIe QrJODJQaM QubMJDaUJoO�



Exact Stoichiometry of CexZr6–x 
$orOerTUoOeT JO .JYeE-.eUaM 6J0-�� 
.eUaMo0rHaOJD FraNeXorLT ReWeaMeE by 
Extended X-ray Absorption Fine Structure 
SQeDUroTDoQy
 ,� "� -oNaDIeOLo 	a

  
+� +aDobTeO 	b

 "� -� #uHaeW 	D

  
$� "U[orJ 	E

 F� #oOJOo 	E

 S� #orEJHa 	E

 
N� SUoDL 	b
 aOE $� -aNberUJ 	D
e

 J. Am. 

Chem. Soc. 140
 �����-����� 	20��
�  
EoJ� �0��02��KaDT��b�0�4��
(a) ESRF
(b) Institut für Anorganische Chemie, 
Christian-Albrechts-Universität, Kiel 
(Germany)
(c) The Smart Materials Research Institute, 
Southern Federal University, Rostov-on-

Don (Russia)
(d) Department of Chemistry, NIS 
interdepartmental Center and INSTM 
Reference Center, University of Turin (Italy)
(e) Department of Physics, INSTM Reference 
Center and CrisDi Interdepartmental Centre 
for Crystallography, University of Turin 
(Italy)

[�> .� -aNNerU et al., Dalton Trans. 46
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�
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5Ie QrefereOUJaM forNaUJoO of $e;r� 
cornerstones explains the trends in the stability 
of bJNeUaMMJD 6J0-�� .0FT XJUI EJɭereOU $e 
DoOUeOU reQorUeE QreWJouTMy [1]� *OEeeE
 XIJMe 
at low Ce loadings stability decreases linearly 
with the increase of Ce content, at around 
20� JU TUabJMJTeT aU UIe WaMue obTerWeE for 

Fig. 30: a) Dependence of the abundance of Zr6, CeZr� and Ce6 DorOerTUoOeT oO $e DoOUeOU� b) ReTuMUT of UIe E9"FS mUUJOH 
based on the model from panel (a)� EYQerJNeOUaM EaUa are TIoXO aT XIJUe DJrDMeT
 mUUeE DurWeT are QreTeOUeE aT fuMM MJOeT�  

;r¦;r DoOUrJbuUJoO
 bMue� $e¦$e DoOUrJbuUJoO
 yeMMoX� ;r¦$e aOE $e¦;r DoOUrJbuUJoO
 HreeO� For NJYeE-NeUaM .0FT
 UIe TuN 
of UIe UXo DoOUrJbuUJoOT JT TIoXO JO bMaDL� #oUUoN QaOeMT TuNNarJTe UIe DorOerTUoOe DoNQoTJUJoO eNQMoyeE for mUUJOH UIe 

TQeDUra of eaDI TaNQMe� PaOeM (b) JT aEaQUeE froN UIe QrJODJQaM QubMJDaUJoO�

Qure $e-6J0-�� .0F� "DDorEJOH Uo DurreOU 
EXAFS analysis, this coincides with the 
disappearance of pure Zr6 cornerstones, which, 
due to lower disorder and higher stability 
compared to Ce6 and CeZr� cornerstones, 
increases the decomposition temperature of 
UIe NaUerJaM�
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As will no doubt be described – and rightfully 
celebrated – elsewhere in this edition of the 
ESRF Highlights, the 6 December 2019 saw 
mSTU TUPSFE CFBN JO UIF &43'�T &YUSFNFMZ 
Brilliant Source (EBS) storage ring. As well 
as being a key milestone on the road to 
UIF GVMM DPNNJTTJPOJOH PG UIF XPSME�T mSTU 
high-energy, fourth-generation synchrotron 
source, this achievement has also increased 
the pulse-rates of the ESRF’s beamline 
scientists. There is now, literally, light at the 
end of the tunnel, and we can start looking 
forward to the recommissioning of our 
facilities and, in August 2020, to welcoming 
back our external user community. 

As with the construction and commissioning of 
EBS, the recommissioning of the beamlines in 
orEer UIaU UIey NaLe beTU aEWaOUaHe of QoTU-
E#S 9-ray beaNT IaT UaLeO DarefuM QMaOOJOH� 
)oXeWer
 20�� IaT OoU beeO TQeOU ATJUUJOH 
XJUI our feeU uQ� aT
 JO reaMJUy
 UIe oQQoTJUe IaT 
beeO UIe DaTe� 5Ie NaKor reaToO for UIJT JT UIaU 
NaOy of UIe ESRF�T SUruDUuraM #JoMoHy faDJMJUJeT 
are beJOH refurbJTIeE�rebuJMU aOE NuDI eɭorU 
has been, and continues to be, expended to 
eOTure UIaU OeX fuODUJoOaMJUy XJMM be aWaJMabMe 
aT TooO aT QoTTJbMe aùer UIe reTUarU of uTer 
oQeraUJoO� EYaNQMeT of UIe aDUJWJUy DurreOUMy 
UaLJOH QMaDe JODMuEe aO aMNoTU eOUJre rebuJME 
of the BioSAXS beamline BM29, a major 
refurbishment – carried out in collaboration 
XJUI UIe E.#- (reOobMe ouUTUaUJoO o of UIe 
completely automatic MASSIF-1 beamline, and 
incremental upgrades to the MASSIF-3, ID30B  
and ID23-1 eOE-TUaUJoOT� "T QarU of UIeTe 
rebuJMET�refurbJTINeOUT
 OeX EeUeDUorT for 
#.2� aOE *%2�-� IaWe beeO orEereE aOE 
XJMM be JOTUaMMeE JO 2020� .oreoWer
 a braOE-
OeX faDJMJUy for UJNe-reToMWeE TyODIroUroO 
serial crystallography (EBSL8
 JT OoX beJOH 
constructed on the ID29 QorU� )ere
 QroHreTT 
has been excellent – at time of writing, the 
experimental hutches for the new beamline were 
being assembled in the Chartreuse extension 
of the Experimental Hall and the project is well 
oO UraDL Uo XeMDoNe JUT mrTU uTerT JO MaUe 202�� 
5IeTe refurbJTINeOU�reOeXaM aDUJWJUJeT IaWe 
been supplemented by continuing progress in 
UIe ToùXare EeWeMoQNeOU aTToDJaUeE XJUI our 
beaNMJOeT� .Y$u#E� aOE JUT #JoS"9S eRuJWaMeOU 
BsxCuBE3, the latest, web-based, incarnations 
of our beamline control user interfaces, will be 
reaEy for EeQMoyNeOU aOE JOUeOTJWe UeTUJOH 
during the beamline recommissioning period, 
as will Exi2, the new interface to the ISPyB 
eYQerJNeOU UraDLJOH EaUabaTe� #oUI aDUJWJUJeT 
are being carried out as part of the European-

wide MXCuBE and ISPyB collaborations, in which 
UIe ESRF DoOUJOueT Uo QMay a Wery aDUJWe roMe�

%eTQJUe UIe uOaWaJMabJMJUy of JUT 9-ray-baTeE 
beaNMJOeT
 JO 20��
 SUruDUuraM #JoMoHy aU 
UIe ESRF IaT beeO far froN a AuTer-MeTT� [oOe� 
5Ie CM01 cryo-electron microscope (cryo-
E.
 faDJMJUy IaT oQeraUeE aU fuMM UJMU EurJOH 
the EBS shutdown, while the in crystallo 
oQUJDaM TQeDUroTDoQy 	JD0S
 MaboraUory
 UIe 
replacement of the Cryobench facility, relocated 
and upgraded as part of the EBSL8 project, 
XaT reDoNNJTTJoOeE JO earMy 20�� aOE IaT 
welcomed many user experiments throughout 
UIe year� 8IJMe aDDeTT Uo $.0� JT DurreOUMy 
limited to projects for which a suitable sample 
preparation can be demonstrated, we hope 
TooO Uo be abMe Uo oɭer AfuMM TerWJDe� QroUoDoMT
 
including mail-in access to the sample 
screening and optimisation microscopes of the 
Partnership for Structural Biology (PSB
 
cryo-EM platform located at the Institute de 
#JoMoHJe SUruDUuraMe� "T XeMM aT QroWJEJOH aO 
entry point to electron microscopy for scientists 
XJUI Oo
 or Wery MJNJUeE
 aDDeTT Uo E. faDJMJUJeT
 
Xe beMJeWe UIaU UIJT eOEeaWour XJMM QroWJEe a 
OeX QaraEJHN UIaU XJMM eWeOUuaMMy aMMoX UIe 
wider ESRF user community access to other 
JOTUruNeOUT NaLJOH uQ UIe array of UeDIOJDaM 
QMaUforNT aWaJMabMe JO UIe PS#� 

External user research based on data collected at 
our facilities before the EBS shutdown continues 
Uo feeE UIrouHI Uo QubMJDaUJoO� )ere
 Xe QreTeOU 
a snapshot chosen from many potential high-
JNQaDU eYaNQMeT� " OuNber of arUJDMeT QreTeOUeE 
here describe the results of studies where cryo-
E.
 oùeO DoNbJOeE XJUI 9-ray DryTUaMMoHraQIy 
and other techniques, has shed light on 
UIe NeDIaOJTNT JOWoMWeE JO fuOEaNeOUaM 
biological processes (e.g.
 baDLUraDLJOH EurJOH 
errors in gene expression by RNA polymerase 
	"bEeMLareeN et al., page 60
� UIe %N" reUeOUJoO 
and ejection mechanisms of bacteriophages 
	$uerWo et al., page 56
� IoX aO oODoHeOJD 
IoUTQoU NuUaOU aDUJWaUeT RaH (5PaTeT aOE 
uQreHuMaUeT N50R$� 	"OaOEaQaEaNaOabaO et 
al., page 47
� UIe eMuDJEaUJoO of UIe arDIJUeDUure 
and molecular mechanism of the adenylyl 
DyDMaTeo( QroUeJO DoNQMeY 	2J et al., page 43
� 
TOaQTIoUT of UIe JOnueO[a WJruT UraOTDrJQUJoO-
replication machinery (Kouba et al., page 53

 
or JroO uQUaLe JO DeMMT 	.oOUeNJHMJo et al., 
page 59

�

SeWeraM of UIe aboWe-NeOUJoOeE TUuEJeT QroWJEe 
JOTJHIUT JOUo QoTTJbMe aWeOueT for UIe EeWeMoQNeOU 
of UIeraQeuUJD TUraUeHJeT Uo DoNbaU EJTeaTe�  

STRUCTURAL BIOLOGY



5IJT JT aMTo UIe DaTe for NaOy of UIe oUIer arUJDMeT 
QreTeOUeE Iere
 XIJDI foDuT
 WarJouTMy
 oO UIe 
NoMeDuMar baTJT of (P$R QIarNaDoMoHy 	8arOe 
et al., page 41

 UIe JEeOUJmDaUJoO of a OeX DMaTT 
of inhibitors targeting Phosphoinositide-3-
LJOaTe γ, a potential target for immune-oncology 
	(aOHaEIara et al., page 46

 UIe EJTDoWery of 
a OeuroUoYJO UIaU TeMeDUJWeMy UarHeUT NoTRuJUoeT 
UIaU UraOTNJU NaMarJa
 aOE XIJDI Nay QroWJEe 
aO eOWJroONeOUaMMy frJeOEMy aQQroaDI for 
UaDLMJOH NaMarJa 	$oOUreraT et al., page 50

 
UIe EeWeMoQNeOU of aO aQQroaDI for UIe AEe-
JNNuOJTaUJoO� of a EruH uTeE JO UIe UreaUNeOU 
of multiple sclerosis (Bertrand et al., page 51

 
and the elucidation of the structure of a receptor 
JOWoMWeE JO UIe forNaUJoO of OeuraM OeUXorLT
 
XIJDI DouME MeaE Uo UIe EeWeMoQNeOU of OeX 
UreaUNeOUT for DaODer 	#araL et al., page 49
�

5IJT DIaQUer aMTo IJHIMJHIUT UIe EJTDoWery of UIe 
true biological role of the Kiwellin proteins, which 
are UIe DauTaUJWeT of IuNaO aMMerHy Uo UIe LJXJ 
fruJU� )ere
 JU JT TIoXO UIaU UIey are aDUuaMMy QMaOU 
defence proteins against pathogenic fungi, and 
UIaU UIey DouME TerWe aT QoUeOUJaM DaOEJEaUeT for 
agricultural biotechnology applications, helping 
to guarantee food security (Han et al., page 40
� 
Also demonstrated here is the mechanism used 
by DyaOobaDUerJa for eɮDJeOU DarboO mYaUJoO 
EurJOH QIoUoTyOUIeTJT 	8aOH et al., page 44

 
aT XeMM aT UIe EJTDoWery of aO uOaOUJDJQaUeE 
aTyNNeUry UIaU QroWJEeT a NeDIaOJTN for 
DoOEeOTJO�T abJMJUy Uo eYUruEe %N" MooQT EurJOH 
mitotic chromosome assembly (Hassler et al., 
page 54
� FJOaMMy
 UIe DryTUaM TUruDUureT of UIe 
DaUaMyUJD 6SP EoNaJOT are aMTo IJHIMJHIUeE�
5IeTe TIoX UIaU UIe UXo eO[yNeT aEoQU EJTUJODU 
oMJHoNerJD TUaUeT
 UIuT QroWJEJOH a QoUeOUJaM 
rouUe Uo UIe EeWeMoQNeOU of TQeDJmD JOIJbJUorT 
for use in the treatment of cancers (Sauer et al., 
page 57
�

8e IoQe you eOKoy reaEJOH UIe TeMeDUJoO of 
IJHIMJHIUT QreTeOUeE Iere aOE are MooLJOH 
forward to seeing you all at our beamlines in 
"uHuTU
 XIeO UIe E#S aEWeOUure DaO mOaMMy beHJO 
JO earOeTU for our eYUerOaM uTer DoNNuOJUy�

G. LEONARD AND 
 C. MUELLER-DIECKMANN

STRUCTURAL BIOLOGY
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,JXFMMJO QSPUFJOT BSF XFMM�LOPXO DBVTBUJWFT PG IVNBO BMMFSHZ UP UIF LJXJ GSVJU� 5IJT TUVEZ EFmOFT UIFJS USVF 
biological role as plant defence proteins against pathogenic fungi. It further shows that kiwellins are conserved 
among various agricultural crops and might serve as potential candidates for agricultural biotechnology 
applications.
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FuOHaM QaUIoHeOT DauTe MarHe MoTTeT JO UIe mWe 
most important crops, with impact growing 
yearly [1]� "NoOH UIeTe
 TNuU fuOHJ DoOTUJUuUe 
one of the largest classes of biotrophic 
pathogens infecting mostly economically 
important grasses [2]� *OTUeaE of LJMMJOH UIeJr 
hosts, biotrophic pathogens establish an 
JOUJNaUe reMaUJoOTIJQ XJUI aOE IeaWJMy reMy oO 
UIe WJabJMJUy of UIeJr IoTU QMaOUT� SUuEJeT oO 
Ustilago maydis 	NaJ[e

 a XeMM-DIaraDUerJTeE 
model organism for biotrophic pathogenic 

EeWeMoQNeOU
 IaWe TIoXO UIaU UIe JOfeDUJoO 
QroDeTT JT HuJEeE by eɭeDUor QroUeJOT TeDreUeE 
by UIe QaUIoHeO JOUo UIe NaJ[e QMaOU UIaU 
modulate the host metabolism and suppress 
immune reactions [3]�

5Ie TeDreUeE DIorJTNaUe NuUaTe � 	$Nu�
 JT a 
XeMM-TUuEJeE QroUeJO
 aDUJWe JO UIe DyUoQMaTN of 
UIe IoTU DeMM
 XIere JU DoOWerUT DIorJTNaUe Uo 
prephenate [4]� 5IJT DoOWerTJoO TUeQ JT QarU of UIe 
TIJLJNaUe QaUIXay MeaEJOH Uo UIe QroEuDUJoO of 
eJUIer UyroTJOe aOE QIeOyMaMaOJOe or UryQUoQIaO� 
*O QMaOUT
 DIorJTNaUe aMTo TerWeT aT a QreDurTor 
for salicylic acid, a plant hormone important 
for systemic defence against pathogens 
(Figure 31a
� 8IJMe IouTeLeeQJOH DIorJTNaUe 
mutases such as Aro7p are allosterically 
reHuMaUeE by eJUIer UyroTJOe�QIeOyMaMaOJOe 
or UryQUoQIaO
 $Nu� MaDLT UIJT aMMoTUerJD 
reHuMaUJoO aOE DoOTUaOUMy DoOWerUT DIorJTNaUe 
Uo QreQIeOaUe
 UIereby QreWeOUJOH QroEuDUJoO 
of salicylic acid (Figures 31a and 31b
 [4]� 
5Ie DryTUaM TUruDUure of U. maydis Cmu1 was 
determined at ID23-1 and clearly shows that the 
allosteric loop found in other such mutases is 
reQMaDeE by aO eYUeOTJWe MooQ reHJoO 	E-R
 UIuT 
QreWeOUJOH aMMoTUerJD reHuMaUJoO 	Figure 31b
�

5Ie QreTeODe of aO uOreHuMaUeE eɭeDUor QroUeJO 
raised the question of whether counteracting 
TUraUeHJeT IaWe beeO EeWeMoQeE by UIe QMaOU 
to minimise the metabolic chaos caused by 
$Nu�� *OUereTUJOHMy
 Do-JNNuOoQreDJQJUaUJoO 
JO MyTaUeT of JOfeDUeE NaJ[e MeaWeT aOaMyTeE by 
NaTT TQeDUroNeUry reWeaMeE UIe QreTeODe of a 
QroUeJO bJOEJOH Uo $Nu�� *U XaT EeNoOTUraUeE 
UIaU UIJT TeDreUeE NaJ[e QroUeJO beMoOHJOH Uo UIe 
LJXeMMJO DMaTT bJOET Uo aOE eɭeDUJWeMy JOIJbJUT 

Fig. 31: 5Ie fuOHaM eɭeDUor $Nu� NaOJQuMaUeT UIe 
TIJLJNaUe QaUIXay JO NaJ[e aOE JT UarHeUeE by 
a LJXeMMJO QroUeJO� a) 5Ie NeUaboMJUe DIorJTNaUe 
TerWeT for bJoTyOUIeTJT of TaMJDyMJD aDJE
 aO JNQorUaOU 
JNNuOe TJHOaM for QMaOUT 	HreeO QaOeM
� 5Ie fuOHuT 
TeDreUeT UIe WJruMeODe eɭeDUor $Nu� JOUo UIe QMaOU� 
5Ie eO[yNe DoOWerUT DIorJTNaUe Uo QreQIeOaUe aOE 
QreWeOUT QroEuDUJoO of TaMJDyMJD aDJE
 UIuT TuQQreTTJOH 
UIe QMaOU JNNuOe reTQoOTe 	reE QaOeM
� b) Aro7p and 
$Nu� TIare a DoOTerWeE foME� )oXeWer
 UIe MaUUer 
MaDLT UIe MooQ eTTeOUJaM for aMMoTUerJD reHuMaUJoO of 
Aro7p by the amino acids tryptophan, phenylalanine 
aOE UyroTJOe� c) 5Xo NoMeDuMeT of Zm,8-� reTJEe oO 
UIe E-RT aOE UIe aDUJWe TJUeT of UIe $Nu� EJNer aOE 
bMoDL TubTUraUe eOUry�



" LJXeMMJO EJTarNT UIe NeUaboMJD aDUJWJUy of 
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X-ray crystallography reveals why G protein-coupled receptors (GPCRs) in the active state have higher 
BɮOJUZ GPS BHPOJTUT BT DPNQBSFE UP XIFO UIFZ BSF JO UIF JOBDUJWF TUBUF� "T (P$3T BSF FYDFQUJPOBMMZ 
good targets for drug development, increased understanding of their molecular mechanisms could 
MFBE UP OFX
 NPSF FɮDJFOU ESVHT�
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$Nu� aDUJWJUy� 5Ie DryTUaM TUruDUure of $Nu� 
in complex with Zm,8-� XaT UIeO EeUerNJOeE
 
also at ID23-1, and the molecular mechanism of 
Cmu1 inhibition by Zm,8-� XaT UIuT reWeaMeE� 
5Xo NoMeDuMeT of Zm,8-� reTJEe oO UIe $Nu� 
EJNer aOE EJreDUMy bMoDL TubTUraUe aDDeTT Uo 
UIe aDUJWe TJUe 	Figure 31c
� 5Ie JOUeraDUJoO JT 
NeEJaUeE by TeWeraM MooQT oO Zm,8-�
 XIJDI 
protrude from its central β-barrel and interact 
with the ELR on Cmu1 – a region allowing the 
eɭeDUor Uo EJTUJOHuJTI JU froN IouTeLeeQJOH 
DIorJTNaUe NuUaTeT� 

" Nore UIorouHI JOTQeDUJoO of UIe LJXeMMJO DMaTT 
reWeaMeE a broaE DoOTerWaUJoO aNoOH WarJouT 
NoOoDoUT
 EJDoUT aOE fuOHJ
 XJUI 20 LJXeMMJO 
QaraMoHT QreTeOU JO UIe NaJ[e HeOoNe aMoOe� 
%eTQJUe UIeJr broaE DoOTerWaUJoO
 LJXeMMJOT 
had so far only been recognised as human 
aMMerHeOT XIeO JToMaUeE EJreDUMy froN LJXJ fruJU 
[5-7]� 5aLeO UoHeUIer
 UIJT EeNoOTUraUeT UIaU 
LJXeMMJOT beMoOH Uo a broaEMy EJTUrJbuUeE DMaTT 
of QMaOU EefeODe QroUeJOT aOE UIereby HJWe mrTU 
insights into the biological function of a human 
aMMerHeO�

( QroUeJO-DouQMeE reDeQUorT are JOUeHraM 
membrane proteins that form the largest family 
of receptors in the human body, comprising 
oWer �00 EJɭereOU UyQeT
 aOE are aDUJWaUeE by 
a wide range of agonists, including hormones, 
OeuroUraOTNJUUerT
 JoOT aOE eWeO QIoUoOT of 
MJHIU� "DUJWaUJoO of (P$RT JT a Ley TUeQ JO UIe 
QroDeTT of DeMMT TeOTJOH UIeJr eOWJroONeOU aOE 
responding to chemical cues secreted by other 
DeMMT UIaU DouME be oO UIe oUIer TJEe of UIe boEy� 
5Ie QJWoUaM roMe UIaU (P$RT QMay JO JOUerDeMMuMar 
DoNNuOJDaUJoO NaLeT UIeN JEeaM EruH UarHeUT 
aOE �4� of 6S F%"-aQQroWeE TNaMM NoMeDuMe 
EruHT UarHeU (P$RT
 e.g.
 beUa bMoDLerT
 aOUJ-
IyQerUeOTJWeT aOE UreaUNeOUT for aTUINa aOE 
NJHraJOeT� 

"T QarU of UIJT foDuT oO EruH EeWeMoQNeOU
 JU 
JT eTTeOUJaM Uo uOEerTUaOE boUI IoX (P$RT 
function and the molecular basis for their 
QIarNaDoMoHy� 0Oe QarUJDuMarMy eOJHNaUJD 
obTerWaUJoO XaT UIaU XIeO ( QroUeJOT DouQMe 
Uo UIe JOUraDeMMuMar TJEe of UIe (P$R
 UIeO UIe 
aɮOJUy of aO aHoOJTU JODreaTeT� 5IJT JT LOoXO aT 
UIe aHoOJTU aɮOJUy TIJù� )oXeWer
 UIe JODreaTe 
JO aHoOJTU aɮOJUy uQoO ( QroUeJO DouQMJOH JT OoU 
aMXayT UIe TaNe for EJɭereOU MJHaOET UarHeUJOH 
the same receptor and there is no correlation 
beUXeeO MJHaOE eɮDaDy 	IoX eɮDJeOU a MJHaOE JT 
JO aDUJWaUJOH a reDeQUor
 aOE UIe aHoOJTU aɮOJUy 
TIJù uQoO ( QroUeJO DouQMJOH� 

In order to determine the molecular basis 
for UIe aHoOJTU aɮOJUy TIJù uQoO ( QroUeJO 



.oMeDuMar baTJT for IJHI-aɮOJUy aHoOJTU 
bJOEJOH JO (P$RT
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coupling, the β1-adrenoceptor (β1"R
 XaT uTeE 
aT a NoEeM (P$R� 5Ie TUruDUureT of UIe JOaDUJWe 
state of β1"R IaE QreWJouTMy beeO EeUerNJOeE 
by X-ray crystallography when bound to four 
EJɭereOU MJHaOET [1]: isoprenaline, dobutamine, 
salbutamol and cyanopindolol (listed in order of 
EeDreaTJOH eɮDaDy
� *O UIe DurreOU XorL
 9-ray 
crystallography was carried out on beamlines 
ID23-2, ID29, ID30B, and MASSIF-3 to determine 
the crystal structures of β1AR bound to the 
same ligands but with β1"R NoWeE Uo aO aDUJWe 
TUaUe UIrouHI UIe uTe of a ( QroUeJO NJNeUJD 

	OaOoboEJeT Nb�0 aOE Nb�#�
� $oNQarJToO 
of UIe MJHaOE bJOEJOH QoDLeUT TIoXeE UIaU
 JO 
eWery DaTe
 UIeTe IaE a TNaMMer WoMuNe JO UIe 
aDUJWe-TUaUe TUruDUureT XIeO DoNQareE Uo UIe 
JOaDUJWe TUaUe bouOE Uo UIe TaNe MJHaOE� 5IJT 
led to a decrease in the length of hydrogen 
boOET aOE WaO Eer 8aaMT EJTUaODeT aOE
 eYDeQU 
for TaMbuUaNoM
 Uo a TJHOJmDaOU JODreaTe JO 
UIe OuNber of MJHaOE-reDeQUor JOUeraDUJoOT� " 
DoNbJOaUJoO of aOy of UIeTe eɭeDUT XouME be 
eYQeDUeE Uo JODreaTe UIe aɮOJUy of UIe MJHaOE� 
)oXeWer
 UIe DIaOHeT JO UIe MJHaOE-reDeQUor 
distances were not identical for each ligand 
(Figure 32

 eYQMaJOJOH UIe NarLeE EJɭereODeT 
obTerWeE JO boUI UIe aHoOJTU aɮOJUy TIJù aOE 
JO eɮDaDy� %JɭereODeT JO UIe TUruDUureT of UIe 
extracellular regions also suggested why some 
MJHaOET DouME beIaWe aT QarUJaM aHoOJTUT raUIer 
UIaO fuMM aHoOJTUT�

(P$RT are a IJHIMy DoOTerWeE faNJMy of QroUeJOT 
XJUI DoOTerWeE NeDIaOJTNT of aDUJWaUJoO
 
UraOTEuDUJoO of TJHOaMT Uo ( QroUeJOT [2] and 
a DoOTerWeE NeDIaOJTN of aDUJWaUJoO of UIe ( 
QroUeJOT UIeNTeMWeT [3]� 5IuT
 oUIer NeNberT 
of UIe (P$R TuQerfaNJMy are MJLeMy Uo aMTo 
TIoX a DoOUraDUJoO of UIe bJOEJOH QoDLeU uQoO 
( QroUeJO-DouQMJOH 	Figure 33
� 5IJT DouME be 
JNQorUaOU JO EruH EJTDoWery
 IeMQJOH Uo QreEJDU 
IoX eɮDJeOU a DoNQouOE Nay be JO aDUJWaUJOH 
JOUraDeMMuMar QaUIXayT aOE XJMM JNQroWe eɮDJeOU 
aOE eɭeDUJWe NoEeMMJOH of UIe EJɭereOU TUaUeT of 
(P$RT for XIJDI TUruDUureT are OoU aWaJMabMe�

Fig. 32: SUruDUure of aO aDUJWe TUaUe of β1"R� " DoNQarJToO 	DeOUre
 of β1AR 
JO aO aDUJWe TUaUe 	raJOboX DoMoraUJoO
 aOE aO JOaDUJWe TUaUe 	Hrey

 XJUI UIe 
NaKor DoOforNaUJoOaM DIaOHeT TIoXO 	arroXT
� SUruDUureT of UIe MJHaOET Do-
crystallised with β1AR are depicted with the interacting amino acid residues 

DoMour-DoEeE aDDorEJOH Uo UIe reHJoOT of UIe reDeQUor 	DeOUraM QaOeM
 aOE 
reTJEueT JO eYUraDeMMuMar MooQ 2 TIoXO JO Hrey� 5Ie TJ[e of UIe DJrDMeT reQreTeOUT 

the maximum magnitude of decrease in atomic distance between the side chain 
aOE MJHaOE XIeO JOaDUJWe aOE aDUJWe TUaUe TUruDUureT are DoNQareE�

Fig. 33: Cartoon depicting the mechanism of agonist 
aɮOJUy JODreaTe JO β1"R uQoO ( QroUeJO DouQMJOH� 

5Ie JOaDUJWe TUaUe 	R
 UraOTJUJoOT Uo aO JOUerNeEJaUe 
TUaUe 	Rh
 uQoO bJOEJOH aO aHoOJTU 	bMue QeOUaHoO

 

with only minor changes to the structure of the 
MJHaOE bJOEJOH QoDLeU� "HoOJTU bJOEJOH JODreaTeT UIe 
QrobabJMJUy of UraOTJUJoOT Uo aO aDUJWe TUaUe 	R�
 XJUI 

aO oQeOeE DyUoQMaTNJD DMeù UIaU aMMoXT ( QroUeJO 
bJOEJOH� 6QoO DouQMJOH of a IeUeroUrJNerJD ( QroUeJO 
	(αβγ
 UIe bJOEJOH QoDLeU TIrJOLT arouOE UIe MJHaOE
 

XIJDI JODreaTeT MJHaOE aɮOJUy�
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Membrane adenylyl cyclases are key components of the cellular signaling machinery. Cryo-electron microscopy 
	DSZP�&.
 BOE TJOHMF QBSUJDMF BOBMZTJT XFSF VTFE UP EFUFSNJOF UIF mSTU TUSVDUVSF PG B GVMM�MFOHUI BEFOZMZM DZDMBTF 
AC9 bound to its activator, Gαs protein.
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One of the major pathways of communication 
beUXeeO UIe DeMMT aOE UIeJr eOWJroONeOU JT 
UIe DyDMJD aEeOoTJOe NoOoQIoTQIaUe 	D".P
 
pathway [1]� 5IJT TJHOaMJOH reMay DoOTJTUT of 
TeWeraM Ley QarUT� 	J
 UIe ( QroUeJO-DouQMeE 
reDeQUorT
 or (P$RT
 	JJ
 UIe IeUeroUrJNerJD ( 
QroUeJOT 	(abγ

 aOE 	JJJ
 UIe eɭeDUor
 aEeOyMyM 
DyDMaTe� 5Ie reDeQUorT reDoHOJTe a MarHe WarJeUy 
of ATJHOaMT�
 TuDI aT IorNoOeT or EruHT
 aOE are 
aDUJWaUeE by UIeN� 6QoO reDeQUor aDUJWaUJoO
 UIe 
( QroUeJO TubuOJUT bJOE Uo UIe aDUJWaUeE reDeQUor
 
EJTToDJaUe
 aOE UIe reMeaTeE (α aOE (bγ subunits 
UIeO UraOTNJU UIe TJHOaM Uo oOe or Nore eɭeDUor 
QroUeJOT� "EeOyMyM DyDMaTe JT UIe Ley eɭeDUor 
of this signaling cascade, which catalyses the 
QroEuDUJoO of a ATeDoOE NeTTeOHer� NoMeDuMe
 
D".P
 froN UIe "5P [2]� 5Ie D".P NoMeDuMeT 
in turn regulate a plethora of physiological 
QroDeTTeT JO IeaMUI aOE EJTeaTe WJa a OuNber of 
EoXOTUreaN UarHeUT
 TuDI aT QroUeJO LJOaTe " or 
DyDMJD OuDMeoUJEe HaUeE JoO DIaOOeMT�

Cryo-EM was used to produce a 3D reconstruction 
of the complex between a full-length membrane 
aEeOyMyM DyDMaTe "$� bouOE Uo UIe TUJNuMaUory 
(αs protein subunit, at a near-atomic resolution 
of ��4 ¯ 	Figure 34
� 5Ie TUruDUure reWeaMeE for 
UIe mrTU UJNe UIe arDIJUeDUure of UIe fuMM-MeOHUI 
adenylyl cyclase, including its membrane-
spanning region, the helical domain and the 
complete catalytic domain that interacts 
XJUI (aT� FurUIerNore
 UIJT IJHI-reToMuUJoO 
structure captured a state of the protein in 
XIJDI UIe DyUoToMJD $-UerNJOuT of "$� bMoDLeE 
UIe aDUJWe TJUe of UIe eO[yNe� 5Ie bJoDIeNJDaM 
eYQerJNeOUT DoOmrNeE UIaU UIJT TUaUe of "$� 
QreWeOUT UIe oWerQroEuDUJoO of D".P aOE 
may represent an important auto-inhibitory 
NeDIaOJTN QroUeDUJOH UIe DeMMT froN eYDeTTJWe 
D".P QroEuDUJoO� %aUa DoMMeDUeE aU UIe Dryo-
electron microscope CM01 helped to determine 
UIe TUruDUure of UIe UruODaUeE forN of UIe (αs-
bouOE "$� MaDLJOH JUT $-UerNJOuT 	"$��2�0

 
in the presence of a nucleotide analogue and a 
TNaMM NoMeDuMe aDUJWaUor
 forTLoMJO 	Figure 35
� 
5IJT �% reDoOTUruDUJoO QroWJEeE UIe JNQorUaOU 
TuQQorUJOH eWJEeODe for UIe QroQoTeE "$� auUo-
reHuMaUory NeDIaOJTN�

5IJT XorL QroWJEeT JNQorUaOU JOTJHIUT JOUo 
the molecular architecture and mechanisms 

Fig. 34: " Dryo-E. EeOTJUy NaQ of UIe "$�-(αs complex (a) made it possible 
to build the complete molecular model of the complex (b)
 reWeaMJOH JUT Ley 
TUruDUuraM eMeNeOUT� UIe UraOTNeNbraOe EoNaJO buOEMe 	5.

 UIe IeMJDaM 

EoNaJO 	)%

 UIe DaUaMyUJD EoNaJO of "$� 	$2a

 aOE UIe (αs protein 
	(αT
� 5Ie EeOTJUy NaQ aOE NoEeM eMeNeOUT DorreTQoOEJOH Uo "$� aOE UIe 

(αT QroUeJOT are DoMoureE oraOHe aOE HreeO
 reTQeDUJWeMy� %eUerHeOU aOE 
uOaTTJHOeE QroUeJO EeOTJUy are DoMoureE Hrey�

Fig. 35: a-b) 5Ie arraOHeNeOU of UIe "$� $�a EoNaJO JO UIe oDDMuEeE 
TUaUe 	"$� 	0DD�

 oraOHe
 aOE JO UIe OuDMeoUJEe- aOE forTLoMJO-bouOE 

TUaUe 	"$��2�0-.F
 bMue

 baTeE oO UIe DorreTQoOEJOH Dryo-E. TUruDUureT� 
SUruDUuraM aMJHONeOU XaT QerforNeE uTJOH UIe $2a EoNaJOT� 5Ie reMaUJWe 

$�a EoNaJO EJTQMaDeNeOU JT JOEJDaUeE by a EoUUeE arroX� 5Ie $2b EoNaJO 
is indicated as a cartoon coloured yellow in (b)�
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$ZBOPCBDUFSJB TFRVFTUFS UIF FO[ZNF 3VCJTDP JOUP DBSCPYZTPNFT GPS FɮDJFOU DBSCPO mYBUJPO EVSJOH 
photosynthesis. Assembly of these organelles is not well understood. Crystal structures obtained at the ESRF 
helped in understanding how the adapter protein CcmM concentrates Rubisco into a dynamic, liquid-like network.

5Ie TUruDUure of a NeNbraOe aEeOyMyM 
DyDMaTe bouOE Uo aO aDUJWaUeE TUJNuMaUory 
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E
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of adenylyl cyclases, bringing a deeper 
understanding of how the primary signals 
reDeJWeE by UIe reDeQUorT aU UIe DeMM TurfaDe are 
EeDoEeE by UIe TJHOaM UraOTEuDUJoO NaDIJOery� 
5Ie aEeOyMyM DyDMaTeT are IJHIMy NeEJDaMMy 
reMeWaOU
 aT D".P NoEuMaUJoO uOEerMJeT UIe 

action of drugs in a number of diseases, including 
ParLJOToO�T
 NJHraJOe
 aTUINa
 IyQerUeOTJoO
 
eUD� 5Ie JOTJHIUT JOUo UIe TUruDUure aOE fuODUJoO 
of adenylyl cyclases will be crucial for future 
eɭorUT JO EeWeMoQNeOU of OoWeM UIeraQJeT UIaU 
aDU oO UIeTe JNQorUaOU NeNbraOe eO[yNeT�

Essentially all organic material on earth is the 
product of photosynthesis, the process that 
channels the energy from sunlight into the 
mYaUJoO of DarboO froN aUNoTQIerJD DarboO 
dioxide (CO2
� $yaOobaDUerJa are reQorUeE 
Uo be UIe mrTU orHaOJTNT oO EarUI Uo mY $02 
WJa oYyHeO
 QroEuDJOH QIoUoTyOUIeTJT
 aOE 
UoEay aDDouOU for _�0� of XorMEXJEe $02 
mYaUJoO� 5Ie Ley eO[yNe QerforNJOH DarboO 
mYaUJoO JT RubJTDo 	RJbuMoTe-�
�-bJTQIoTQIaUe 
DarboYyMaTe�oYyHeOaTe

 a _�20 L%a DoNQMeY 
of eJHIU MarHe 	RbD-
 aOE eJHIU TNaMM 	RbDS
 
TubuOJUT� RubJTDo DaUaMyTeT UIe DarboYyMaUJoO 
of UIe �-DarboO TuHar TubTUraUe rJbuMoTe-
�
�-bJTQIoTQIaUe� )oXeWer
 UIe eO[yNe JT 
raUIer JOeɮDJeOU
 XJUI a TMoX UurOoWer raUe 
aOE MJNJUeE TeMeDUJWJUy for $02 WerTuT 02� 5o 
oWerDoNe UIJT QrobMeN
 DyaOobaDUerJa IaWe 
eWoMWeE a $02-concentrating mechanism 

	$$.
 by TeRueTUerJOH RubJTDo UoHeUIer XJUI 
UIe eO[yNe DarboOJD aOIyEraTe 	$"
 JOUo 
NJDroDoNQarUNeOUT DaMMeE DarboYyToNeT� 
5IJT TerWeT Uo HeOeraUe IJHI MeWeMT of $02 
JO UIe WJDJOJUy of RubJTDo
 UIuT aMMoXJOH 
DyaOobaDUerJa Uo uTe MeTT TeMeDUJWe RubJTDoT 
UIaU are _�0 UJNeT faTUer UIaO UIe eO[yNeT of 
MaOE QMaOUT� SubTUaOUJaM HaJOT JO QroEuDUJWJUy 
DouME be aDIJeWeE by UraOTQMaOUJOH fuODUJoOJOH 
carboxysomes into the chloroplasts of crop 
QMaOUT�

$arboYyToNeT reTeNbMe JOUraDeMMuMar WJruTeT 
with a highly symmetric proteinaceous shell, 
aOE IaWe beeO DMaTTJmeE JOUo α and β based 
oO UIe UyQe of RubJTDo UIey eODaQTuMaUe� 
During β-carboxysome biogenesis, Rubisco 
mrTU aHHreHaUeT
 NeEJaUeE by UIe QroUeJO 
$DN.
 foMMoXeE by TIeMM forNaUJoO� 5Iere are 

Fig. 36: 0WerMay of UIe DryTUaM TUruDUureT 
of UIe oYJEJTeE SS6-� NoEuMe of $DN. 

from Synechococcus elongatus P$$��42 
	JO NaHeOUa
 aOE UIe TNaMM TubuOJU of 

RubJTDo
 RbDS 	JO HreeO
�



Rubisco condensate formation by CcmM in 
β-DarboYyToNe bJoHeOeTJT
 )� 8aOH 	a

  
9� :aO 	a

 )� "JHOer 	a

 "� #raDIer 	a

  
N� %� NHuyeO 	b

 8� :� )ee 	b

 

#� .� -oOH 	b

 (� %� PrJDe 	b

 F� 6� )arUM 	a
 
aOE .� )ayer-)arUM 	a
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Fig. 37: Model of 
UIe RubJTDo-SS6- 
complex showing 
a hypothetical 
alternating 
arrangement of 
four SS6- NoEuMeT 
	NaHeOUa
 bouOE� 
" TJEe WJeX JT TIoXO� 
An enlargement of 
the boxed region 
shows the residues 
in helix α2 of the 
bouOE SS6-
 XIJDI 
NaLe DrJUJDaM TaMU-
bridges with residues 
of RbcL-A, RbcS and 
RbD--# of RubJTDo�two isoforms of CcmM in the cyanobacterium 

Synechococcus elongatus P$$ ��42� 5Ie fuMM-
MeOHUI QroUeJO 	aMTo DaMMeE .��
 DoOUaJOT a $"-
MJLe EoNaJO
 foMMoXeE by UIree TNaMM TubuOJU-MJLe 
	SS6-
 NoEuMeT UIaU IaWe 2�� TeRueODe JEeOUJUy 
Uo RbDS of RubJTDo� " TNaMMer JToforN
 DaMMeE 
.��
 DoOTJTUT oOMy of UIe UIree SS6- NoEuMeT� *U 
had been speculated that these domains might 
reQMaDe RbDS TubuOJUT
 UIereby MJOLJOH RubJTDo 
DoNQMeYeT JOUo a �% OeUXorL [1-3]� 

$ryTUaM TUruDUureT of UIe SS6- NoEuMe Xere 
ToMWeE XJUI 9-ray EJɭraDUJoO EaUa DoMMeDUeE aU 
beamlines ID23-2 and ID30A-1, and showed 
UIaU UIe SS6- baDLboOe JOEeeE reTeNbMeE 
Rubisco small subunits (Figure 36
� " TurQrJTJOH 
feature was the presence of an intramolecular 
EJTuMQIJEe boOE beUXeeO DoOTerWeE DyTUeJOe 
reTJEueT
 TuHHeTUJOH QoTTJbMe reEoY reHuMaUJoO� 
.oreoWer
 UIe SS6- TUruDUure TIoXeE a TIorU 
helical insertion, α2, in place of the A-B loop in 
RbcS (Figure 36
� #JoDIeNJDaM bJOEJOH aTTayT 
EeNoOTUraUeE UIaU RubJTDo aHHreHaUJoO by .�� 
required the fully-assembled Rubisco and did 
OoU oDDur XJUI aTTeNbMy JOUerNeEJaUeT MaDLJOH 
RbDS� ReEuDeE .�� XaT arouOE mWe UJNeT Nore 
eɮDJeOU JO bJOEJOH UIaO UIe oYJEJTeE QroUeJO� 
5IJT JT DoOTJTUeOU XJUI RubJTDo aHHreHaUJoO 
oDDurrJOH JO UIe reEuDJOH eOWJroONeOU of UIe 
cytosol, whereas the interior of the carboxysome 
JT oYJEJYJOH� FurUIer aOaMyTJT by nuoreTDeODe 
reDoWery aùer QIoUobMeaDIJOH 	FR"P
 TIoXeE 
UIaU .�� JOEuDeE UIe QIaTe TeQaraUJoO of 
RubJTDo JOUo a MJRuJE-MJLe OeUXorL
 XIJDI XaT 
Nore EyOaNJD uOEer oYJEJTJOH DoOEJUJoOT� 
PreWeOUJoO of EJTuMQIJEe-boOE forNaUJoO in vivo 
resulted in abnormal carboxysomes, a ~20-fold 

increase in CO2 requirement and about a 4-fold 
slower growth rate of mutant cyanobacteria, 
TuQQorUJOH UIe WJeX UIaU reEoY-reHuMaUJoO JO 
UIe SS6- NoEuMe JT DrJUJDaM for DarboYyToNe 
bJoHeOeTJT aOE fuODUJoO�

5Ie NoMeDuMar orHaOJTaUJoO of UIe .��-RubJTDo 
OeUXorL XJUIJO MJRuJE EroQMeUT XaT aOaMyTeE 
by Dryo-eMeDUroO NJDroTDoQy� 5Ie TUruDUure of 
UIe .��-RubJTDo DoNQMeY aU 2�� ¯ reToMuUJoO 
reWeaMeE four QaJrT of TyNNeUry-eRuJWaMeOU 
SS6- bJOEJOH TJUeT aU UIe eRuaUor of RubJTDo 
(Figure 37
� *OUereTUJOHMy
 UIe TyNNeUry-reMaUeE 
bJOEJOH TJUeT oWerMaQ To UIaU oOMy a NaYJNuN 
of four SS6- NoEuMeT DaO EoDL� $oOUrary Uo UIe 
earMJer NoEeM
 UIe SS6- NoEuMeT Eo OoU EJTQMaDe 
RbcS but in fact require the presence of RbcS for 
binding, with critical contacts mediated by the 
helix α2 of SS6- 	Figure 37
� 5IJT NeDIaOJTN 
eOTureT UIaU oOMy RubJTDo IoMoeO[yNe JT 
QaDLaHeE JOUo DarboYyToNeT�

5aLeO UoHeUIer
 UIe mOEJOHT TuHHeTU a NoEeM 
JO XIJDI RubJTDo aOE $DN. forN a MJRuJE-MJLe
 
phase-separated condensate into which other 
DarboYyToNe DoNQoOeOUT DaO eYDIaOHe� 6QoO 
TIeMM forNaUJoO
 QreWeOUJOH eOUry of reEuDJOH 
agents, the interior of the carboxysome 
becomes oxidising and renders the Rubisco-
$DN. JOUeraDUJoO Nore EyOaNJD� 5Ie EaUa 
show why the CcmM protein is an indispensable 
component of the carboxysome assembly 
NaDIJOery
 QroWJEJOH WaMuabMe JOTJHIUT for 
ongoing attempts to introduce carboxysomes 
JOUo QMaOU DIMoroQMaTUT� .ore eɮDJeOU DarboO 
mYaUJoO XouME IeMQ Uo NeeU fooE EeNaOET for 
aO eWer-HroXJOH IuNaO QoQuMaUJoO�
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S5R6$56R"- "N% #*0P):S*$"- S56%*ES RE7E"- " 
$-"SS 0F *N)*#*50RS "$)*E7*N( SE-E$5*7*5: #: 
#*N%*N( 50 5)E "$5*7E S5"5E 0F PI3Kγ

Combining X-ray crystallography and biophysics, a new class of PI3Kγ inhibitors that bind to an active state of 
PI3Kγ IBT CFFO JEFOUJmFE� 5IFTF TUVEJFT IBWF MFE UP JEFOUJmDBUJPO PG UIF mSTU DMBTT PG JOIJCJUPST UIBU IBWF B NPEF 
of action that bears similarity to type II inhibitors in protein kinases.

Fig. 38: a) Chemical structure of the two isoindolinone compounds AZ2 and AZ3 
XJUI or XJUIouU UIe N-DyDMoQroQyMeUIyM UaJM NoJeUy 	reE
� *$�0 for UIe four P*�, 
JToforNT JT aMTo TIoXO� b) X-ray crystal structure of mPI3Kδ in complex with 

";� 	bMue
 aOE ";2 	yeMMoX
 	P%# DoEe �(:0 aOE �F5N reTQeDUJWeMy
� 5Ie N-aMLyM 
UaJM eYUeOET EeeQ JOUo UIe "5P-bJOEJOH QoDLeU DMoTe Uo boUI "TQ��� aOE .eU���� 
.oWeNeOU of "TQ��� uQoO DoNQouOE bJOEJOH MeaET Uo a DoOforNaUJoOaM DIaOHe 

of UIe A%F(� NoUJf 	reTJEueT ���-���
� PurQMe arroXT TIoX Ley DoOforNaUJoOaM 
DIaOHeT� c) ";� 	yeMMoX
 TIoXO JO UIe aDUJWe TJUe of NP*�,δ with surface 

reOEerJOH 	bMue
� d) ";2 UaJM DoNQouOE 	yeMMoX
 TIoXO JO aDUJWe TJUe of NP*�,δ 
XJUI TurfaDe reOEerJOH 	bMue
 TIoXJOH UIe JOEuDeE QoDLeU�

PIoTQIoJOoTJUJEe-�-LJOaTe γ (PI3Kγ
 beMoOHT Uo 
UIe DMaTT * P*�,T eODoNQaTTJOH four JToeO[yNeT 
(PI3Kα, β, γ and δ
� P*�,γ has been implicated 
in immune indications and, more recently, as a 
potential target for immune-oncology [1]� "T UIe 
"5P bJOEJOH TJUe XJUIJO UIe four JToforNT JT RuJUe 
IoNoMoHouT
 JU IaT beeO EJɮDuMU Uo HaJO JToforN 
TeMeDUJWJUy�  ReDeOUMy
 a OeX DMaTT of TeMeDUJWe 
PI3Kγ JOIJbJUorT 	*ToJOEoMJOoOeT
 XaT EJTDoWereE
 
eYIJbJUJOH aO uOQreDeEeOUeE TeMeDUJWJUy oWer 
PI3Kα and β [2]� "MUIouHI UIe JOIJbJUorT eYIJbJUeE 
great potency for PI3Kγ, it was not possible to 
obtain complex structures with the catalytic 
p110γ domain of PI3Kγ� )oXeWer
 ToNe of UIe 
QoUeOU aOE IJHIMy TeMeDUJWe P*�,γ inhibitors were 
aMTo aDUJWe aHaJOTU P*�,δ, and an X-ray structure 
was obtained of the complex between the murine 
WerTJoO of UIJT JToforN aOE UIe JToJOEoMJOoOe 

inhibitor using data collected at beamline 
ID23-1 (Figure 38
� *OUereTUJOHMy
 UIe JOIJbJUor 
JOEuDeE a OeX QoDLeU UIaU IaT OoU QreWJouTMy 
beeO obTerWeE JO P*�,T 	Figure 38
�  ,ey for UIe 
JOEuDeE mU XaT a DyDMoQroQyMeUIyM NoJeUy of 
UIe JOIJbJUor TUerJDaMMy QuTIJOH oO "TQ���� 5IJT 
sterically clashes with the carbonyl oxygen from 
PIe��2 reTJEJOH oO UIe A%F(� MooQ
 MeaEJOH Uo a 
��0¡ nJQ� 5IJT JOEuDeE mU NeDIaOJTN IaT beeO 
UerNeE UIe AaMLyM QuTI� aOE JU XaT IyQoUIeTJTeE 
that this was responsible for the unprecedented 
TeMeDUJWJUy aOE UIaU JU oDDurreE WJa a NaKor 
rearraOHeNeOU of UIe aDUJWaUJoO MooQ foMMoXJOH 
UIe %F( MooQ�

5o eYaNJOe UIJT furUIer
 bJoQIyTJDaM TUuEJeT Xere 
carried out using both Hydrogen-Deuterium 
EYDIaOHe .aTT SQeDUroNeUry 	)%9-.S
 aOE 
SurfaDe PMaTNoO ReToOaODe 	SPR
 TUuEJeT of 
inhibitor–p110γ DoNQMeYeT� #JOEJOH LJOeUJDT 
reWeaMeE UIaU UIe bJOEJOH of UIeTe JOIJbJUorT 
oDDurreE WJa a UXo-TUeQ NeDIaOJTN
 NoTU 
MJLeMy aT aO JOEuDeE mU NeDIaOJTN� )%9-.S 
reWeaMeE UIaU EraNaUJD DoOforNaUJoOaM DIaOHeT 
encompassing a large part of the catalytic 
p110γ subunit occurred when introducing the 
DyDMoQroMyMeUIyM-aMLyM NoJeUy� *O QarUJDuMar
 
reHJoOT JNQMJDaUeE JO aDUJWaUJoO aOE DaUaMyTJT 
Xere aɭeDUeE� 5IeTe JODMuEeE UIe AaDUJWaUJoO 
MooQ�
 UIe ,α-�2 IeMJY aOE a MooQ DoWerJOH UIe 
Kα-�2 IeMJY UIaU IaT beeO UerNeE UIe AMoDL 
MooQ�� ReHJoOT JOWoMWeE JO bJOEJOH UIe reHuMaUory 
TubuOJUT Xere aMTo aɭeDUeE� 5IeTe DIaOHeT Xere 
oOMy obTerWeE JO P*�,γ and also for this class of 
JOIJbJUorT�

From this study, a mechanism is proposed 
UIaU JOWoMWeT a DoOforNaUJoOaM DIaOHe of UIe 
aDUJWaUJoO MooQ UIaU breaLT a DoOforNaUJoOaM 
MoDL MeaEJOH Uo UIe $-UerNJOaM ,α-12 helix 
becoming unleashed (Figure 39
�  5IJT MeaET Uo 
aMMoTUerJD DIaOHeT JO reHJoOT UIaU are aɭeDUeE 
uQoO aDUJWaUJoO� 5Ie DoOforNaUJoOaM DIaOHeT 
induced by the inhibitor share similarities to the 
DoOforNaUJoOaM DIaOHeT UIaU are obTerWeE uQoO 
aDUJWaUJoO of P*�,γ� 5IJT DMaTT of JOIJbJUorT JT 
UIe mrTU eYaNQMe of MJQJE LJOaTe JOIJbJUorT UIaU 
aDIJeWe UIeJr TeMeDUJWJUy by DauTJOH a NaKor 
DIaOHe WJa UIe aDUJWaUJoO MooQ
 aOE NJHIU 
DoOTUJUuUe a OeX QaraEJHN for EeWeMoQJOH 
JOIJbJUorT UoXarET P*�,T�



" DMaTT of IJHIMy TeMeDUJWe JOIJbJUorT bJOE Uo 
aO aDUJWe TUaUe of P*�,γ,  
(� (aOHaEIara 	a

 (�%aIM 	a

  
5� #oIOaDLer 	b

 R� Rae 	D

  
+� (uOOarTToO 	a

 S� #MaIo 	a

 -� 0TUer 	a

 
)� -JOENarL 	a

 ,� ,arabeMaT 	D

  
N� PeNberUoO 	D

 $� 5yrDIaO 	D

  
.� .oHeNarL 	E

 .� P� 8yNaOO 	b

  

R� -� 8JMMJaNT 	e

 .� 8� Perry 	D

  
5� PaQaWoJOe 	D
 aOE +� PeUerTeO 	a
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5)E S5R6$56RE 0F ."S5ER (R085) RE(6-"50R 
N50R$� #06N% 50 )6."N R"( (5P"SES

/VUSJFOU BWBJMBCJMJUZ BOE HSPXUI GBDUPST BDUJWBUF UIF QSPUFJO LJOBTF DPNQMFY N503$1
 XIJDI JT PùFO VQSFHVMBUFE 
in cancer. Two small GTPases, the Rag GTPases and RHEB, control mTORC1. The structures of active Rag GTPase 
heterodimers were determined, both on their own and bound to mTORC1. The structures explain how an oncogenic 
hotspot mutant activates Rag GTPases and upregulates mTORC1.
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Fig. 39: ProQoTeE NeDIaOJTN EerJWeE froN UIe 
TUruDUuraM aOE bJoQIyTJDaM TUuEJeT� 5Ie DaUaMyUJD 
p110γ domain exists in an inhibited form shown on 
UIe Meù� 6QoO bJOEJOH
 UIe DyDMoQroQyMeUIyM aMLyM-UaJM 
induces large conformational changes in the p110γ 
EoNaJO WJa DoOforNaUJoOaM DIaOHe of UIe aDUJWaUJoO 
MooQ 	reE

 DauTJOH UIe breaL of a DoOforNaUJoOaM 
MoDL 	HreeO
 MeaEJOH Uo UIe reMeaTe of UIe ,α-12 helix 
	rJHIU
�

5Ie NeDIaOJTUJD UarHeU of raQaNyDJO DoNQMeY 
� 	N50R$�
 JT aO aODJeOU eO[yNe DoNQMeY UIaU 
JOUeHraUeT TJHOaMT froN OuUrJeOU aWaJMabJMJUy
 
energy, and growth factors to regulate cell 
HroXUI
 QroMJferaUJoO aOE NeUaboMJTN� 0Wer-
aDUJWaUJoO of UIe eO[yNe DoNQMeY JT aTToDJaUeE 
with many diseases, including cancer, type-
2 EJabeUeT aOE EefeDUT JO OeuroEeWeMoQNeOU 
[1]� #y JOUeHraUJOH HroXUI faDUor TJHOaMMJOH 
aOE OuUrJeOU aWaJMabJMJUy
 QroMJferaUJoO reTuMUT 
only when growth is needed and nutrients are 
QMeOUJfuM� 8IeO OuUrJeOUT are MaDLJOH
 N50R$� JT 
JO UIe DeMM DyUoToM JO aO JOaDUJWe forN
 buU XIeO 
OuUrJeOUT beDoNe abuOEaOU
 JU NoWeT RuJDLMy Uo 
UIe TurfaDe of UIe MyToToNeT� 

N50R$� JT a 0��� .%a EJNer of a IeUeroUrJNer 
DoOTJTUJOH of UIe N50R LJOaTe
 TubTUraUe-
bJOEJOH TubuOJU R"P50R 	reHuMaUory-
aTToDJaUeE QroUeJO of N50R
 aOE UIe TNaMM 
8%40 QroUeJO N-S5� 	NaNNaMJaO MeUIaM 
XJUI SE$�� QroUeJO �
� 5Ie N50R$� DoNQMeY 
JT aDUJWaUeE by bJOEJOH Uo UXo UyQeT of TNaMM 
(-QroUeJOT
 UIe RaH (5PaTeT aOE R)E#
 JO 
response to an abundance of amino acids and 
JO UIe QreTeODe of HroXUI faDUorT
 reTQeDUJWeMy� 

6OMJLe oUIer (5PaTeT
 RaHT are EJTUJODUJWe aT 
they form obligate heterodimers, with RagA or 
RagB forming a heterodimeric complex with 
RaH$ or RaH%� 5Ie UXo TubuOJUT are Wery TJNJMar 
to each other and consist of two domains: 
a (5PaTe EoNaJO UIaU bJOET a OuDMeoUJEe 
TuDI aT (5P or (%P
 aOE a $-UerNJOaM roaE-
bMoDL EoNaJO 	$R%
 UIaU JT reTQoOTJbMe for 
forNJOH a UJHIU EJNer� 5Ie (5PaTe EoNaJOT 
of RaH (5PaTeT
 MJLe oUIer TNaMM (5PaTeT
 
IaWe DoOTerWeE MooQT UIaU eOHaHe UIe bouOE 
nucleotide, and a subset of these loops – the 
switch regions – change conformation in the 
(5P aOE (%P bouOE TUaUeT
 UIereby aMUerJOH 
bJOEJOH Uo eɭeDUorT� 5Ie (5P-bouOE RaH" or # 
JO a DoNQMeY XJUI (%P-bouOE RaH$ or % forNT 
aO AaDUJWe� RaH"�$ UIaU IaT UIe HreaUeTU aɮOJUy 
for N50R$�� RaH (5PaTeT bJOE Uo a NeNbraOe-
MoDaMJTeE IeUeroQeOUaNerJD DoNQMeY LOoXO 
aT UIe RaHuMaUor� 5Ie RaHuMaUor-bouOE RaH 
IeUeroEJNerT DaO UIeO JOUeraDU XJUI N50R$� 
causing it to translocate to lysosomes, where 
N50R$� JT aDUJWaUeE uQoO aTToDJaUJoO XJUI 
NeNbraOe-MoDaMJTeE (5P-MoaEeE R)E#� 5IuT
 
UIe RaH aOE RIeb (5PaTeT are QarU of a 
NoMeDuMar "N% HaUe for N50R$� aDUJWaUJoO� 



"rDIJUeDUure of IuNaO RaH (5PaTe 
heterodimers and their complex with 
N50R$�
 .� "OaOEaQaEaNaOabaO 	a

  
(� R� .aTToO 	a

 0� PerJTJD 	a

  
"� #erOEU 	a

 +� ,aufNaO 	a

  
$� .� +oIOToO 	a

 #� SaOUIaOaN 	a

  
,� #� RoHaMa 	b

 %� .� SabaUJOJ 	b
D
E
e
f
 
aOE R� -� 8JMMJaNT 	a
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Fig. 41: " NoEeM of N50R$� LJOaTe aTTeNbMeE 
XJUI NaDIJOery 	RaHT�RaHuMaUor�RIeb
 reRuJreE 

for JUT reDruJUNeOU Uo
 aOE aDUJWaUJoO oO
 MyToToNaM 
NeNbraOeT� 5Ie N50R aDUJWe TJUeT faDe aXay froN 

UIe NeNbraOe UoXarE UIe DyUoToM�

Data collection at beamlines ID30B and 
ID30-A3 made it possible to determine the 
IJHI-reToMuUJoO DryTUaM TUruDUure of a RaH"�$ 
heterodimer (Figure 40a
� 6TJOH a DoNbJOaUJoO 
of X-ray crystallography and Hydrogen-
Deuterium Exchange Mass Spectrometry, this 
XorL TIoXT UIaU UIe oODoHeOJD NuUaUJoOT JO 
RagC melt structural elements in nucleotide-
TeOTJUJWe reHJoOT LOoXO aT TXJUDIeT To UIaU UIe 
RaH$ (5PaTe EoNaJO DIaOHeT JUT DoOUaDUT XJUI 
RagA (Figure 40a
� 5Ie NuUaUJoOT QerNaOeOUMy 
mY RaH$ JO JUT aDUJWe
 (%P-bouOE forN
 
aOE UIereby reTuMU JO DoOTUJUuUJWe N50R$� 
signalling that otherwise occurs upon amino 
aDJE TUarWaUJoO� " DoNQMeY of aDUJWe
 oODoHeOJD 
RaHT bouOE Uo N50R$� XaT reDoOTUJUuUeE 
and its structure obtained by cryo-electron 
microscopy (Figure 40b
� 5Ie TUruDUure TIoXT 
UIaU UIe buUUerny-TIaQeE RaH EJNer DMaTQT 
the helical-domain of the Raptor subunit of 
N50R$� 	Figure 40b

 Uo faTUeO N50R$� Uo 
the Ragulator complex on the surface of the 
MyToToNeT� #y UIeNTeMWeT
 RaHT Eo OoU DIaOHe 
UIe DoOforNaUJoO of N50R$�� *OTUeaE
 UIey 
TJNQMy reDruJU JU Uo a MyToToNe To UIaU N50R$� 
can interact with membrane-bound Rheb, 
a TNaMM (5PaTe UIaU aMMoTUerJDaMMy aDUJWaUeT 
N50R$�� #aTeE oO UIJT
 aOE oO QreWJouTMy 
published structures of sub-complexes, an 
orHaOJTaUJoO of UIe eOUJre N50R$��RaHT�
RaHuMaUor�RIeb DoNQMeY oO UIe MyToToNaM 
membranes is proposed (Figure 41
�

Fig. 40: a) $ryTUaM TUruDUure of aDUJWe RaH"�$ IeUeroEJNer� b) Cryo-EM 
TUruDUure of N50R$�-RaH"�$ DoNQMeY NaDIJOery�
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Proper brain function depends on neurons forming accurate circuits in the brain, guided by protein receptors 
that sense the environment around them. Crystallographic data reveals the molecular mechanism that allows 
the Robo guidance receptor to react to signals in its environment. Drugs that target Robo could lead to promising 
treatments for cancer.
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Fig. 42: A surface 
representation of 
the crystal structure 
of the extracellular 
portion of human 
Robo2� 5Ie yeMMoX 
region represents 
the domain where 
EJNerJTaUJoO UaLeT 
QMaDe� )ere
 JU JT 
bMoDLeE by UIe oUIer 
domains, meaning 
dimerisation cannot 
UaLe QMaDe aOE UIaU 
Robo2 JT JOaDUJWaUeE�

Fig. 43: Crystal structure of human Robo2 receptor depicted here as 
if entangled with the C. elegans nematode axon guidance model that 
was used to test the structure-based hypotheses in vivo� 5Ie DryTUaM 

TUruDUure aOE OeNaUoEe aQQear oO a baDLHrouOE of eYUeOEJOH NouTe 
EorTaM rooU HaOHMJoO 	%R(
 aYoOT aOE HroXUI DoOeT QoJTeE for SMJU-Robo 

TUJNuMaUJoO aOE reTQoOTeT�

%urJOH braJO EeWeMoQNeOU
 bJMMJoOT of OeuroO 
OerWe DeMMT NuTU mOE aDDuraUe QaUIXayT JO 
the brain in order to form trillions of neuronal 
DJrDuJUT eOabMJOH uT Uo eOKoy DoHOJUJWe
 TeOTory 
aOE eNoUJoOaM XeMMbeJOH� 5o aDIJeWe UIJT XJUI 
reNarLabMe QreDJTJoO
 NJHraUJOH OeuroOT 
use special protein receptors that sense the 
eOWJroONeOU arouOE UIeN aOE HuJEe UIe 
way so that they, and their long extensions, 
TUay oO UIe rJHIU QaUI� Rare EefeDUT JO UIeTe 
OeuroOaM HuJEaODe QroUeJOT DaO reTuMU JO TeWere 
neurological conditions such as ataxia and 
eQJMeQTy� 5IJT XorL reQorUT oO UIe EJTDoWery of 
the intricate molecular mechanism that allows a 
Ley HuJEaODe reDeQUor
 Robo
 Uo reaDU Uo TJHOaMT 
JO JUT eOWJroONeOU
 XIJMe aWoJEJOH QreNaUure 
aDUJWJUy UIaU DaO MeaE Uo IarNfuM ouUDoNeT�

One of the most important protein signaling 
systems that guide neurons consists of the cell 
surface receptor Robo and its cognate external 
HuJEaODe Due
 SMJU
 boUI of XIJDI DaO be JEeOUJmeE 
JO WJrUuaMMy aMM aOJNaMT XJUI a OerWouT TyTUeN. 
" EemDJU of eJUIer of UIeTe QroUeJOT reTuMUT JO 
EefeDUT JO braJO TUruDUure aOE fuODUJoO� For 
eYaNQMe
 UIeJr abTeODe DoNQroNJTeT UIe braJO�T 
ability to form the correct connection across 
the corpus callosum, the region where neuronal 
extensions from the two brain hemispheres 
DroTT QaUIT Uo JOOerWaUe oQQoTJUe TJEeT of UIe 
body, a fundamental attribute of bilateral 
DreaUureT� .uDI QroHreTT IaT beeO NaEe 
towards understanding Slit-Robo function and 
UIe EeWeMoQNeOUaM reTQoOTeT UIaU UIey UrJHHer 
JO UIe braJO aOE UIe DeOUraM OerWouT TyTUeN� 
)oXeWer
 JU XaT TUJMM OoU fuMMy uOEerTUooE IoX SMJU 
aDUJWaUeT Robo aOE XIaU LeeQT Robo JOaDUJWe JO 
UIe abTeODe of SMJU Uo QreWeOU IarNfuM aDUJWaUJoO
 
XIJDI IaT beeO JNQMJDaUeE JO LJEOey EJTeaTeT 
aOE aHe-reMaUeE NaDuMar EeHeOeraUJoO� 

"MUIouHI 9-ray EJɭraDUJoO EaUa froN Robo 
DryTUaMT IaE beeO DoMMeDUeE TJODe 200�
 JU XaT 
oOMy reDeOUMy QoTTJbMe Uo obUaJO EJɭraDUJoO EaUa 
to under 4 Å resolution, using ESRF beamline 
ID29 aOE #ESS: ** JO (erNaOy� 6TJOH NoMeDuMar 
replacement, the crystal structures of the intact 
Robo eDUoEoNaJO 	eYUraDeMMuMar QorUJoO
 Xere 
determined (Figure 42
� 5IeTe JOEJDaUeE IoX 
UXo Robo reDeQUorT forN aDUJWe EJNerT aOE IoX 
UIeJr EJNerJTaUJoO JOUerfaDeT are LeQU bMoDLeE JO 
UIe abTeODe of SMJU� FoMMoXJOH DryTUaMMoHraQIJD 

obTerWaUJoOT
 a OeX bJoDIeNJDaM aTTay XaT 
EeWeMoQeE Uo NoOJUor Robo EJNerJTaUJoO XIeO 
eYQreTTeE JO DuMUureE DeMMT� *O UIJT Xay
 UIe 
TUruDUuraM NoEeM for Robo�T TeMf-DoOUroM oWer JUT 
oligomeric state was corroborated and it was 
also shown that the same mechanism exists in 
oUIer DMoTeMy reMaUeE reDeQUorT�

NeYU
 UIe TUruDUuraM NoEeM XaT JOWeTUJHaUeE in 
vivo using the C. elegans nematode – a tiny, 
multi-celled worm that is the only organism 
Uo IaWe JUT DoNQMeUe OeuroOaM XJrJOH EJaHraN 
LOoXO 	Figure 43
� C. elegans has only one Robo 
and one Slit (compared to four Robo genes and 
UIree SMJUT JO IuNaOT aOE NJDe

 NaLJOH JU JEeaM 
Uo TUuEy� 5Ie eWJEeODe TuQQorUeE UIe TUruDUuraM 
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A new neurotoxin that selectively targets mosquitoes that transmit malaria has been discovered. This could lead 
to innovative and environmentally friendly approaches to reducing malaria.

SUruDUuraM PrJODJQMeT JO Robo "DUJWaUJoO aOE 
"uUo-*OIJbJUJoO
 R� #araL 	a

  
(� :oN-5oW 	a

 +� (ue[-)aEEaE 	a

  
-� (aTrJ-PMoUOJUTLy 	a

 R� .aJNoO 	b

  
.� $oIeO-#erLNaO 	a

  
"� "� .D$arUIy 	D

 E� PerMToO 	b

  

S� )eOJT-,oreObMJU 	a

 .� N� *TuQoW 	E
 aOE 
:� 0QaUoXTLy 	a
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NoEeM UIaU SMJU aDUJWaUeT Robo UIrouHI UIe 
release of an auto-inhibitory mechanism that 
LeeQT Robo JOaDUJWe JO UIe abTeODe of SMJU
 aOE 
also showed that the same mechanism actually 
eYJTUT JO oUIer DMoTeMy reMaUeE reDeQUorT� %eTQJUe 
aO eWoMuUJoOary EJTUaODe of abouU �00 NJMMJoO 
years between humans and C. elegans, the 
results point toward a similar Robo molecular 
NeDIaOJTN� 

5Ie JOWoMWeNeOU of SMJU aOE Robo reDeQUorT JO 
DaODer JT of QarUJDuMar JOUereTU Uo reTearDIerT� 
*O DaODer
 ToNe reDeQUorT are AIJHI-KaDLeE� 
Uo ErJWe UuNour forNaUJoO� *O QerToOaMJTeE 
DaODer UIeraQy
 EruHT bMoDL UIeTe roHue 
reDeQUorT
 EeQrJWJOH UIe DaODer DeMMT of WJUaM 
signaling instructions and directing them 

UoXarE EeTUruDUJoO� 5arHeUJOH SMJU aOE Robo IaT 
long been considered a promising therapeutic 
aQQroaDI for UyQeT of QaODreaUJD
 TLJO aOE 
breaTU DaODer� )oXeWer
 aOE aMNoTU DerUaJOMy 
Eue Uo aO JOTuɮDJeOU TUruDUuraM aOE NeDIaOJTUJD 
uOEerTUaOEJOH of Robo aDUJWaUJoO aOE TJHOaMJOH
 
UIere are DurreOUMy Oo Robo-EJreDUeE EruHT� 

5IeTe reTuMUT QroWJEe
 for UIe mrTU UJNe
 UIe 
JOforNaUJoO OeDeTTary Uo EeTJHO eɭeDUJWe EruHT 
UarHeUJOH Robo reDeQUorT� *O QarUJDuMar
 UIe 
DryTUaM TUruDUureT reWeaMeE NoMeDuMar TJUeT oO UIe 
surface of Robo that, when targeted by designed 
EruHT
 XJMM NaLe JU QoTTJbMe Uo NaOJQuMaUe 
Robo aDUJWaUJoO aOE JOIJbJUJoO JO QaUJeOUT
 UIuT 
QroWJEJOH OeX QoTTJbJMJUJeT JO UIe UreaUNeOU of 
DaODer�

Malaria is one of the most common and serious 
EJTeaTeT JO UIe XorME� *U JT DauTeE by uOJDeMMuMar 
QaraTJUeT
 XIJDI are TQreaE by ToNe NoTRuJUoeT� 
"DDorEJOH Uo UIe 8orME )eaMUI 0rHaOJ[aUJoO 
	8)0

 abouU IaMf a NJMMJoO QeoQMe EJe of UIe 

EJTeaTe eWery year
 NoTU of 
UIeN DIJMEreO JO "frJDa� "rouOE 
200 NJMMJoO QeoQMe Tuɭer froN 
NaMarJa� 

Botox (Botulinum neurotoxins, 
or #oN5T
 aOE UIe UoYJO 
causing tetanus belong to 
the same family of proteins 
and are among the most 
UoYJD TubTUaODeT LOoXO [1]� 
PreWJouTMy
 UIJT faNJMy of 
UoYJOT XaT beMJeWeE Uo oOMy 

UarHeU WerUebraUeT TuDI aT IuNaOT
 NJDe aOE 
bJrET
 buU OoX
 reTearDIerT IaWe fouOE a UoYJO 
which targets the group of mosquitoes that are 
reTQoOTJbMe for UraOTNJUUJOH NaMarJa�

A joint research collaboration between 
SUoDLIoMN aOE -uOE uOJWerTJUJeT JO SXeEeO 
aOE UIe 6OJWerTJUy of $aMJforOJa JO UIe 6S" IaWe 
EJTDoWereE a OeuroUoYJO
 P.P�
 UIaU TeMeDUJWeMy 
targets Anopheles mosquitoes (Figure 44

 
demonstrating that this family of toxins 
has a much broader host spectrum than 
QreWJouTMy beMJeWeE� P.P� XaT JToMaUeE froN 
Paraclostridium bifermentans strains of bacteria 
fouOE JO UXo UIreaUeOeE IabJUaUT� a NaOHroWe 
TXaNQ JO .aMayTJa aOE a foreTU noor JO #ra[JM� 
$oNQaraUJWe HeOoNJDT of TeWeraM TUraJOT of UIe 
bacteria presenting, or not, the mosquitocidal 
aDUJWJUy aMMoXeE JEeOUJmDaUJoO of UIe OeuroUoYJO� 
Analysis of the genome showed that the toxin 
MoDJ XaT aDRuJreE UIrouHI a NeHaQMaTNJE� 
ReNarLabMy
 P.P� UarHeUT UIe OerWouT TyTUeN 
of mosquitoes by proteolytic degradation 
of JOUraDeMMuMar TyOUaYJO
 oOe of UIe Ley 

Fig. 44: Malaria mosquito of the 
species Anopheles gambiae� 
© "OOa-,arJO -aOEJO�SUoDLIoMN 
6OJWerTJUy�



" OeuroUoYJO UIaU TQeDJmDaMMy UarHeUT 
Anopheles mosquitoes,  
E� $oOUreraT 	a

 (� .aTuyer 	b

  
N� 2ureTIJ 	a

 S� $IaXMa 	a

  
)� %IJMMoO 	a

 )� -ee 	D

 +� $IeO 	a

 P� 
SUeONarL 	b
E
 aOE S� (JMM 	a
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"OUJCPEJFT XFSF JTPMBUFE GSPN NVMUJQMF TDMFSPTJT QBUJFOUT XIP IBE FYQFSJFODFE BO BMMFSHJD SFBDUJPO BùFS 
receiving the drug natalizumab. Some of these antibodies interacted so strongly with the drug that its activity 
was neutralised. This antibody response was triggered by T-cells that recognised a single portion of the drug. 
A ‘de-immunised’ version of the drug was engineered to avoid recognition by such T cells.

components of SNARE-mediated exocytosis, 
reTuMUJOH JO QaraMyTJT� 5Ie DaUaMyUJD EoNaJO of 
P.P� DoOTJTUT JO a DMaTTJDaM [JOD-eOEoQeQUJEaTe
 
TJNJMar Uo oUIer #oN5T [1]�

6TJOH EJɭraDUJoO EaUa DoMMeDUeE aU beaNMJOe 
ID30B, the crystal structure of the receptor 
bJOEJOH EoNaJO of P.P� XaT ToMWeE
 aOE 
QreTeOUeE a foME TJNJMar Uo UIe DMaTTJD #oN5T 
with two sub-domains, consisting of a lectin-
MJLe reHJoO aOE a β-trefoil fold, which usually 
QreTeOUT a DoOTerWeE DarboIyEraUe-bJOEJOH TJUe 
aOE JT reTQoOTJbMe for TQeDJmD DeMM reDoHOJUJoO 
(Figure 45
� 5Ie TUruDUure aMTo reWeaMeE 
uOeYQeDUeE feaUureT� For JOTUaODe
 UIere are 
many aromatic residues exposed on the surface 
of the receptor-binding domain of PMP1, which 
form highly hydrophobic tyrosine-tryptophan 
QaUDIeT� *O aEEJUJoO
 TeWeraM NeUIJoOe-
UyroTJOe reQeaUT Xere obTerWeE aU UIe UJQ of 
UIe DeMM-bJOEJOH reHJoO� SeWeraM NuUaUJoOT Xere 
performed based on the structure and allowed 
researchers to determine which hydrophobic 
DMuTUerT Xere eTTeOUJaM for UoYJDJUy� 5Ie reTuMUT 
TuHHeTU UIaU TeWeraM TJUeT are JNQorUaOU for 
receptor binding and interactions with the 
DeMMuMar NeNbraOe� 5Ie reDeQUorT for P.P� 
aOE oUIer #oN5-MJLe UoYJOT reNaJO uOLOoXO 

[2-3]� *EeOUJfyJOH UIeTe reDeQUorT XJMM be Ley 
in engineering toxin-based molecules with 
bJoUeDIOoMoHJDaM QoUeOUJaM
 aT UIey MJLeMy EJDUaUe 
UIe UoYJOT� TQeDJeT TQeDJmDJUy
 aMUIouHI oUIer 
barrJerT Nay aMTo eYJTU�

5oEay
 JOTeDUJDJEeT aOE NoTRuJUo OeUT UreaUeE 
with insecticides are the main means of 
combating the spread of malaria, but new 
methods of combating malaria mosquitoes 
NuTU be EeWeMoQeE DoOTUaOUMy aT NoTRuJUoeT 
beDoNe reTJTUaOU Uo NoTU UoYJOT oWer UJNe� 5Ie 
EJTDoWery of P.P� DouME NaLe JU QoTTJbMe Uo 
reEuDe UIe QreWaMeODe of NaMarJa JO a OeX aOE 
eOWJroONeOUaMMy frJeOEMy Xay o aT UIe UoYJOT 
are QroUeJOT
 UIey Eo OoU MeaWe aOy arUJmDJaM 
reTJEueT aT UIey EeDoNQoTe� P.P� Nay aMTo be 
EeWeMoQeE JOUo bJoMoHJDaM JOTeDUJDJEeT EeTJHOeE 
Uo UarHeU oUIer TeMeDUeE EJTeaTe WeDUorT or QeTUT�

.oOoDMoOaM aOUJboEJeT IaWe beDoNe oOe of UIe 
main therapeutic modalities that are widely used 
in oncology and the treatment of autoimmune 
diseases, and, today, there are six antibodies 

aNoOH UIe �0 UoQ-TeMMJOH EruHT� "OUJboEJeT 
QroWJEe aO eYRuJTJUe TeMeDUJWJUy aOE TQeDJmDJUy
 
aOE are oùeO aTToDJaUeE XJUI aO aDDeQUabMe 
TafeUy QromMe� )oXeWer
 NoTU aOUJboEJeT JOEuDe 

Fig. 45: Structure of the 
PMP1 binding domain, 
reTQoOTJbMe for TQeDJmDJUy 
towards Anopheles 
NoTRuJUoeT� 5Ie OeXMy 
JEeOUJmeE IyEroQIobJD 
DMuTUerT JOWoMWeE JO 
UoYJDJUy are IJHIMJHIUeE� 
*MMuTUraUJoO� (eoɭrey 
.aTuyer�SUoDLIoMN 
6OJWerTJUy�



STRUCTURAL BIOLOGY

52 ESRF

Fig. 47: Ribbon 
diagram of α4-integrin 

	oraOHe
 bouOE Uo 
N;. Fab 	bMue
�  

5Ie reTJEue TeHNeOU 
from NZM engineered 

for de-immunisation is 
TIoXO JO QJOL�

Fig. 46: RJbboO EJaHraN of N""�2 Fab 	UurRuoJTe

 N""�4 Fab 	HreeO

 
α4-JOUeHrJO 	oraOHe
 bouOE Uo N;. Fab 	bMue
�

an immune reaction in a small number of 
QaUJeOUT� 5IJT reaDUJoO DaO aɭeDU UreaUNeOU 
eɮDaDy by QroEuDJOH OeuUraMJTJOH aOUJboEJeT 
aOE DaO aMTo aɭeDU UIe oWeraMM DoOEJUJoO of 
UIe QaUJeOU
 raOHJOH froN NJME eɭeDUT Uo 
TeWere aOaQIyMaDUJD TIoDL [1]� 5Ie uOEerMyJOH 
mechanism leading to the immunogenic reaction 
JT OoU fuMMy uOEerTUooE� NaUaMJ[uNab 	N;.
 JT a 
drug currently used for the treatment of relapsing 
forms of multiple sclerosis [2]� 6OforUuOaUeMy
 
abouU �� of QaUJeOUT DaOOoU beOemU froN UIJT 
treatment because they produce anti-drug 
aOUJboEJeT 	"%"
 UIaU OeuUraMJTe UIe aDUJWJUy of 
N;.� 6OEerTUaOEJOH UIe bJoMoHJDaM baTJT of UIJT 
unwanted immune response is essential for the 
EeWeMoQNeOU of Nore eɭeDUJWe WerTJoOT of N;. 
aOE of UIeraQeuUJD aOUJboEJeT JO HeOeraM� *O UIJT 
study, an analysis of the contribution of the B and 
5 DeMMT JOWoMWeE JO UIJT QroDeTT XaT QerforNeE
 
eOabMJOH UIe EeTJHO of AEe-JNNuOJTeE� WarJaOUT 
of N;.� 5IeTe "%"T Xere JToMaUeE froN QaUJeOUT 
treated for multiple sclerosis with NZM, who 
IaE a IyQerTeOTJUJWJUy reaDUJoO foMMoXJOH EruH 
JOfuTJoO aOE EeWeMoQeE IJHI UJUerT of "%"T�

B cells from these patients were screened to 
JToMaUe NoOoDMoOaM "%"T bJOEJOH Uo N;.� 
5IeTe "%"T eYIJbJUeE EJɭereOU fuODUJoOaM in-
vitro QromMeT UIaU DouME be DMaTTJmeE JOUo UXo 
DaUeHorJeT� 5Ie mrTU UyQe JODMuEeT aOUJboEJeT 
UIaU TIoX JOIJbJUory aDUJWJUy XJUI *$�0 WaMueT 
JO UIe OH�NM-1 range and are considered as 
OeuUraMJTJOH aOUJboEJeT� 5IeTe aOUJboEJeT bJOE 
strongly to NZM and are characterised by a slow 
EJTToDJaUJoO raUe 	Ld~10-� s-1
� 5Ie TeDoOE UyQe 
includes antibodies that bind to NZM with fast 
EJTToDJaUJoO raUe 	Ld~10-3 s-1
 aOE EJTQMay *$�0 
WaMueT JO UIe �H�NM-1 raOHe� 5IeTe aOUJboEJeT Eo 
OoU TIoX JOIJbJUory aDUJWJUy aOE
 UIerefore
 are 
DoOTJEereE aT bJOEJOH aOUJboEJeT� NeuUraMJTJOH 
antibodies are a major concern, as they can 
aɭeDU UIe eɮDaDy of UIe EruH aOE DoOTeRueOUMy 
UIe ouUDoNe of UIe UreaUNeOU� 

Epitope mapping of these two antibody classes 
XaT QerforNeE by TXaQQJOH IyQerWarJabMe $%R 
MooQT
 aOE JU XaT TIoXO UIaU UIe EJɭereODe 
in IC�0 XaT OoU reMaUeE Uo eQJUoQe TQeDJmDJUy� 
Subsequently, X-ray crystallography at 
beamline ID30A-1 XaT uTeE Uo ToMWe the 
DryTUaM TUruDUureT of UXo aOUJ-N;.�N;. Fab 
DoNQMeYeT� N""�2�N;. aOE N""�4�N;.� 
NAA32 is a binding antibody, whereas NAA84 
JT a OeuUraMJTJOH aOUJboEy� #oUI aOUJboEJeT 
recognise the same surface area on NZM –  
α4-integrin – as their target (Figure 46
� 
)oXeWer
 UIey eYIJbJU EJɭereOU bJOEJOH NoEeT
 
XIJDI are aMTo EJɭereOU froN UIaU of α4-integrin 
XIeO bouOE Uo N;.� 5Ie EJɭereODe beUXeeO 
binding and neutralising antibodies cannot be 
accounted for by the epitope with which they 
JOUeraDU
 buU Nore QreTuNabMy by UIe EJɭereODe 
JO UIe EJTToDJaUJoO raUe froN N;.� 5IeTe mOEJOHT 
bear some potential clinical implications, as 
UIey TuHHeTU UIaU bJOEJOH aOUJboEJeT are MJLeMy 
to mature into neutralising antibodies following 
subsequent NZM drug challenges and could 
QreTeOU ToNe QoUeOUJaM rJTLT for UIe QaUJeOUT� 

5Ie DIaraDUerJTaUJoO of 5 DeMM DMoOeT aùer ex-
vivo stimulation, combined with MHC-based 
proteomics of B cell clones pulsed with NZM, 
IJHIMJHIUeE a TJOHMe JNNuOoEoNJOaOU 5 DeMM 
eQJUoQe MoDaUeE XJUIJO UIe MJHIU DIaJO of N;.� 
5IJT uOJRue 5 DeMM eQJUoQe JT MJLeMy reTQoOTJbMe 
for UIe JNNuOe reaDUJoO obTerWeE JO QaUJeOUT� 
Combining this information with structural 
EaUa
 WarJaOUT of N;. Xere EeTJHOeE XJUI UIe 
obKeDUJWe of reNoWJOH UIe JNNuOoEoNJOaOU 
5 DeMM eQJUoQe
 XIJMe NaJOUaJOJOH UIe abJMJUy 
to bind to α4-integrin (Figure 47
� " OuNber 
of N;. WarJaOUT Xere HeOeraUeE aOE Xere 
shown to be unable to trigger proliferation of 
5 DeMM DMoOeT TQeDJmD Uo UIe OaUuraMMy QreTeOUeE 
JNNuOoEoNJOaOU QeQUJEe
 XIJMe LeeQJOH 
UIeJr bJoMoHJDaM aDUJWJUy� 5IeTe Ee-JNNuOJTeE 
WarJaOUT of N;. QroWJEe aUUraDUJWe aWeOueT for 
JNQroWeE UIeraQeuUJDT�



" TJOHMe 5 DeMM eQJUoQe ErJWeT UIe 
OeuUraMJ[JOH aOUJ-EruH aOUJboEy reTQoOTe Uo 
OaUaMJ[uNab JO NuMUJQMe TDMeroTJT QaUJeOUT
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+� -e ParD 	D
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 +� %uNaT 	D

  

"� $aTToUUa 	a
b

 -� PJDDoMJ 	a
 aOE  
7� .JLoM 	D

 Nat. Med. 25, 1402-1407 
	20��
� EoJ��0��0���T4����-0��-0���-2�
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*OnVFO[B WJSVTFT DBVTF XJEFTQSFBE NJME UP TFWFSF SFTQJSBUPSZ EJTFBTF� %FTQJUF JUT QSFWBMFODF
 NBOZ EFUBJMT PG IPX 
the virus replicates in the infected cell are still poorly understood. Using a combination of X-ray crystallography 
BOE DSZP�FMFDUSPO NJDSPTDPQZ 	DSZP�&.

 BUPNJD�SFTPMVUJPO TUSVDUVSFT PG UIF JOnVFO[B QPMZNFSBTF o LFZ GPS WJSBM 
SFQMJDBUJPO o JO BDUJPO XFSF EFUFSNJOFE GPS UIF mSTU UJNF�
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Fig. 48: Structural snapshots of (a) mixed initiation and (b) elongation state 
DoNQMeYeT of JOnueO[a QoMyNeraTe� 5oQ� SeRueODe aOE TeDoOEary TUruDUure of 
OuDMeJD aDJE NoJeUJeT JO UIe DoNQMeY� 5eNQMaUe �� RN" JO yeMMoX
 QrJNer RN" JO 
bMue
 UeNQMaUe �� JO QJOL� .JEEMe� SUruDUure of UIe RN" NoJeUJeT
 reQreTeOUeE aT 

TQIereT� #oUUoN� RJbboO EJaHraNT of UIe NJYeE JOJUJaUJoO 	9-ray
 aOE eMoOHaUJoO 
	Dryo-E.
 TUaUe DoNQMeYeT DoMoureE aDDorEJOH Uo EoNaJO TUruDUure [1]�

8IeO JOnueO[a WJruT JOfeDUT a IoTU DeMM
 UIe 
HeOoNJD NaUerJaM of UIe WJruT
 UIe WJraM RN" 
	WRN"

 JT UraOTQorUeE Uo UIe OuDMeuT
 XIere 
JU JT mrTU UraOTDrJbeE JOUo WJraM NeTTeOHer RN" 
	NRN"
 aOE JT UIeO reQMJDaUeE Uo QroEuDe 
NuMUJQMe DoQJeT of JUTeMf� *OnueO[a QoMyNeraTe 
	FMuPoM
 JT UIe Ley UraOTDrJQUJoO-reQMJDaUJoO 
machine responsible for both of these processes 
aOE JT a QroNJTJOH aOUJ-WJraM EruH UarHeU� FMuPoM 
employs unique mechanisms to synthesise 
��-DaQQeE aOE ��-QoMyaEeOyMaUeE WJraM 
NRN"
 DoNQaUJbMe XJUI UIe IoTU DeMM�T QroUeJO 
QroEuDUJoO NaDIJOery
 UrJDLJOH JU JOUo NaLJOH 
WJraM QroUeJOT� 5Ie WJraM QroUeJOT JO UurO QaDLaHe 
UIe WJraM HeOoNe DoQJeT JOUo QroHeOy WJrJoOT 
that are released from the cell to infect new 
IoTUT�

At the beginning of transcription, FluPol 
JT JOJUJaMMy bouOE Uo UIe WRN" AQroNoUer� 
DoNQrJTJOH UIe QarUJaMMy baTe-QaJreE �� aOE �� 
reHJoOT of UIe UeNQMaUe WRN" [1,2]� " TIorU
 
DaQQeE QrJNer JT ADaQ-TOaUDIeE� froN a OaTDeOU 
host polymerase II RNA transcript [3] and 
UIeO EJreDUeE UoXarET UIe QoMyNeraTe aDUJWe 
TJUe Uo IybrJEJTe XJUI UIe �� eYUreNJUy of UIe 
UeNQMaUe Uo JOJUJaUe NRN" TyOUIeTJT� "UUeNQUT 
to characterise structurally the initial steps of 
UraOTDrJQUJoO IaWe IJUIerUo beeO uOTuDDeTTfuM 
Eue Uo UIe JOUrJOTJD neYJbJMJUy of UIe �� eOE of 
the template, the instability of the initiation 
TUaUe aOE a TUerJD DMaTI JO UIe aDUJWe TJUe DaWJUy 
of UIe QrJNer XJUI UIe QrJNJOH MooQ o a TQeDJmD 
feaUure of UIe FMuPoM UIaU JT reRuJreE for WRN" 
replication [1,2]�

" NoEJmeE �� UeNQMaUe XaT eNQMoyeE Uo 
stabilise the initial primer-template interaction 
JO orEer Uo WJTuaMJTe a UraOTDrJQUJoO JOJUJaUJoO-
MJLe TUaUe by 9-ray DryTUaMMoHraQIy uTJOH EaUa 

measured on beamline ID29 (Figure 48a
� 
SubTeRueOU aEEJUJoO of oOMy "5P aOE (5P MeaET 
Uo QroEuDU eMoOHaUJoO by mWe OuDMeoUJEeT XJUI 
concomitant template translocation before the 
QoMyNeraTe TUaMMT Eue Uo MaDL of $5P� 5raQQJOH 
UIJT TUaUe NaEe JU QoTTJbMe Uo WJTuaMJTe UIe 



SUruDUuraM TOaQTIoUT of aDUJWeMy 
UraOTDrJbJOH JOnueO[a QoMyNeraTe
  
5� ,ouba 	a

 P� %rODoWÈ 	a
 aOE  

S� $uTaDL 	a

 Nat. Struct. Mol. Biol� 26	�
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Five crystal structures of the ATPase catalytic core of the condensin complex and one of its HEAT-repeat subunits 
SFTVMU JO UIF mSTU SFDPOTUSVDUJPO PG B EFUBJMFE TFRVFODF PG FWFOUT UIBU UBLF QMBDF EVSJOH UIF DPOEFOTJO SFBDUJPO 
cycle. The structures hint at an unanticipated asymmetry that provides the means for condensin’s ability to 
extrude DNA loops during mitotic chromosome assembly.

13*/$*1"- 16#-*$"5*0/ "/% "65)034

REFERENCES

STRUCTURAL BIOLOGY

54 ESRF

Fig. 49: Schematic of 
the transitions between 
the pre-initiation (a,b), 
initiation (c) and 
elongation (d) states 
for transcribing 
JOnueO[a QoMyNeraTe�

initiation-to-elongation transition by cryo-
electron microscopy on CM01 (Figure 48b
�

5Ie reTuMUT TIoX UIaU UIe JOJUJaUJoO-Uo-
eMoOHaUJoO UraOTJUJoO JOWoMWeT QroHreTTJWe 
extrusion of the priming loop coupled to 
XJEeOJOH of UIe aDUJWe TJUe DaWJUy 	Figure 49
� 
5Ie MaUUer aDDoNNoEaUeT HroXUI of UIe QroEuDU-
template duplex to a steady state of nine base 
QaJrT� SubTeRueOUMy
 UIe P#2 IeMJDaM MJE forDeT 
strand separation, directing the template 
aOE QroEuDU JOUo TeQaraUe eYJU DIaOOeMT� 5Ie 
TUruDUureT aMTo reWeaM IoX UIe TJY DoOTerWeE 
DIaraDUerJTUJD TUruDUuraM NoUJfT 	"oF
 of UIe 
catalytic core are responsible, together with two 
EJWaMeOU DaUJoOT
 for DoOUroMMJOH UIe OuDMeoUJEe 
aEEJUJoO DyDMe� 5IeTe NoUJfT JOUeraDU XJUI UIe 
primer, template and incoming nucleotide in 
boUI Qre- aOE QoTU-UraOTMoDaUJoO TUaUeT� 5Ie 
comparison of the two states highlights the 
roMe of UIe neYJbMe
 NeUIJoOJOe-rJDI NoUJf # MooQ 
	P#��40�-(...(.F-4��

 IJHIMy DoOTerWeE JO 

aMM JOnueO[a WJruTeT
 JO aEaQUJOH Uo UIe QreTeODe 
of a baTe aU UIe �� JODoNJOH OuDMeoUJEe QoTJUJoO� 

*OnueO[a raQJEMy NuUaUeT
 eOabMJOH JU Uo ouUXJU 
the immune system by generating new strains 
eaDI year UIaU DauTe TeaToOaM eQJEeNJDT� *U DaO 
also jump the species barrier from birds and 
pigs to humans, resulting in occasional global 
QaOEeNJDT� 6Q Uo �00
000 QeoQMe XorMEXJEe 
EJe froN JOnueO[a aOOuaMMy XJUI QoUeOUJaMMy 
much higher mortality rates when a new 
QaOEeNJD nu TUraJO eNerHeT� 7aDDJOaUJoO JT 
OoU aMXayT eɭeDUJWe aOE UIerefore QoUeOU aOUJ-
JOnueO[a EruHT are OeeEeE aT a DoNQMeNeOUary 
UreaUNeOU oQUJoO� 5Ie aEWaOUaHe of EruHT 
UIaU JOIJbJU UIe IJHIMy DoOTerWeE FMuPoM JT UIaU 
reTJTUaODe NuUaOUT are MeTT MJLeMy� ,OoXMeEHe of 
UIe EJɭereOU DoOmHuraUJoOT of UIe QoMyNeraTe 
catalytic core will aid optimisation of inhibitors, 
such as nucleoside analogues, that directly 
UarHeU RN" TyOUIeTJT� 5IJT TUuEy UIuT QaWeT UIe 
Xay for UIe OeYU HeOeraUJoO of aOUJ-nu EruHT�

6QoO eOUry JOUo NJUoTJT
 euLaryoUJD HeOoNeT 
undergo global re-arrangements to form highly 
ordered rod-shaped chromosomes that can be 
TeHreHaUeE JOUo EauHIUer DeMMT� 5Ie mWe-TubuOJU 

condensin complex plays a leading role in 
the establishment and maintenance of these 
chromosome structures by extruding large 
DNA loops during its translocation along the 
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Fig. 50: .oEeM for UIe QroDeTTJWe eYUruTJoO of %N" 
MooQT by UIe DoOEeOTJO DoNQMeY� 5Ie DoNQMeY JT 
thought to encircle DNA within the ring-shaped 

architecture formed by its Smc2–Smc4 coiled-coil 
TubuOJUT 	bMue aOE reE
 aOE $OE2 LMeJTJO TubuOJU 
	HreeO
� )E"5-reQeaU TubuOJUT $OE� 	yeMMoX
 aOE 

$OE� 	oraOHe
 bJOE Uo $OE2�

Fig. 51:  
a) Positioning of 
the sub-complexes 
shown in (b), 
(c) and (d) in 
the condensin 
arDIJUeDUure� 
b) Structure of Smc2 
IeaE� c) Structure of 
Smc4 head–Cnd2C. 
d) Structure of 
Cnd1–Cnd2central 
bound to Smc4 
head–Cnd2C shown 
in (c)�

DNA double helix (Figure 50
� 5Ie NoMeDuMar 
NeDIaOJTN beIJOE UIJT %N" NoUor aDUJWJUy IaT 
reNaJOeE uOLOoXO [1]� 

Condensin contains two structural maintenance 
of DIroNoToNeT 	S.$
 TubuOJUT
 XIJDI Iarbour 
aO "5P-bJOEJOH-DaTTeUUe 	"#$
 UraOTQorUer DMaTT 
of "5PaTe TJUeT aU UIe eOE of a _40-ON-MoOH 
DoJMeE DoJM� EaDI of UIe UXo TJUeT TaOEXJDIeT aO 
"5P NoMeDuMe beUXeeO UIe "#$ TJHOaUure NoUJf 
of oOe S.$ TubuOJU aOE UIe 8aMLer " aOE # 
NoUJfT of UIe oUIer� 5Ie S.$ TubuOJUT
 UoHeUIer 
XJUI a LMeJTJO TubuOJU
 DreaUe a MarHe UrJQarUJUe 
ring architecture (Figure 51
� 5Ie LMeJTJO JO 
turn recruits two additional subunits that are 
MarHeMy DoNQoTeE of aMQIa-IeMJDaM )E"5 reQeaUT� 
Condensin shares this basic architecture with 
other SMC complexes, including cohesin and 
S.$���� "MM S.$ DoNQMeYeT QMay eTTeOUJaM 
roMeT EurJOH WarJouT aTQeDUT of DIroNoToNe 
biology, including genome maintenance, 
chromosome condensation and segregation, 
DNA recombination and damage repair, and the 
organisation of chromosomal territories [2, 3]�

5o HaJO JOTJHIU JOUo UIe DoOEeOTJO DaUaMyUJD 
Dore
 EJɭereOU Tub-DoNQMeYeT of UIe "5PaTe 
domain of Smc2 or Smc4 bound to the amino 
or DarboYy UerNJOuT of UIe LMeJTJO $OE2
 
reTQeDUJWeMy
 Xere Do-eYQreTTeE aOE QurJmeE� 
5Ie "5PaTe IeaEoLMeJTJO Tub-DoNQMeYeT froN 
the yeast Chaetomium thermophilum were 
o aùer eYUeOTJWe eOHJOeerJOH aOE TDreeOJOH o 
aNeOabMe Uo DryTUaMMJTaUJoO by WaQour EJɭuTJoO� 
FoMMoXJOH TeWeraM rouOET of EaUa DoMMeDUJoO 
at beamline ID29, two independent crystal 
structures were determined for the Smc2 head 
	Uo 2�0 aOE 2�� ¯ reToMuUJoO
 aOE oOe TUruDUure 
was determined for the Smc4 head–Cnd2C sub-
DoNQMeY 	Uo ��0 ¯ reToMuUJoO
� SJODe $OE2N had 
apparently dissociated from the Smc2 head 
during crystallisation, its binding interface was 
JOTUeaE reToMWeE by OuDMear NaHOeUJD reToOaODe 
	N.R
� "MJHONeOU of boUI SND2 IeaE TUruDUureT 
to the structure of the Smc4 head or other 
IoNoMoHouT S.$ IeaE EoNaJOT reWeaMeE aO 
unusual rotation in the coiled coils (Figure 51
� 
" DaTDaEe of TUruDUuraM EJTQMaDeNeOU eWeOUT 
MJOLeE UIJT roUaUJoO Uo aO aMUereE QIoTQIaUe-
bJOEJOH-MooQ 	P-MooQ
 DoOforNaUJoO UIaU XaT 
JODoNQaUJbMe XJUI "5P bJOEJOH� 5IJT TUruDUuraM 
singularity explained a newly found asymmetry 
JO UIe "5P-bJOEJOH QroQerUJeT of UIe UXo S.$ 
head domains: Only Smc4, but not Smc2, was 
abMe Uo bJOE "5P JO bJoDIeNJDaM aTTayT�

5Ie "5PaTe IeaE aTyNNeUry XaT fouOE Uo 
furUIer eYUeOE Uo a IJHIMy DoOTerWeE TurfaDe 
QaUDI oO UIe DoJMeE-DoJM TJEe of UIe SND4 IeaE� 
In-vivo QIoUo-DroTTMJOLJOH reWeaMeE UIaU UIJT 
reHJoO of SND4 bJOET UIe DoOEeOTJO )E"5-
repeat subunit Cnd1, which had so far been 
thought to assemble into the condensin complex 
eYDMuTJWeMy UIrouHI JUT DoOTUJUuUJWe JOUeraDUJoO 
XJUI UIe DeOUraM reHJoOT of UIe $OE2 LMeJTJO 
TubuOJU� $ryTUaM TUruDUureT of $OE�o$OE2central 
Tub-DoNQMeY aMoOe 	ToMWeE Uo ��� ¯ reToMuUJoO
 
and when bound to the Smc4 head–Brn1C sub-
DoNQMeY 	ToMWeE Uo ��� ¯ reToMuUJoO

 baTeE oO 
data collected at beamlines ID30A-1, ID30B 
and ID29, completed the architecture of the 
condensin core (Figure 51
� SurQrJTJOHMy
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X-ray crystallography and single-particle cryo-electron microscopy (cryo-EM) structures of the T7 bacteriophage 
QPSUBM QSPUFJO BOE mCSF�MFTT UBJM DPNQMFY TVHHFTU B NFDIBOJTN GPS %/" SFUFOUJPO BOE FKFDUJPO� " DMPTFE 
conformation of the portal could retain the genome before tail assembly, while in mature virions DNA leakage is 
prevented by the nozzle protein.

Structural Basis of an Asymmetric 
$oOEeOTJO "5PaTe $yDMe
 .� )aTTMer 	a
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  F� .erLeM 	a

 -� 5IÊrJDIeO 	a
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 S� #raWo 	a
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 aOE  
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5aJMeE baDUerJoQIaHeT froN UIe Caudovirales 
order share a common mechanism for genome 
QaDLaHJOH
 JO XIJDI a QroIeaE JT aTTeNbMeE 
before %N" eODaQTJEaUJoO
 XJUI IerQeT WJruT� 
5Ie Ley DoNQoOeOUT of UIe QaDLaHJOH QroDeTT 
are the terminase complex, which is the motor 
QroWJEJOH UIe eOerHy for %N" UraOTMoDaUJoO
 aOE 
the portal protein, which is located at a unique 
QeOUaNerJD DaQTJE WerUeY aOE buJMET a DIaOOeM 
UIrouHI XIJDI UIe HeOoNe QaTTeT� "ùer %N" 
QaDLaHJOH
 aTTeNbMy of UIe baDUerJoQIaHe UaJM 
oDDurT aU UIe QorUaM WerUeY JO orEer Uo QroEuDe UIe 
NaUure WJraM QarUJDMe [1]� 5� baDUerJoQIaHe JT a 

member of the Podoviridae family, with a short, 
non-contractile tail formed by four proteins: the 
QorUaM 	HeOe QroEuDU �
 HQ�

 UIe aEaQUor 	HQ��

 
UIe Oo[[Me 	HQ�2
 aOE UIe mbreT 	HQ��
 [2]� 

" OuNber of DryTUaM TUruDUureT of UIe 5� 
baDUerJoQIaHe QorUaM Xere ToMWeE by DoNbJOJOH 
high-resolution X-ray crystallography and cryo-
eMeDUroO NJDroTDoQy 	Dryo-E.
� 9-ray OaUJWe 
data sets were collected at beamlines ID29 and 
ID14-1� "MM aUUeNQUT Uo EeUerNJOe UIe QIaTeT 
uTJOH IeaWy-aUoN NeUIoET faJMeE
 aOE UIe 
TUruDUureT Xere eWeOUuaMMy ToMWeE by NoMeDuMar 
replacement, using a partial structure built 
JOUo a ���-¯-reToMuUJoO Dryo-E. NaQ aT aO 
JOJUJaM TearDI NoEeM� 5Ie EoEeDaNerJD DryTUaM 
TUruDUure of UIe QorUaM obUaJOeE aU ��� ¯ TIoXT 
a rJOH-MJLe aTTeNbMy XJUI aO aYJaM DeOUraM 
channel (Figure 52a

 XIoTe OarroXeTU aQerUure 
diameter, 23 Å, as delimited by the tunnel loop, 
XouME IarEMy aMMoX UIe QaTTaHe of %N"� 5Ie 
UuOOeM MooQ JT DoOOeDUeE XJUI UIe ��-reTJEue-
long helix α10, oriented in a perpendicular 
NaOOer XJUI reTQeDU Uo UIe DIaOOeM aYJT� 
*OUereTUJOHMy
 a 4��-¯-reToMuUJoO Dryo-E. NaQ 
yielded a second dodecameric atomic structure 
of UIe QorUaM� EWeO UIouHI UIe oWeraMM arDIJUeDUure 
JT DoOTerWeE beUXeeO UIe UXo TUruDUureT
 a 
conformational change occurs at the α10-tunnel 
MooQ DIaOOeM reHJoO� *O UIe Dryo-E. TUruDUure
 

Fig. 52: 5� 
bacteriophage portal 
TUruDUure� a) Ring-
shaped dodecameric 
HQ� QarUJDMe�  
b) Comparison 
of the closed and 
oQeO DIaOOeM WaMWe 
DoOforNaUJoOT� 

Cnd1 binding to the Smc4 head domain created 
a steric clash when the latter engaged with the 
SND2 IeaE uQoO "5P bJOEJOH� 5IJT DoOuOEruN 
XaT reToMWeE by UIe mOEJOH UIaU "5P bJOEJOH Uo 
UIe SND4 aDUJWe TJUe EJTToDJaUeE $OE� froN UIe 
distant coiled-coil side, in which the so-called 
HMuUaNJOe-MooQ 	2-MooQ
 NoUJf of SND4 TerWeE 
aT aO aMMoTUerJD DoOforNaUJoOaM TXJUDI�

5aLeO UoHeUIer
 UIe TUruDUuraM TOaQTIoUT of 
DoOEeOTJO reWeaM for UIe mrTU UJNe a TerJeT of "5P-
dependent conformational changes in an SMC 
DoNQMeY aU Oear-aUoNJD reToMuUJoO UIaU ErJWe 
aO aTyNNeUrJD "5PaTe reaDUJoO DyDMe� 5IeTe 
mOEJOHT May ouU a NeDIaOJTUJD QaUI UoXarET 
eYQMaJOJOH QroDeTTJWe aOE EJreDUJoOaM eYUruTJoO 
of large DNA loops, which is now thought to 
QroWJEe UIe uOJWerTaM QrJODJQMe of orHaOJTJOH 
genomes in all species [1]�
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the α�0 IeMJY JT LJOLeE
 DIaOHJOH UIe orJeOUaUJoO 
of JUT N-UerNJOaM reHJoO by �0¡ aOE JODreaTJOH 
UIe DIaOOeM EJaNeUer of UIe reHJoO Uo �� ¯� 
5Ierefore
 UIJT QarU of UIe TUruDUure Nay aDU aT a 
DIaOOeM WaMWe
 abMe Uo oQeO aOE DMoTe UIe DeOUraM 
aperture of the portal (Figure 52b
� 

5Ie aUoNJD TUruDUure of UIe ���-.%a mbre-MeTT 5� 
UaJM DoNQMeY 	HQ�-HQ��-HQ�2
 XaT EeUerNJOeE 
aU ��� ¯ reToMuUJoO by Dryo-E.� 5Ie TUruDUure 
DoOUaJOT UXo EJɭereOU TyNNeUrJeT
 XJUI HQ� 
and gp11 forming dodecameric rings and gp12 
buJMEJOH UIe TJY-foME Oo[[Me 	Figure 53a
� 5Ie 
adaptor protein interacts at the distal part of the 
QorUaM XJUI aO eYUeOTJWe OeUXorL of IyEroHeO 
bonds and electrostatic pairings, including 
those found on an α-helix that embraces the 
QorUaM DMJQ EoNaJO mUUJOH JU JOTJEe UIe DIaOOeM 
of UIe aEaQUor� *O UIe aEaQUor-Oo[[Me JOUerQIaTe 
contact surface there is a bipolar distribution of 
eMeDUroTUaUJD DIarHeT
 XJUI UIe eMeDUroOeHaUJWe 
distal part of gp11 interacting with the 
eMeDUroQoTJUJWe QroYJNaM QarU of HQ�2� 

*O UIe 5� UaJM DoNQMeY
 UIe QorUaM DIaOOeM WaMWe 
JT fouOE JO JUT oQeO DoOforNaUJoO� 5Ierefore
 HQ� 
is not responsible for DNA retention inside the 
NaUure WJraM QarUJDMeT� 5Ie HQ�2 Oo[[Me QroUeJO 
is mainly responsible for securing the DNA in the 
DaQTJE� 8JUI a foME XJUIouU TUruDUuraM TJNJMarJUy 
Uo aOy baDUerJoQIaHe UaJM QroUeJO QreWJouTMy 
reQorUeE
 eaDI Oo[[Me NoOoNer JT orHaOJTeE 
arouOE a DeOUraM TeWeO-bMaEeE β-propeller placed 

with its plane radial-wise with respect to the tail 
DIaOOeM� 5Ie Oo[[Me DoOUaJOT four DMoTJOH HaUeT 
XJUI EJaNeUerT beUXeeO ��� ¯ aOE 2� ¯ UIaU 
aWoJE %N" TMJQQJOH UIrouHI UIe UaJM DIaOOeM 
(Figure 53b
� 

5IJT fuODUJoOaM NoEeM TuHHeTUT UIaU UIe QorUaM 
DIaOOeM WaMWe DMoTeT uQoO UerNJOaTe EeUaDINeOU
 
UeNQorarJMy QreWeOUJOH %N" MeaLaHe� 5Ie QorUaM-
adaptor interaction opens the portal channel 
WaMWe
 aMMoXJOH UIe %N" Uo QaTT aMoOH UIe UaJM 
DIaOOeM� *O UIe NaUure WJruT
 UIe HaUeT of UIe 
Oo[[Me QroUeJO are DMoTeE
 reUaJOJOH UIe %N" 
in the tail channel until reorganisation of the 
Oo[[Me
 UrJHHereE by UIe UaJM DoOUaDU XJUI UIe IoTU 
membrane, which opens the gates and allows 
HeOoNe eKeDUJoO�

SUruDUureT of 5� baDUerJoQIaHe QorUaM 
aOE UaJM TuHHeTU a WJraM %N" reUeOUJoO aOE 
eKeDUJoO NeDIaOJTN
 "� $uerWo 	a
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D
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Fig. 53: FJbre-MeTT 5� 
bacteriophage tail 
TUruDUure� a) (Q�-
HQ��-HQ�2 TUruDUure� 
b) %eUaJM of UIe Oo[[Me 
DMoTJOH HaUeT�

$0N5R0- 0F %6# "$5*7*5: 5)R06() 0-*(0.ER*S"5*0N
USP25 and USP28 are two deubiquitylases involved in the progression of certain malignancies. Their high similarity 
BOE JOWPMWFNFOU JO FTTFOUJBM QIZTJPMPHJDBM QSPDFTTFT NBLFT IJHI TQFDJmDJUZ B DIBMMFOHJOH CVU OFDFTTBSZ UBTL GPS 
the development of inhibitors. The crystal structures of their catalytic USP domains were solved and it was found 
that both enzymes form distinct oligomeric states. 

5Ie NaKorJUy of DeMMuMar QaUIXayT JO euLaryoUeT 
are reHuMaUeE by ubJRuJUyMaUJoO
 UIe DoWaMeOU 
aUUaDINeOU of ubJRuJUJO 	6b
 or ubJRuJUJO DIaJOT 
to either the N-terminus or Lys-ε amino groups 
of QroUeJOT by UIe eO[yNaUJD ubJRuJUyMaUJoO 
DaTDaEe 	E� -� E2 -� E�
� 5IJT NoEJmDaUJoO 
DaO be reWerTeE by EeubJRuJUyMaTeT 	%6#T

 

JToQeQUJEaTeT UIaU eJUIer reNoWe or NoEJfy 
6b-NoJeUJeT froN UarHeU QroUeJOT� 5Ie mOe-
tuned interplay of the two antagonistic 
processes decides the fate of the target protein 
aOE uMUJNaUeMy of UIe DeMM� 5Ie MarHe OuNber 
aOE IJHI TQeDJmDJUy of boUI ubJRuJUyMaUJOH 
aOE EeubJRuJUyMaUJOH eO[yNeT NaLeT UIeN 
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Fig. 54: a) "rDIJUeDUure of 6SP2� aOE 6SP2�� 
b) $ryTUaM TUruDUureT of 6SP2�DaU aOE 
6SP2�DaU� 6SP2� forNT DoOTUJUuUJWeMy aDUJWe 
EJNerT
 XIJMe 6SP2� forNT UeUraNerT JO XIJDI 
UIe 6b-bJOEJOH TJUeT are bMoDLeE by UIe 6$*% 
UJQT of UIe JOUeraDUJOH EJNer�

Fig. 55: a) Pro��� JO 6SP2� forNT a cis-QeQUJEe boOE XJUI )JT��4
 MeaEJOH Uo 
a QoTJUJoOJOH of UIe UJQ $-UerNJOuT UoXarET UIe EJNer JOUerfaDe� b) Mutation of 
Pro��� MeaET Uo aDUJWaUJoO of 6SP2��

aUUraDUJWe UarHeUT for UIe QIarNaDoMoHJDaM 
JOUerWeOUJoO of QaUIoMoHJDaM DoOEJUJoOT�

6SP2� aOE 6SP2� are UXo NeNberT of UIe 
MarHe 6SP faNJMy of %6#T UIaU are JOWoMWeE 
in the progression of certain types of cancer 
TuDI aT breaTU 	6SP2�
 aOE DoMoreDUaM DaODer 
	6SP2�
� %eTQJUe UIeJr IJHI TJNJMarJUy
 boUI 
eO[yNeT EJTQMay EJTUJODU TubTUraUe TQeDJmDJUJeT 
aOE UIuT fuMmMM EJɭereOU DeMMuMar roMeT TuDI 
as the regulation of the innate immune 
TyTUeN 	6SP2�
 aOE %N" EaNaHe reTQoOTe 
	6SP2�
� *O orEer Uo uOEerTUaOE UIe NoMeDuMar 
EJɭereODeT aOE eTUabMJTI a TUruDUuraM baTJT 
for UIe fuUure EeWeMoQNeOU of TQeDJmD %6#-
aDUJWJUy-NoEuMaUJOH DoNQouOET
 boUI IuNaO 

eO[yNeT Xere DIaraDUerJTeE 	Figure 54a
� 
5Ie DryTUaM TUruDUure of UIe DaUaMyUJD EoNaJO 
of apo 6SP2� 	6SP2�DaU
 XaT ToMWeE by UIe 
TJOHMe-XaWeMeOHUI aOoNaMouT EJTQerTJoO 
	S"%
 NeUIoE uTJOH EJɭraDUJoO EaUa DoMMeDUeE 
froN Se.E5 EerJWaUJTeE DryTUaMT DoMMeDUeE aU 
beamline ID30A-3 (Figure 54b
� SubTeRueOUMy
 
UIe DryTUaM TUruDUureT of 6SP2�DaU JO DoNQMeY 
XJUI DoWaMeOUMy bouOE 6b-QroQarHyMaNJEe 
	6bP"
 aOE 6SP2�DaU apo Xere ToMWeE uTJOH 
OaUJWe EaUa DoMMeDUeE aU beaNMJOeT ID29 and 
ID23-2 (Figure 54b
� 

6SP2�DaU aOE 6SP2�DaU DoNQrJTe a four-
subdomain architecture, with three subdomains 
	UIuNb�QaMN�mOHer
 beJOH reTQoOTJbMe for 
UIe forNaUJoO of UIe DoOTerWeE 6SP EoNaJO Uo 
QroWJEe UIe S� bJOEJOH TJUe for UIe 6b-TubTUraUe 
aOE UIe DaUaMyUJD DeOUre� 5Ie fourUI TubEoNaJO 
	6$*%
 DorreTQoOET Uo a QreWJouTMy EeTDrJbeE 
JOTerUeE TeHNeOU of _20 L%a aOE DoOTJTUT of UXo 
TUruDUuraMMy EJTUJODU QarUT� aO uQQer AUJQ� EeWoJE of 
secondary structure and a lower, approximately 
�-ON-MoOH DoJMeE-DoJM AroE� UIaU eYUeOET froN UIe 
QaMN TubEoNaJO�  %JNerJTaUJoO of 6SP2� JT UIe 
reTuMU of UIe TyNNeUrJD aTToDJaUJoO of UXo 6$*% 
roET UIrouHI a MarHe 	_���0 ¯2
 IyEroQIobJD 
interface located at their upper ends, leading 
Uo UIe forNaUJoO of a ADIerry DouQMe�-TIaQeE 
arrangement, in which the domain termini that 
connect to the N- and C-terminal substrate 
bJOEJOH EoNaJOT QoJOU UoXarET UIe 6SP EoNaJO 
of UIe EJNer NaUe� 

5Ie 6SP2�DaU UeUraNer JT forNeE by UXo 
EJTUJODU JOUerfaDeT� 5Ie mrTU JOUerfaDe JT IJHIMy 
TJNJMar Uo UIe 6SP2� roEoroE JOUerfaDe� 5Ie 
TeDoOE JT forNeE by UIe 6$*% UJQT UIaU eYUeOE 
perpendicularly from the dimer axis and bind to 
UIe 6SP EoNaJOT of a TeDoOE 6SP2� EJNer� )ere
 
UIe UJQT are aODIoreE JO a DMeù beUXeeO UIe UIuNb 
aOE UIe QaMN XJUIJO UIe S� 6b-bJOEJOH TJUe
 
aOE UIuT UIe UeUraNer of JOUerMJOLeE 6SP2�-MJLe 
6SP2� EJNerT reQreTeOUT a QreWJouTMy uOLOoXO 
auUoJOIJbJUeE TUaUe of UIe eO[yNe� 

5uNour HeOoNe TeRueODJOH EaUa QerNJUUeE UIe 
JEeOUJmDaUJoO of Pro���
 XIJDI JT MoDaUeE JO UIe 
6$*% UJQ reHJoO
 aT a QoTJUJoO eTTeOUJaM for UIe 
forNaUJoO of UIe UeUraNer� 5IJT reTJEue forNT 
a cis-QeQUJEe boOE XJUI )JT��4 	Figure 55a

 
UIereby JOEuDJOH a LJOL XJUIJO UIe UJQ
 XIJDI JT 
required for its correct positioning to mediate 
UIe EJNeroEJNer JOUeraDUJoO� .uUaUJoO of Pro��� 
	aT fouOE JO EJɭereOU DaODerT
 or reNoWaM of UIe 
eOUJre UJQ reHJoO QreWeOUeE UIe forNaUJoO of 
6SP2� UeUraNerT
 reTUoreE 6b-DMeaWaHe aDUJWJUy 
in vitro and led to increased stabilisation of 
UIe NoEeM TubTUraUeT UaOLyraTe ��2 JO DeMMT 
(Figure 55b
�  

5Ie EJTDoWery of 6SP2� auUoJOIJbJUJoO aOE UIe 
elucidation of its mechanism by oligomerisation 



%JɭereOUJaM 0MJHoNerJ[aUJoO of UIe 
%eubJRuJUJOaTeT 6SP2� aOE 6SP2� 
ReHuMaUeT 5IeJr "DUJWJUJeT
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CD71 is a transmembrane receptor responsible for iron uptake. The structure of CD71 bound to the human iron 
transporter ferritin revealed that it binds a receptor region that overlaps with the site used by viruses and by the 
malaria parasite to gain entry into human cells. This explains why evolution cannot mutate this region to block 
QBUIPHFOT
 TJODF JU XPVME BMTP BɭFDU QIZTJPMPHJDBM JSPO VQUBLF�
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DouME QroWJEe a OoWeM MeaE for UIe TeMeDUJWe 
NoEuMaUJoO of JUT aDUJWJUy
 XIJDI IaT OoU beeO 
aDIJeWeE To far� *O DoOUraTU Uo 6SP2�
 XIJDI 

5Ie UraOTferrJO reDeQUor � 	$%��
 NeEJaUeT 
JroO uQUaLe JO aMM WerUebraUeT by JNQorUJOH 
JroO JO DoNQMeY XJUI UraOTferrJO 	5f
 or ferrJUJO 
from serum [1] through a clathrin-dependent 
eOEoDyUoTJT NeDIaOJTN� FerrJUJO IaT reDeOUMy 
NoWeE Uo DeOUre TUaHe aT a QoUeOUJaM OaOo-
DarrJer for EruHT�EJaHOoTUJDT Eue Uo JUT DaHe-
MJLe TUruDUure aOE uOJRue DarHo DaQabJMJUJeT
 
DouQMeE XJUI TeMeDUJWJUy UoXarET $%�� [2], 
which is highly expressed in most cancer 
DeMM UyQeT� $%�� JT aMTo a QreferreE eOUry 
QoJOU for IuNaO QaUIoHeOJD areOaWJruTeT 
[3-7]
 IeQaUJUJT $ WJruT [8], feline and 
DaOJOe QarWoWJruTeT [9], and for the malaria 
parasite, Plasmodium vivax [10,11]� $%�� 
is a homodimeric transmembrane protein 
DoNQoTeE of a MarHe eDUoEoNaJO TubEJWJEeE 
JO QroUeaTe-MJLe
 IeMJDaM aOE aQJDaM EoNaJOT 
(Figure 56a
 [12]� 5f DoOUaDUT UIe IeMJDaM 
aOE UIe QroUeaTe-MJLe EoNaJOT 	Figure 56b

 
while the apical domain is the binding epitope 
of pathogenic proteins (Figure 56b
� No 
TUruDUuraM JOforNaUJoO IaE QreWJouTMy beeO 
reQorUeE for UIe $%���ferrJUJO DoNQMeY�

%aUa DoMMeDUeE aU UIe 5JUaO ,rJoT Dryo-eMeDUroO 
microscope at CM01 allowed the reconstruction 
by single-particle analysis of a map of the 
)-DIaJO ferrJUJO 	)-FU
�$%�� DoNQMeY aU ��� ¯ 
resolution (Figure 57a
� )-FU bJOET $%�� aU 
the apical domain (Figure 57b

 a QorUJoO UIaU 
EoeT OoU oWerMaQ XJUI UIe JOUeraDUJOH area of 5f 
but that largely corresponds to the pathogen 
eQJUoQe� .uUaUJoOT oO )-FU reTJEueT DoOUaDUJOH 
DoNNoO TJUeT oO $%�� TUroOHMy aɭeDUT ferrJUJO-
reDeQUor JOUeraDUJoOT
 aT obTerWeE by TurfaDe 
QMaTNoO reToOaODe 	SPR
 aOE DeMMuMar ferrJUJO-
uQUaLe eYQerJNeOUT� 5Ie )-FU�$%�� TUruDUure 
reWeaMeE UIe TJUeT oO $%�� reDoHOJTeE by 

Fig. 56: $%�� reDeQUor� MJHaOE reDoHOJUJoO eQJUoQeT aOE bJOEJOH NoEeT� $%�� 
homodimer is in ribbon (pdb 3KAS [7]
� oOe NoOoNer JT JO Hrey
 UIe oUIer JT 
DoMoureE WarJabMy Uo UIe reDeQUor EoNaJOT� a) $%�� eQJUoQeT for 5f�)FE aOE 

WJruTeT�QaraTJUe are TIoXO JO TurfaDe reQreTeOUaUJoO� b) CD71 is shown in complex 
XJUI 5f 	oraOHe TurfaDe
 QEb �S67 [13]

 XJUI UIe ."$7 (P� QroUeJO 	QJOL
 QEb 
�,"S

 aOE XJUI 5f 	oraOHe
 aOE PvRBP2b from P. vivax (blue, pdb 6D04 [11]
�

aQQearT Uo be DoOTUJUuUJWeMy aDUJWe
 6SP2� Nay 
be targeted indirectly by the modulation of a 
	DurreOUMy uOLOoXO
 aDUJWaUor or reQreTTor�

ferritin for physiological access to the cell and 
aDDouOUT for a 5f-JOEeQeOEeOU bJOEJOH of ferrJUJO 
Uo $%��
 aMMoXJOH EJɭereOUJaM reHuMaUJoO of JroO 
uQUaLe aOE JOEJDaUJOH a QIyTJoMoHJDaM roMe for 
UIe $%�� aQJDaM EoNaJO
 uOaTTJHOeE Uo EaUe� 
*NQorUaOUMy
 QaUIoHeOT IaWe aEaQUeE Uo uOMoDL 
DeMMuMar barrJerT by NJNJDLJOH UIe QIyTJoMoHJDaM 
interaction of ferritin with the CD71 apical 
domain [4]� 

5IJT XorL QroWJEeT a TouOE TUruDUuraM baTe 
Uo eMaboraUe oO UIe QoTTJbJMJUy of EeWeMoQJOH 
aMUerOaUJWe
 ferrJUJO-MJLe aOUJ-WJraM or -QaraTJUe 



Cryo-EM structure of the human ferritin–
transferrin receptor 1 complex,  
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Fig. 57: 5Ie IuNaO $%���
)-FU DoNQMeY� a) Atomic 
model of the complex of 
$%�� 	yeMMoX
 aOE )-FU 

	bMue
 mUUeE JO UIe Dryo-E. 
map at a global resolution 

of ��� ¯ 	Hrey NeTI
� 
RJHIU
 DMoTe-uQ WJeX of UIe 

DoOUaDU reHJoO� b) CD71-
)-FU JOUeraDUJOH reHJoOT� 

Contacting residues (within 
� ¯
 are TIoXO JO TUJDL 

representation, labeled and 
coloured according to the 

scheme used for secondary 
structure in panel (a)� 

%aTIeE bMaDL MJOeT JOEJDaUe 
electrostatic interactions, 

dotted grey lines represent 
IyEroQIobJD DoOUaDUT�
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Errors during DNA transcription can cause RNA polymerase to backtrack and cleave the erroneous part, before 
resuming transcription. Cryo-electron microscopy (cryo-EM) was used to reconstruct four structures of RNA 
polymerase in action, representing the entire reaction pathway and providing insight into the catalytic mechanism 
and dynamics of RNA cleavage and extension.
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(eOeUJD JOforNaUJoO
 UIe bMueQrJOU of eaDI 
orHaOJTN
 JT eODoEeE JO %N"� "DDeTT Uo aOE 
decoding of this information is called gene 

eYQreTTJoO aOE oDDurT JO UXo TUeQT� mrTU
 %N" 
JT UraOTDrJbeE JOUo RN" by a MarHe
 uOJWerTaMMy 
DoOTerWeE
 NuMUJ-TubuOJU QroUeJO eO[yNe
 RN" 

therapeutic ligands targeting ‘common 
DoOUaDUT� oO UIe $%�� aQJDaM EoNaJO
 aOE Uo 

furUIer EeWeMoQ UIe eOHJOeerJOH of ferrJUJOT aT 
OaOo-DarrJerT�



QoMyNeraTe� 5Ie RN" DoQy JT UIeO UraOTMaUeE 
into protein by another molecular machine, 
UIe rJboToNe� EaDI TQeDJeT EeQeOET oO UJHIUMy 
DoOUroMMeE UraOTDrJQUJoO� 5IJT eOTureT aDDeTT Uo 
the appropriate genetic information at the right 
UJNe Uo reTQoOE Uo UIe eOWJroONeOU
 eYeDuUe 
EeWeMoQNeOUaM QroHraNT
 aOE Uo NaJOUaJO 
IoNeoTUaTJT� $oOTeRueOUMy
 UraOTDrJQUJoO 
OeeET Uo oDDur XJUI IJHI mEeMJUy
 JT IJHIMy 
reHuMaUeE
 aOE UIuT aɭeDUT aMNoTU eWery aTQeDU 
of #JoMoHy� .JTreHuMaUJoO
 oO UIe oUIer IaOE
 
DaO DauTe a MarHe WarJeUy of EJTeaTeT XJUI HraWe 
DoOTeRueODeT�

One way for cells to regulate gene expression is to 
modulate transcription rates in a process called 
UraOTDrJQUJoOaM QauTJOH� PauTJOH
 a UeNQorary 
interruption of transcription elongation, can 
be aDIJeWeE JO NuMUJQMe XayT� 0Oe Xay JT 
UIrouHI a QroDeTT DaMMeE baDLUraDLJOH
 XIere 
RN" QoMyNeraTe TUoQT
 reWerTe UraOTMoDaUeT 
along the DNA template, and extrudes the RNA 
UraOTDrJQU ouU of UIe eO[yNe aDUJWe TJUe� 5Ie Wery 
same phenomenon plays another important role 
for UraOTDrJQUJoOaM Qroof-reaEJOH� *O UIaU DaTe
 
baDLUraDLJOH oDDurT XIeO RN" QoMyNeraTe 
misincorporates a ribonucleoside tri-phosphate 
TubTUraUe JOUo UIe HroXJOH RN" UraOTDrJQU� 5o 
DoOUJOue
 UIe eYUruEeE RN" QorUJoO JT DMeaWeE 
such that the newly generated, shorter RNA 
eOE aMJHOT XJUI UIe aDUJWe TJUe aOE UraOTDrJQUJoO 
reTuNeT� *O DaTe of a NJTJODorQoraUJoO
 UIJT IaT 
UIe aEEeE beOemU of reNoWJOH UIe erroOeouT QarU 
of UIe UraOTDrJQU� "MUIouHI UIJT RN" DMeaWaHe 
can be catalysed by the RNA polymerase itself, 
it is greatly accelerated by protein transcription 
faDUorT TuDI aT baDUerJaM (re" aOE (re# or 
euLaryoUJD 5F**S� 5Ie DMeaWaHe faDUorT DaO bJOE 
a baDLUraDLeE RN" QoMyNeraTe aOE DoNQMeNeOU 
UIe aDUJWe TJUe of UIe eO[yNe Uo aTTJTU JO UIe RN" 
DMeaWaHe reaDUJoO�

SUruDUuraM #aTJT of 5raOTDrJQUJoO� 
RN" PoMyNeraTe #aDLUraDLJOH aOE *UT 
ReaDUJWaUJoO
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6TJOH TJOHMe-QarUJDMe Dryo-eMeDUroO NJDroTDoQy 
	Dryo-E.
 JU XaT QoTTJbMe Uo UaLe TOaQTIoUT aMoOH 
UIe eOUJre reaDUJoO QaUIXay of baDLUraDLJOH 
aOE reaDUJWaUJoO uTJOH aDUJWe Escherichia coli 
RNA polymerase complexes (Figure 58
� )JHI-
reToMuUJoO reDoOTUruDUJoOT Xere obUaJOeE of 	J
 
a baDLUraDLeE DoNQMeY before RN" DMeaWaHe� 	JJ
 
a baDLUraDLeE DoNQMeY bouOE by UIe DMeaWaHe 
faDUor (re# before RN" DMeaWaHe� 	JJJ
 a DoNQMeY 
aùer RN" DMeaWaHe
 aOE 	JW
 a reaDUJWaUeE 
complex with a bound ribonucleoside tri-
QIoTQIaUe TubTUraUe JO UIe aDUJWe TJUe�

5Xo DrJUJDaM EaUaTeUT Xere DoMMeDUeE oO UIe 
5JUaO ,rJoT NJDroTDoQe aU beaNMJOe CM01� 5Ie 
reconstructions obtained made it possible to 
build atomic models of the RNA polymerase 
for each of the snapshots and to propose the 
following model for the mechanisms of RNA 
DMeaWaHe aOE reaDUJWaUJoO� 	J
 UIe baDLUraDLeE 
RN" JOEuDeT aO aDUJWe TJUe DoOforNaUJoO UIaU 
is incompatible with further RNA extension 
aOE oQeOT a DIaOOeM Uo aMMoX DMeaWaHe faDUor 
aDDeTT� 	JJ
 bJOEJOH of (re# furUIer TUabJMJTeT UIJT 
JOaDUJWe TUaUe
 faWourT bJOEJOH of JoOT JOWoMWeE 
JO UIe DMeaWaHe reaDUJoO
 aOE UIe baDLUraDLeE 
RN" TubTUraUe JUTeMf TUabJMJTeT (re#� 	JJJ
 aùer 
UIe DMeaWaHe oDDurT
 (re# DaO TUJMM aDDeTT UIe 
aDUJWe TJUe buU JT MeTT orEereE
 aOE 	JW
 bJOEJOH 
of a TubTUraUe Uo UIe aDUJWe TJUe JOEuDeT a 
conformation that is no longer accessible for 
(re# aOE UIuT eOTureT UIaU DMeaWaHe faDUorT Eo 
OoU JOUerfere XJUI reHuMar RN" eYUeOTJoO�

5aLeO UoHeUIer
 TJOHMe QarUJDMe Dryo-E. aMMoXT UIe 
obTerWaUJoO of NuMUJQMe QroUeJO DoOforNaUJoOT JO 
a single dataset and to trap distinct intermediate 
states at a resolution comparable to what can 
be obtained by X-ray crystallography for similar 
DoNQMeYeT�

Fig. 58: a) Single-
particle cryo-EM 
reconstruction 
of a functional, 
baDLUraDLeE RN" 
polymerase elongation 
DoNQMeY remOeE Uo a 
nominal resolution of 
abouU ��4 ¯� 
b) �% DMaTTJmDaUJoO 
aMMoXT Uo remOe 
EJɭereOU RN" 
polymerase 
conformations 
(compare blue vs� 
oraOHe NaQ
� 
c) *O UIe aDUJWe TJUe
 
side chains, ions, and 
nucleic acid bases 
are reToMWeE� 5Ie 
baDLUraDLeE QorUJoO 
of the RNA transcript 
JT WJTJbMe aU a MoXer 
DoOUour MeWeM 	HreeO 
EeOTJUy
�
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During the 2019 shutdown, many engineers 
and technicians from the Complex Systems 
and Biomedical Sciences (CBS) group were 
seconded to the Accelerator and Source 
division for the assembly of the Extremely 
Brilliant Source (EBS). Working with new 
colleagues on a new project was very useful 
and reinforced team spirit. Otherwise, the 
key activity was to get the beamlines EBS-
ready, preparing for much smaller beams 
and the higher degree of coherence. Three 
Eiger 2-4M detectors with CdTe sensors 
for high-energy radiation were ordered 
BOE UIF mSTU POFT BSSJWFE BU UIF FOE PG 
2019. The data rate from these detectors is 
challenging, not only for data storage, but 
also for extracting useful information, in 
real time, during data acquisition. 

5Ie $#S HrouQ XJMM reDruJU Nore UIaO �0 QoTUEoDT 
at the beginning of 2020, replacing those 
XIo Meù before UIe ��-NoOUI TIuUEoXO� 5Ie 
recruitment and training of the new postdocs 
is a top priority and essential for resuming 
uTer oQeraUJoO JO "uHuTU 2020� FJOaMMy
 a MeaE 
scientist for EBSL1, the coherence beamline, 
XaT aQQoJOUeE� 5Ie OeX beaNMJOe XJMM be buJMU 
oO *%���

5Ie ID02 beamline made use of the shutdown 
Uo JNQroWe UIe eYQerJNeOUaM TeUuQ aOE TaNQMe 
eOWJroONeOUT� 5Ie NoTU JNQorUaOU aEEJUJoO 
to the beamline is an Eiger 2-4M detector that 
XJMM be UIe NaJO S"9S�6S"9S EeUeDUor JO UIe 
fuUure� 5IJT EeUeDUor XJMM JNQroWe UIe EeUeDUJoO 
DaQabJMJUy JO S"9S�6S"9S froN XeaLMy 
TDaUUerJOH TaNQMeT
 eOabMe eYUraDUJoO of XeaL 
TJHOaMT TuQerJNQoTeE oO a MarHe baDLHrouOE 
and enhance the data quality in millisecond 
UJNe-reToMWeE eYQerJNeOUT� 

5Ie oQeraUJoO of UIe TurfaDe TDJeODe beaNMJOe 
ID03 DeaTeE JO UIe auUuNO of 20��
 aùer 2� 
yearT of oQeraUJoO� "ùer UIe E#S uQHraEe
 *%0� 
XJMM IoTU UIe fuMM-meME-NJDroTDoQe beaNMJOe 
EBSL2� ParU of UIe oME TurfaDe JOTUruNeOUaUJoO 
XJMM HraEuaMMy NoWe Uo *%�0� %eTQJUe UIe 
TIuUEoXO
 UIe *%0� UeaN XorLeE oO UIe 
implementation of continuous scans for surface 
science and the upgrade of the BINoculars 
ToùXare XJUI aO JNQroWeE aMHorJUIN for error 
QroQaHaUJoO� 8e XouME MJLe Uo UIaOL aMM QreWJouT 
uTerT aOE TUaɭ for UIeJr EeEJDaUJoO Uo *%0�� 

ID09
 UIe beaNMJOe for UJNe-reToMWeE TUuEJeT
 
orHaOJTeE UXo XorLTIoQT JO 20�� Uo eYQMore 
the potential for new applications and user 

DoNNuOJUJeT� 5Ie mrTU XorLTIoQ foDuTeE oO UIe 
complementarity between the FXE beamline 
aU UIe EuroQeaO 9FE- aOE *%0�
 JODMuEJOH 
UIe EJɭereODe JO UJNe reToMuUJoO aOE TUyMe of 
experiment (single shot vs� NuMUJ-TIoU
 aU UIe 
UXo faDJMJUJeT� 5Ie TDJeOUJTUT aU UIe beaNMJOeT 
are OoX DoMMaboraUJOH Nore DMoTeMy
 EeWeMoQJOH 
OeX NeUIoET aOE TIarJOH ToùXare� 5Ie 
TeDoOE XorLTIoQ reWJeXeE QroHreTT aOE fuUure 
QroTQeDUT JO TIorU-QuMTe TDJeODe JO EJɭraDUJoO
 
TDaUUerJOH
 TQeDUroTDoQy aOE JNaHJOH� 

A new high-speed chopper will be installed 
JO "QrJM 2020
 NaLJOH JU QoTTJbMe Uo QerforN 
QuNQ-Qrobe eYQerJNeOUT aU � L)[� 5Ie DoIereOU 
femtosecond laser will also be upgraded to 
� L)[� For 9-ray eNJTTJoO
 UIe 7oO )aNoT 
TQeDUroNeUer XJMM reDeJWe �� OeX aOaMyTerT XJUI 
TUroOHer NaHOeUJD NouOUT� 0O UIe UIeory TJEe
 
UIe JOUeOTJUy of a HJWeO eNJTTJoO MJOe
 TUJNuMaUeE 
oɭ-reToOaODe by a QJOL beaN
 XaT DaMDuMaUeE 
aOaMyUJDaMMy� *U JT OoX QoTTJbMe Uo QreEJDU MJOe 
intensities and optimise the experimental 
parameters (concentration, excitation energy, 
aOE aOaMyTer reneDUJoO aOE EeUeDUor aOHMe
� 

5Ie aDUJWJUJeT oO ID10 Xere EeWoUeE Uo JNQroWJOH 
the instrumentation and encouraging the users 
Uo UaLe aEWaOUaHe of UIe OeX oQQorUuOJUJeT 
oɭereE by UIe E#S� #oUI eOE-TUaUJoOT are 
preparing the infrastructure for the integration 
of aO EJHer 2-4. EeUeDUor
 aT oO *%02� 5IJT 
detector will fully exploit the increased brilliance 
aU IJHIer eOerHJeT of UIe E#S� " XorLTIoQ 
EeEJDaUeE Uo DoIereODe
 aOE UIe 6S57 SDIooM 
on the characterisation of glass structure, were 
organised to expand the coherence community 
(X-ray photon correlation spectroscopy, or 
9P$S
 aOE DoIereOU 9-ray EJɭraDUJoO JNaHJOH
 
or $9%*
 aOE Uo JEeOUJfy OeX aQQMJDaUJoOT TuDI 
as high-pressure research and dynamics in 
DroXEeE NeEJa� "NoOH UIe TDJeOUJmD IJHIMJHIUT 
in this chapter, CXDI was used for 3D imaging 
of DoDDoMJUIoQIore TLeMeUoOT
 eTUabMJTIJOH a MJOL 
between their morphology and mass (page 67
�

5Ie aDUJWJUJeT of UIe TurfaDe TDJeODe eOE-
station EH1 concentrated on two-dimensional 
OaOoNaUerJaMT� *%�0 JT a QarUOer JO UIe 
European project Formation of 2D materials on 
liquid metal catalysts 	-.$aU� 2020-FE50PEN

 
XIJDI JT fuOEJOH a reaDUor for DIeNJDaM WaQour 
EeQoTJUJoO 	$7%
 of 2% OaOoNaUerJaMT oO MJRuJE 
NeUaMT� $7% of HraQIeOe XaT UIuT DIaraDUerJTeE 
on a molten copper surface by X-ray 
reneDUJWJUy aOE Hra[JOH JODJEeODe EJɭraDUJoO� 
In this chapter, a study of a 2D nanomaterial, 
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MXene, is presented on page 81� FJOaMMy
 UIe 
beamline is planning new optics for focusing 
the beam to 3 microns at high energies in both 
eOE-TUaUJoOT� 

5Ie bJoNeEJDaM beaNMJOe ID17 UooL 
aEWaOUaHe of UIe TIuUEoXO Uo QerforN a 
NaKor NaJOUeOaODe DaNQaJHO� FurUIerNore
 
UIe $5 NoOoDIroNaUor XaT refurbJTIeE aOE 
the pit for the patient positioning system was 
installed in end-station EH1, in preparation for 
.JDrobeaN RaEJaUJoO 5IeraQy 	.R5
 DMJOJDaM 
UrJaMT� 5Ie TDJeOUJmD IJHIMJHIUT JO UIJT DIaQUer 
based on data collected at ID17 comprise 
a study on the response of radio-resistant 
NeMaOoNa Uo .R5 	page 71
 aOE UIe mrTU 
direct detection of airway closures in acute 
respiratory distress syndrome (page 73
 by 
QIaTe-DoOUraTU $5 JNaHJOH� 8IJMe NoTU of UIe 
#JoNeEJDaM FaDJMJUJeT Xere DMoTeE
 aDUJWJUy XJMM 
be raNQeE uQ oWer UIe DoNJOH NoOUIT aOE UIe 
labs will be fully operational for the restart of 
uTer oQeraUJoO� 

5Ie TearDI for OeX QarUOerT for UIe 
PBSUOFSTIJQ GPS 4Pù $POEFOTFE .BUUFS 
laboratory (PSCM

 XIJDI JT ruO KoJOUMy by 
UIe *--�ESRF
 reTuMUeE JO UIe aQQoJOUNeOU of 
TJY QarUOerT 	four OeX aOE UXo reOeXaMT
� 5Ie 
partners will contribute to new science and 
JOTUruNeOUaUJoO for UIe beOemU of *--�ESRF 
uTerT JO HeOeraM� *NQorUaOU QroHreTT XaT NaEe 
JO �%-QrJOUeE NJDronuJEJDT
 DoOUaDU-reToOaODe 
and nanocalorimetry-coupled AFM, cryogenic 
TaNQMe eOWJroONeOUT aOE faTU OaOoTDaMe 
TDaOOJOH� NeX JOTUruNeOUT JOTUaMMeE JO 20�� 
JODMuEeE aO eWaDuaUeE oWeO
 a TQJO DoaUer aOE a 
refurbJTIeE 5("�%5" JOTUruNeOU�

M. WULFF
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Evaporation-induced assembly of colloidal nanocrystals into highly ordered superstructures is observed in real 
time using in-situ small-angle X-ray scattering. The results show that the superlattice in the swollen state exhibits 
a hexagonal closed-packed structure, which rearranges into the body-centered cubic structure upon complete 
solvent evaporation�
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5Ie abJMJUy of DoMMoJEaM OaOoDryTUaMT 	N$T
 Uo 
form ordered structures by self-assembly is an 
aUUraDUJWe Xay Uo QroEuDe fuODUJoOaM EeWJDeT� 
)oXeWer
 Eue Uo UIe DoNQMeY JOnueODe of NuMUJQMe 
ErJWJOH forDeT aOE JOUeraDUJoOT beUXeeO UIe 
JOorHaOJD IarE Dore
 orHaOJD Toù TurfaDe-DoaUJOH 
MJHaOET aOE TurrouOEJOH ToMWeOU NoMeDuMeT
 JU 
JT EJɮDuMU Uo QreEJDU aOE DoOUroM UIe obUaJOeE 
TuQerTUruDUure� $oOTeRueOUMy
 a UIorouHI 
uOEerTUaOEJOH of a ToMWeOU-NeEJaUeE aTTeNbMy 
process is required to produce nanocrystal 
superlattices with a preferred phase and desired 
properties [1]�

-eaE TuMmEe 	PbS
 OaOoDryTUaMT Xere DIoTeO aT 
a model system to study the assembly process 
due to the possibility to produce monodisperse 
particles in a colloidal solution with a precisely 
DoOUroMMeE TJ[e� .oreoWer
 TeNJDoOEuDUor 
PbS NCs exhibit unique electronic properties 
XJUI UuOabMe baOEHaQ
 XIJDI NaLeT UIeN 
aUUraDUJWe for NaOy QoUeOUJaM UeDIOoMoHJDaM 
applications including solar cells, light-emitting 
EJoEeT
 UraOTJTUorT
 QIoUoEeUeDUorT
 eUD�

" TQeDJaMMy EeTJHOeE TaNQMe eOWJroONeOU XaT 
used [2] for in-situ small-angle X-ray scattering 
	S"9S
 aU ID02� Figure 59 shows how the real-
time NC assembly was monitored using SAXS in 
UraOTNJTTJoO HeoNeUry uQoO DoOUroMMeE ToMWeOU 
eWaQoraUJoO froN a buML DoMMoJEaM TuTQeOTJoO� 
2uaTJ-TQIerJDaM PbS N$T XJUI ��� ON EJaNeUer 
aOE �� EJTQerTJUy Xere DaQQeE XJUI oMeJD aDJE 
MJHaOET aOE EJTToMWeE JO a EeTJreE orHaOJD 
ToMWeOU 	IeQUaOe or UoMueOe
� 5Ie oMeJD aDJE-
TUabJMJTeE PbS N$T Xere raUIer Toù
 XJUI a 
ligand length to nanocrystal radius ratio of 
����
 aOE eYIJbJUeE a MJHaOE HraùJOH EeOTJUy 
of ƅ 4�� NoMeDuMeT�ON2� 5Ie TNaMM aNouOU of 
colloidal suspension (< 2� �M
 eWaQoraUeE XJUIJO 
aQQroYJNaUeMy UXo IourT� 5Ie eWoMuUJoO of UIe 
aTTeNbMy QroDeTT XaT obTerWeE aU EJɭereOU 
points of the three-dimensional sample cell, 
where the superlattice crystallisation occurred 
aMoOH UIe DeMM XJOEoXT uQoO NoWeNeOU of 
UIe eWaQoraUJoO froOU 	Figure 59
� 6TJOH UIJT 
approach, intermediate superlattice states 

Fig. 60: a) 5JNe-reToMWeE S"9S DurWeT EurJOH UIe in-situ self-
aTTeNbMy of PbS N$T froN a 2� NH�NM TuTQeOTJoO JO IeQUaOe� 
b) EWoMuUJoO of UIe QoTJUJoOT of #raHH QeaLT aU EJɭereOU 
NeaTureNeOU QoJOUT oO UIe DeMM XJOEoXT� (rey area JOEJDaUeT UIe 
NoNeOU of UIe DoNQMeUe EryJOH of UIe TyTUeN�

Fig. 60
aTTeNbMy of PbS
b)
NeaTureNeOU QoJOUT oO UIe DeMM XJOEoXT� (rey area JOEJDaUeT UIe 
NoNeOU of UIe DoNQMeUe EryJOH of UIe TyTUeN�

Fig. 59: a) Schematic representation of the sample cell for the 
in-situ SAXS study of the self-assembly of colloidal PbS NCs 

EurJOH DoOUroMMeE ToMWeOU eWaQoraUJoO� *O UIe eWaQoraUJoO-JOEuDeE 
aTTeNbMy
 N$T TeMf-orHaOJTe JOUo IJHIMy orEereE TuQerMaUUJDe mMNT 

aMoOH UIe DeMM XJOEoXT� b) SDaOOJOH eMeDUroO NJDroTDoQy 	SE.
 
JNaHe of UIe TeMf-aTTeNbMeE TuQerMaUUJDe mMN� c) 5raOTNJTTJoO 

eMeDUroO NJDroTDoQy 	5E.
 JNaHe of JOEJWJEuaM N$T�



Monitoring Nanocrystal Self-Assembly in 
ReaM 5JNe 6TJOH *O SJUu SNaMM-"OHMe 9-Ray 
SDaUUerJOH
 *� -oLUeWa 	a
 b

  
.� ,oof 	a
 b

 .� 8aMUIer 	a

  

(� (ràbeM 	a
 b
 aOE F� -eINLàIMer 	a
 b

 
Small 15
 ��004�� 	20��
�  
EoJ� �0��002�TNMM�20��004���
(a) Deutsches Elektronen-Synchrotron 

(DESY) (Germany)
(b) The Hamburg Centre for Ultrafast 
Imaging (CUI) (Germany)

[�> .� "� #oMeT et al., Chem. Rev. 116
 ��220-��2�� 	20��
�
[2> *� -oLUeWa et al., Rev. Sci. Instrum. 90
 0���0� 	20��
�
[�> F� -eINLàIMer et al., J. Appl. Crystallogr. 47
 ����-��2� 	20�4
�
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The combination and assembly of 2D layered materials such as graphene opens up a wide range of possibilities 
for designing new composite materials with novel functionalities. Understanding the structural properties of 
TVDI NBUFSJBMT JT LFZ� )FSF
 9�SBZ EJɭSBDUJPO 	93%
 JT VTFE UP JOWFTUJHBUF NJDSPO�TJ[FE
 TJOHMF�DSZTUBM HSBQIFOF 
nBLFT
 JODMVEJOH UIFJS MJUIJBUJPO in situ.
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were recorded with ms time resolution during 
the transition of the colloidal suspension 
JOUo orEereE TuQerMaUUJDeT� 5Ie aTTeNbMeE 
TuQerMaUUJDeT reQreTeOU mMNT XJUI MarHe EoNaJO 
TJ[eT aOE UIJDLOeTTeT JO UIe �N raOHe�

During the assembly, the colloidal suspension 
DryTUaMMJTeE JOUo UIe IeYaHoOaM DMoTeE-QaDLeE 
	IDQ
 QIaTe
 foMMoXeE by UIe rearraOHeNeOU 
JOUo UIe boEy-DeOUereE DubJD 	bDD
 TuQerMaUUJDe 
(Figure 60a
� 8eMM-reToMWeE #raHH QeaLT 
indicate high crystallinity of the obtained 
TuQerTUruDUureT� 6TJOH S"9S JO UraOTNJTTJoO 
HeoNeUry
 JU XaT QoTTJbMe Uo TDaO oWer EJɭereOU 
WerUJDaM QoTJUJoOT oO UIe DeMM XJOEoXT aOE 
NeaTure UIe reaM-UJNe TuQerMaUUJDe TUaUeT� 
Interestingly, at approximately 80 minutes of 
elapsed time, the hcp phase at all measurement 
points rearranged into the bcc superlattice 
(Figure 60b
� 5IJT JOEJDaUeT UIaU UIe TuQerMaUUJDe 
TUruDUure JT EJɭereOU JO UIe ToMWaUeE aUNoTQIere 
aOE JO UIe ErJeE TUaUe XIeO UIe ToMWeOU eWaQoraUeT 
DoNQMeUeMy boUI froN UIe buML TuTQeOTJoO aOE 
froN UIe TuQerMaUUJDe WoJET�

FurUIerNore
 a TQaDe-mMMJOH fraDUJoO of Toù 
QarUJDMeT XaT fouOE JO UIe mOaM bDD TuQerMaUUJDe 

of ���
 XIJDI DoOmrNT QreWJouT obTerWaUJoOT 
UIaU Toù OaOoDryTUaMT DaO mMM TQaDe Nore 
eɮDJeOUMy UIaO IarE oOeT� "EEJUJoOaMMy
 9-ray 
DroTT-DorreMaUJoO aOaMyTJT 	9$$"
 [3] of Bragg 
reneDUJoOT XaT DarrJeE ouU JO orEer Uo aDDeTT 
information on precursor structures in the 
aTTeNbMy QroDeTT
 XIJDI JT OoU eWJEeOU froN 
DoOWeOUJoOaM S"9S aOaMyTJT� *OUrJHuJOHMy
 UIe 
9$$" reTuMUT reWeaMeE UIe forNaUJoO of TNaMM 
amounts of bcc superstructures already in the 
ToMWeOU WaQour-TaUuraUeE IDQ TuQerMaUUJDe�

5o DoODMuEe
 aO in-situ SAXS study was performed 
EurJOH UIe reaM-UJNe eWaQoraUJoO-JOEuDeE 
assembly of colloidal nanocrystals into highly 
orEereE TuQerMaUUJDe mMNT� For UIe mrTU UJNe for 
UIe JOWeTUJHaUeE TyTUeN
 UIe IDQ TuQerTUruDUure 
XaT obTerWeE JO UIe ToMWeOU WaQour-TaUuraUeE 
atmosphere, and rearranged into the bcc phase 
uQoO EryJOH� 5Ie EeUaJMeE eWoMuUJoO of UIe 
DryTUaM TUruDUure XJUI UJNe QroWJEeT Ley reTuMUT 
for understanding the assembly mechanism and 
UIe roMe of MJHaOEoToMWeOU JOUeraDUJoOT EurJOH 
UIe DryTUaMMJTaUJoO QroDeTT� 5IeTe mOEJOHT are 
important for the manufacturing of functional 
EeWJDeT baTeE oO N$ TuQerMaUUJDeT XJUI 
QroHraNNabMe QroQerUJeT�

5Xo-EJNeOTJoOaM 	2%
 MayereE NaUerJaMT TuDI 
as graphene are increasingly attracting the 
aUUeOUJoO of reTearDIerT
 UIaOLT Uo a WarJeUy 
of interesting properties and functionalities, 
and especially with respect to their manifold 
JODorQoraUJoO JOUo OoWeM WaO Eer 8aaMT 
IeUeroTUruDUureT o TUaDLeE TeUT of EJɭereOU 
atomic layers – such as tunnelling transistors, 
resonant tunnelling diodes and light-emitting 
diodes [1]� 

%eTQJUe UIe aEWeOU of TDaMabMe TyOUIeTJT NeUIoET 
[2,3]
 NeDIaOJDaM eYfoMJaUJoO froN buML DryTUaMT 
remains the prime route to manufacturing 2D 
materials with the highest quality [4]� 

)oXeWer
 UIe TJ[e of EeWJDeT QroEuDeE JO UIJT 
manner is limited, and the characteristic 
dimensions of atomically thin single-crystalline 
naLeT are oO UIe NJDroNeUre TDaMe� %ue Uo UIe 
UJOy JOUeraDUJoO WoMuNe
 TaNQMeT of UIJT TJ[e are 
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UIJT QroDeTT
 JOEJWJEuaM naLeT Xere QrobeE by a 
microfocused incident X-ray beam with energies 
of �2 Le7 	λ � ��0�� ¯
 for UIe bJMayer aOE 
���� Le7 	λ � 0���0 ¯
 for UIe NuMUJMayer TJOHMe 
DryTUaMT
 Uo reWeaM DryTUaMMoHraQIJD DIaOHeT 
JOEuDeE by UIe JOTerUJoO of UIe -J JoOT�

Figures 62a and 62c TIoX UIe 9RR DurWeT 
before and during lithiation of a bilayer and 
NuMUJMayer HraQIeOe naLe
 reTQeDUJWeMy� 5Ie 
experimental data were then modelled using 
ParraUU�T reDurTJoO forNaMJTN [5]
 NaLJOH JU 
possible to access characteristic crystallographic 
parameters of the samples, notably the c-axis 
MaUUJDe TQaDJOH� 5Ie JOUerMayer TeQaraUJoO c 
was found to increase upon lithiation in bilayer 
single crystals (Figure 62a
 aOE aMTo o aMUIouHI 
to a lesser degree – in multilayer single crystals 
(Figure 62c
� 7aMuabMe JOforNaUJoO TuDI aT UIe 
UIJDLOeTT
 rouHIOeTT aOE EeOTJUy of MayerT aOE 
interfaces at the sample surface was also gained 
(Figures 62b and 62d
�

5IeTe eYQerJNeOUT EeNoOTUraUe UIe feaTJbJMJUy 
of in-situ 9-ray EJɭraDUJoO oO JOEJWJEuaM
 
NJDroO-TJ[eE TJOHMe DryTUaMT of bJ�NuMUJMayereE 
HraQIeOe naLeT TuQQorUeE oO a TubTUraUe Uo 
EJreDUMy JOWeTUJHaUe UIe TUruDUuraM QroQerUJeT of 
TuDI uMUraUIJO DryTUaMMJOe MayerT� $IaraDUerJTUJD 
JO-QMaOe #raHH QeaLT DaO be obTerWeE by (*9%
 
whereas the c-axis lattice spacing can be probed 
by 9RR� 5IeTe aQQroaDIeT DaO
 JO QrJODJQMe
 be 
eYUeOEeE Uo NJDroO-TJ[eE DryTUaMMJOe MayerT of 
any other material, including those routinely 
produced currently by mechanical exfoliation of 
MayereE DoNQouOET�

Fig. 61: Schematic 
experimental 

DoOmHuraUJoO for in-
situ 9-ray EJɭraDUJoO 

JOWeTUJHaUJoOT oO 
the electrochemical 

lithiation of exfoliated 
bilayer graphene 

naLeT� " ToMJEJmeE 
eMeDUroMyUe 	yeMMoX
 

TerWeT aT a TourDe of 
-J JoOT 	reE TQIereT
 

that are forced to 
intercalate between 
the graphene sheets 

	Hrey
 XIeO a HaUe 
WoMUaHe U( is applied 

to a counter electrode 
with respect to the 
bJMayer� %urJOH UIJT 

process, microfocused 
9-rayT 	WJoMeU
 Nay 

be EJɭraDUeE froN 
the sample to probe 
TUruDUuraM DIaOHeT�

Fig. 62: SQeDuMar 9-ray reneDUJWJUy 
	9RR
 before 	uQQer DurWeT
 aOE 

EurJOH 	MoXer DurWeT
 MJUIJaUJoO of 
(a) a bilayer and (c) a multilayer 

HraQIeOe naLe� EYQerJNeOUaM EaUa 
	bMaDL
 JO (a) and (c) are calculated 
uTJOH ParraUU�T reDurTJoO forNaMJTN 

	reE
 XJUI UIe QaraNeUerT HJWeO 
in (b) and (d) reTQeDUJWeMy� 

Parameters are ρ: the density of 
Si, of SiO2 and of graphitic carbon; 
σ: the roughness of Si, of SiO2 and 

of graphene; d� UIe UIJDLOeTT of 
SiO2; b: the separation between the 
lowest graphene layer and the SiO2 
surface, and c� UIe HraQIeOe naLe�T 

c-aYJT MaUUJDe TQaDJOH�

eYUreNeMy DIaMMeOHJOH Uo JOWeTUJHaUe by 9-ray 
EJɭraDUJoO 	9R%
� For UIe DaTe of HraQIeOe
 oOMy 
a feX 9R% JOWeTUJHaUJoOT IaWe beeO reQorUeE
 
aOE UIeTe IaWe beeO reTUrJDUeE Uo UIJO-mMN 
systems, with atomically thin samples reaching 
UIe DeOUJNeUre TDaMe� 5IJT XorL EeNoOTUraUeT 
UIaU 9R% DaO be uTeE Uo JOWeTUJHaUe JOEJWJEuaM
 
NJDroO-TJ[eE
 TJOHMe-DryTUaMMJOe bJMayer or 
NuMUJMayer HraQIeOe naLeT
 aOE JOEeeE Uo TUuEy 
UIe MJUIJaUJoO of JOEJWJEuaM TJOHMe-DryTUaMT in situ� 

#JMayer aOE NuMUJMayer HraQIeOe naLeT Xere 
NeDIaOJDaMMy eYfoMJaUeE froN buML HraQIJUe aOE 
then isolated on Si substrates in order to minimise 
UIe TubTUraUe 9R% DoOUrJbuUJoOT� (ra[JOH 
JODJEeODe 9-ray EJɭraDUJoO 	(*9%
 XaT eNQMoyeE 
aU "N," TyODIroUroO JO (erNaOy Uo Qrobe UIe 
JO-QMaOe #raHH QeaLT
 XIJDI EeNoOTUraUeE UIe 
TJOHMe-DryTUaMMJOe OaUure of UIe naLe� SQeDuMar 
9-ray reneDUJWJUy 	9RR
 XaT UIeO DarrJeE ouU aU 
beamline ID03, JO orEer Uo JOWeTUJHaUe in situ the 
MJUIJaUJoO of JOEJWJEuaM HraQIeOe TJOHMe-DryTUaMT� 
A peripheral electrochemical cell was used to 
induce the intercalation of Li ions between the 
graphene sheets, as explained in the experimental 
setup schematic in Figure 61� #efore aOE EurJOH 



ProbJOH EYfoMJaUeE (raQIeOe -ayerT aOE 
5IeJr -JUIJaUJoO XJUI .JDrofoDuTeE 9-rayT
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 %� ,ÊrDIer 	a

 
F� PaoMuDDJ 	a

 P� 8oDIOer 	a

 S� FeDIer 	a

 

+� %rOeD 	b

 R� FeMJDJ 	b
 aOE +�)� SNeU 	b
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(a) Max Planck Institute for Solid State 

Research, Stuttgart (Germany) 
(b) ESRF
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Coccolithophores are unicellular algae a few micrometres in size that can produce, through a mechanism that 
JT TUJMM QPPSMZ VOEFSTUPPE
 POF PG UIF TNBMMFTU TLFMFUPOT JO UIF NBSJOF XPSME� 'PS UIF mSTU UJNF
 UIFTF TLFMFUPOT 
were imaged in three dimensions by tomography, allowing a better understanding of the link between their 
morphology and certain organelles of the cell�
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Around 210 million years ago, at the end of the 
5rJaTTJD QerJoE
 ToNe uOJDeMMuMar aMHae beMoOHJOH 
Uo UIe IaQUoQIyUe MJOeaHe EeWeMoQeE UIe 
ability to produce biogenic calcium carbonate 
TDaMeT
 or ADoDDoMJUIT�� $aMDJmDaUJoO by UIeTe 
ADoDDoMJUIoQIore� NJDroaMHae NoEJmeE UIe 
composition of the ocean (and, as a consequence, 
UIe aUNoTQIere
 by UraQQJOH EJTToMWeE JOorHaOJD 
DarboO 	%*$

 aOE aMTo DIaOHeE UIe DarboOaUe 
cycle by forming carbonate-rich deep ocean 
TeEJNeOUT� NoXaEayT
 DoDDoMJUIoQIoreT are UIe 
main extant calcifying organisms and form one 
of UIe TNaMMeTU aOE MJHIUeTU eYoTLeMeUoOT JO UIe 
XorME o ADoDDoTQIereT�
 DoNQoTeE of �0 Uo �0 
DoDDoMJUIT� 

5Ie DoNQMeY euIeEraM �% NorQIoMoHJeT of 
coccoliths are produced inside the cell in the 
DoDDoMJUI WeTJDMe 	$7

 a EeEJDaUeE WeTJDMe 
sandwiched between the nucleus of the cell and 
UIe reUJDuMar boEy� 0ODe HroXUI JT DoNQMeUe
 
exocytosis occurs and the newly formed coccolith 
KoJOT UIe DoDDoTQIere TurrouOEJOH UIe DeMM� 
6OEerTUaOEJOH DoDDoMJUI forNaUJoO reQreTeOUT a 
NaKor DIaMMeOHe JO UIe meMET of bJoNJOeraMJTaUJoO
 
NJDroQaMeoOUoMoHy aOE eOWJroONeOUaM TDJeODe� 
*O UIJT TUuEy
 TJOHMe DoDDoMJUIoQIore TLeMeUoOT 
from the numerically dominant extant family 
Noëlaerhabdaceae (including the genera 
Emiliania, Gephyrocapsa and Reticulofenestra
 
were imaged with a resolution close to 30 nm 
using three-dimensional coherent X-ray 
EJɭraDUJoO JNaHJOH 	$9%*
 aU beaNMJOe ID10� 

Comparisons between scanning electron 
NJDroTDoQy 	SE.
 aOE $9%* JNaHeT WaMJEaUeE 
the accuracy of reconstructions as shown for 

G. oceanica in Figure 63a� 5Ie TJHOJmDaOU 
aEWaOUaHe of $9%* oWer SE. JT Uo uOraWeM 
UIe �% NorQIoMoHy of UIe DoDDoTQIere� EaDI 
DoDDoMJUI of eaDI TLeMeUoO DaO be TeHNeOUeE aT 
illustrated for E. huxleyi in Figure 63b� SeWeraM 
extracted coccoliths are shown in Figure 63c� 
Cross sections show that both shields of the 
coccoliths are out-of-plane inclined by about α ~ 
�0 � �¡ aMoOH UIe NaKor aYJT� 5IeTe JODMJOaUJoOT 
MJLeMy DorreTQoOE Uo UIe DurWaUure of UIe OuDMear 
NeNbraOe Uo XIJDI UIe DoDDoMJUI WeTJDMe JT 
apposed during intracellular formation of 
the coccolith [1,2]� 5Ie DoOTUaOU WaMue of UIe 
inclination of the shield α TuHHeTUT a QoTJUJWe 
DorreMaUJoO beUXeeO UIe TJ[e of UIe DeMM OuDMeuT 
aOE DoDDoMJUI TJ[e�

" Ley QoJOU JT UIaU UIe NaUure DoDDoMJUIT 
composing the coccosphere exhibit a central 
area
 or AHrJE� 	TIoXO JO yeMMoX JO Figure 63c
 
reminiscent of an organic template called the 
AorHaOJD baTe QMaUe TDaMe� 	0#PS

 arouOE XIJDI 
OuDMeaUJoO aOE HroXUI of UIe DoDDoMJUI UaLeT 
QMaDe� #y NeaTurJOH UIe OuNber of TeHNeOUT 
n, that is to say the number of single calcite 
crystals composing each coccolith, which are 
radially distributed around the grid as illustrated 
in Figure 63d, it was found that the longer the 
peripheral grid perimeter, the higher the number 
of TeHNeOUT� "T UIe HrJE QerJNeUer MJOearMy 
TDaMeE XJUI UIe OuNber of TeHNeOUT
 UIe aWeraHe 
width of the segments at the location of the 
perimeter was constant and close to w � ��� ON
 
XIaUeWer UIe TQeDJeT� *U XaT EeEuDeE froN UIeTe 
analyses that the perimeter of the OBPS controls 
UIe OuDMeaUJoO TJUe OuNber XJUI aO aWeraHe 
TJUe QerJoEJDJUy of arouOE ��� ON� " QoTJUJWe 



X-ray nanotomography of coccolithophores 
reWeaMT UIaU DoDDoMJUI NaTT aOE TeHNeOU 
OuNber DorreMaUe XJUI HrJE TJ[e
  
5� #euWJer 	a
b

 *� ProberU 	D

  
-� #eauforU 	E

 #� SuDIÏraT-.arY 	E

  

:� $IuTILJO 	b

 F� ;oOUoOe 	b
 aOE  
"� (JbauE 	a

 Nat. Commun. 10
 ��� 
	20��
� EoJ� �0��0���T4�4��-0��-0����-Y� 
(a) IMMM, Le MANS (France)
(b) ESRF

(c) UniversitÏ Pierre et Marie Curie, Roscoff 
(France) 
(d) Aix Marseille Univ, CNRS, IRD, INRA, Coll 
France, CEREGE, Aix-en-Provence (France)

[�> E� PaaTDIe
 Phycologia 40
 �0�-�2� 	200�
� 
[2> 9� :JO et al., J. Phycol. 54
 ��-�04 	20��
�
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correlation between the mass m of coccoliths 
and the number of calcite segments n was also 
obTerWeE
 obeyJOH Uo a mrTU aQQroYJNaUJoO UIe 
relation:

m  � 4��� Y �0o�n�����

with n being the number of calcite segments 
and m UIe NaTT of a DoDDoMJUI JO QH� 5Ie reTuMUT 

indirectly support the idea that the mass of 
DoDDoMJUIT JT EeUerNJOeE by UIe TJ[e of UIe 
0#PS arouOE XIJDI DryTUaM OuDMeaUJoO UaLeT 
QMaDe eWery ��� ON� *O aEEJUJoO
 UIe DurWaUure 
of DoDDoMJUIT aMMoXT JOfereODe of a QoTJUJWe 
correlation between the cell nucleus, the OBPS 
aOE DoDDoMJUI TJ[e�

Fig. 63: $9%* of DoDDoTQIereT� a) $oNQarJToO beUXeeO 	J
 SE. aOE 	JJ
 $9%* JNaHeT of G. oceanica RCC1314� b) Scheme showing 
UIe NeUIoEoMoHy uTeE Uo eYUraDU UIe DoDDoMJUIT froN UIe DoDDoTQIere� 	J
 For UIJT TQeDJeT 	E. huxleyi P41

 UIe XIoMe DoDDoTQIere 

DoOUaJOJOH �4 DoDDoMJUIT XaT TeHNeOUeE JOUo UXo QarUT� a mrTU DoDDoMJUI 	JO HreeO
 aOE a OeX DoDDoTQIere DoOUaJOJOH 
�� DoDDoMJUIT� 	JJ-JW
 5IJT QroDeEure XaT reQeaUeE uOUJM aMM DoDDoMJUIT Xere eYUraDUeE� c) FroN UoQ Uo boUUoN� EJTUaM WJeX
 TJEe 

WJeX aMoOH UIe NaKor aYJT
 aOE TJEe WJeX aMoOH UIe NaKor aYJT aùer TeDUJoOJOH IaMf of UIe eYUraDUeE DoDDoMJUIT for four EJɭereOU 
TQeDJeT� 5Ie HrJE of R. parvula JT DoMoureE yeMMoX� d) FroN DoDDoTQIere Uo TeHNeOUT� 	J
 a DoDDoTQIere of R. parvula
 	JJ
 aO 

eYUraDUeE DoDDoMJUI
 	JJJ
 UIree eYUraDUeE TeHNeOUT
 	JW
 TJEe WJeXT of oOe TeHNeOU�
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Structural changes upon light activation in a cyanobacterial phytochrome have been monitored with X-ray 
scattering. The kinetics of structural changes reveals a complex photoconversion pathway and indicates a time 
window in which the photoreaction can be characterised (e.g., for optogenetic design) in the photosensory region 
independently of the nature of the engineered output domain.
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Phytochromes are light-sensing proteins that 
transduce a light signal into a biochemical output 
to control a number of biological functions in 
plants, bacteria and fungi [1], with a mechanism 
UIaU JT TUJMM uODMear� 5Ie QIoUoTeOTory aDUJWJUy 
of phytochromes results from their capacity to 
uOEerHo a MJHIU-JOEuDeE aOE reWerTJbMe TXJUDIJOH 
between two conformers: a red-light-absorbing 
Pr forN aOE a far-reE-MJHIU-abTorbJOH Pfr forN� 
5IeTe are DIaraDUerJTeE by EJTUJODU �% TUruDUureT 
aOE TQeDUraM QroQerUJeT� PIyUoDIroNeT are 
generally soluble and dimeric proteins, with each 
NoOoNer DoOTJTUJOH of NuMUJQMe EoNaJOT� 5Ie 
protein consists of an N-terminal photosensory 
region that comprises three domains, namely 
a P"S
 ("F aOE P): EoNaJO
 aOE a $-UerNJOaM 
output domain, which is normally a histidine 
LJOaTe EoNaJO� 

5Ie MJHIU-TeOTJOH QroQerUJeT of QIyUoDIroNeT 
result from the presence of a bilin 
chromophore, either phytochromobilin in 
plant phytochromes, phycocyanobilin in 
DyaOobaDUerJaM QIyUoDIroNeT or bJMJWerEJO JO 
baDUerJaM QIyUoDIroNeT
 XIJDI JT DoWaMeOUMy 
aUUaDIeE Uo a DoOTerWeE DyTUeJOe reTJEue 
XJUIJO UIe ("F EoNaJO� 8IJMe UIe JOJUJaM 
photoisomerisation of the bilin chromophore 
IaT beeO DoOmrNeE by TeWeraM TUuEJeT
 JU XaT 

TUJMM MarHeMy uOLOoXO IoX JToNerJTaUJoO aMUerT 
the bilin conformation, changes the structure of 
UIe bJMJO bJOEJOH QoDLeU
 aOE uMUJNaUeMy UrJHHerT 
a rearrangement of the interface between the 
sensory domain and the adjacent domains, 
JO QarUJDuMar UIe To-DaMMeE ouUQuU EoNaJO� *U 
XaT aMTo uODMear Jf UIe NoUJoOT obTerWeE JO 
the sensory domain [2] Xere aɭeDUeE by UIe 
presence of the output domain in full-length 
QIyUoDIroNeT�

A combination of steady-state and time-
reToMWeE TNaMM- aOE XJEe-aOHMe 9-ray TDaUUerJOH 
	5R-S�8"9S
 aQQroaDIeT aU beaNMJOe ID09 
has been used to study the conformational 
DIaOHeT aDDoNQaOyJOH QIoUoDoOWerTJoO JO UIe 
full-length cyanobacterial phytochrome Cph1 
from Synechocystis sp. P$$��0�� 5Ie LJOeUJDT 
of structural changes in the full-length protein 
extends to the seconds timescale and is more 
complex than that recently reported for a similar 
phytochrome from Deinococcus radiodurans 
[3]� " DoNQarJToO of EaUa oO UIe fuMM-MeOHUI 
protein with data on the photosensory region 
alone suggests that both localised and global 
DIaOHeT oO UIe �T�NT UJNeTDaMe are JOEeQeOEeOU 
of the presence of the output domain, while 
UIoTe aU MoOHer UJNeT EJɭer TJHOJmDaOUMy JO UIe 
presence of the output domain (Figure 64a
� 

Fig. 64: a) Light-
JOEuDeE 5R-S�8"9S 
patterns for Cph1 
TeOTory reHJoO 	T-$QI�
 
and full-length protein 
	f-$QI�
� b) Ab initio 
shape reconstructions 
for full-length Cph1 in 
Pr 	QJOL
 aOE Pfr 	HreeO
 
TUaUe� c) 5JNeTDaMeT 
of phytochrome 
QIoUoDoOWerTJoO�
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Pulsed laser ablation in liquids can be used to produce nanoparticles for a wide range of materials without the use 
of harmful additives. In the ablation process, however, the size distribution is not well controlled. Time-resolved 
X-ray scattering reveals how the larger nanoparticles in the size distribution are formed.

Light-induced structural changes in a full-
length cyanobacterial phytochrome probed 
by UJNe-reToMWeE 9-ray TDaUUerJOH
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 +� 8ooEIouTe 	D
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 .� 8uMɭ 	b

 .� 8eJL 	D
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 N� S� SDruUUoO 	a
 aOE  
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 � 	20��
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EoJ� �0��0���T4200�-0��-0242-0�
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(c) Institut de Biologie Structurale, CNRS, 
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(d) Univ. Rennes 1, CNRS, UBL, Institut de 
Physique de Rennes (IPR) - UMR 6251, 
Rennes (France)
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Low-resolution modelling of small-angle data 
TuHHeTUT UIaU UIe EJɭereODeT JO UIe TNaMM-aOHMe 
TDaUUerJOH reneDU a MarHe NoUJoO of UIe ouUQuU 
domains (Figure 64b

 NaLJOH JU QoTTJbMe 
Uo QroQoTe a DoNQMeUe LJOeUJD NoEeM for UIe 
TUruDUuraM QIoUoDoOWerTJoO of UIe fuMM-MeOHUI 
cyanobacterial phytochrome (Figure 64c
�

5IeTe reTuMUT XJMM IeMQ JO EeTJHOJOH oQUoHeOeUJD 
tools based on phytochromes, where one of the 
most promising strategies is to replace natural 

output domains with engineered domains 
XJUI a EeTJreE bJoMoHJDaM fuODUJoO� *OEeeE
 UIe 
separation between the photosensory region 
dynamics and the output domain on the 
�T�NT UJNeTDaMe JOEJDaUeT UIaU JO UIJT UJNe 
window the photoreaction can be characterised 
independently of the nature of the engineered 
ouUQuU EoNaJO� *U JT oOMy oO TMoXer UJNeTDaMeT 
that the structural changes are propagated to 
UIe ouUQuU EoNaJO JO a QroDeTT UIaU JT MJLeMy Uo 
be UraOTNJUUeE UIrouHI UIe MJOLer reHJoO�

In pulsed laser ablation in liquids, a solid target 
is irradiated by intense short laser pulses that 
IeaU UIe NaUerJaM Uo UIouTaOET of ,eMWJO
 XIJDI 
leads to the emission of nanoparticulate matter 
[1]� 8IJMe UIJT QroDeTT JT XJEeMy uTeE JO UIe 
synthesis of colloids with unique properties [2], 
the understanding of how these structures are 
formed is hampered by the multiscale nature of 

UIe QIeOoNeOa� )eaUJOH aOE NeMUJOH of UIe UarHeU 
occur on the pico- and nanosecond time scale 
aOE UIeTe QroDeTTeT are HoWerOeE by aUoNJD-
TDaMe JOUeraDUJoOT� 5Ie TeDoOE TUeQ
 NaUerJaM 
eKeDUJoO aOE WaQour forNaUJoO
 UaLeT QMaDe oO 
UIe NJDroNeUre Uo NJMMJNeUre MeOHUI TDaMe� 5JNe-
reToMWeE 9-ray UeDIOJRueT TuDI aT JNaHJOH [3] 
and scattering are being used to elucidate the 
forNaUJoO QroDeTT� *U IaT beeO TIoXO UIaU UIe 
WaQour bubbMe forNT aO JNQorUaOU DoNQarUNeOU 
for the enrolling reactions, including stabilisation 
and agglomeration of primary particles [3]� *O 
UIJT XorL
 by DoOUraTU
 earMJer TUeQT JO abMaUJoO
 
QarUJDMe ToMJEJmDaUJoO aOE DryTUaMMJTaUJoO are 
eYaNJOeE� 

At beamline ID09, small- and wide-angle X-ray 
TDaUUerJOH 	S"9S�8"9S
 Xere uTeE Uo EeUerNJOe 
UIe QarUJDMe EJTUrJbuUJoO aOE DryTUaMMJOJUy 	baDLeE 
by aEEJUJoOaM S"9S EaUa froN DS"9S aU S-S
� 5Ie 
EJɭuTe TDaUUerJOH froN UIe TurrouOEJOH XaUer 
TIoXeE UIe QaTTaHe of UIe eYQMoTJoO TIoDLXaWe� 
A miniature chamber was used to refresh the 
target and liquid continuously during the 
exposure to the laser and X-ray beam (Figure 65
� 
5Ie TaNQMe XaT TuɮDJeOUMy TUabMe Uo reQeaU UIe 

Fig. 65: �%-QrJOUeE abMaUJoO DIaNber� 5Ie UarHeU JT DoOmOeE by QoMyNer 
foJMT aOE JU JT NoWeE DoOUJOuouTMy Uo QreWeOU UIe MaTer froN NeMUJOH JU�
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With an excellent therapeutic index in a melanoma model, and a high tolerance by normal tissue, MRT, developed 
at ID17, could be a new therapeutic approach for radio-resistant melanoma. This study demonstrates its potential 
UP EJTSVQU CMPPE WFTTFMT
 QSPNPUJOH JOmMUSBUJPO PG UIF UVNPVS CZ JNNVOF DFMMT
 BOE JUT JOEVDUJPO PG TFOFTDFODF�
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pump-probe sequence millions of times, which is 
OeDeTTary for DaQUurJOH eYUreNeMy XeaL TJHOaMT�

5Ie 9-ray beaN QrobeE UIe NaUerJaM aU a mYeE 
EJTUaODe aboWe UIe UarHeU 	HoME aOE TJMWer rJbboOT
 
and probed the ejected particles as a function of 
MaTer�9-ray EeMay� "U 0�2 NN aboWe UIe TurfaDe
 
the expanding water bubble intersected the X-ray 
beaN � �T aùer UIe eYDJUaUJoO XJUI a ��2 QT MaTer 
pulse (see snapshots in Figure 66
� "T UIe bubbMe 
furUIer eYQaOEeE
 UIe TJHOaM EroQQeE� 5IJT JT 
foMMoXeE by a rJTe uQoO bubbMe DoMMaQTe� 5IJT JT 
consistent with the bubble being homogeneously 
mMMeE XJUI OaOoQarUJDMeT XJUI a QarUJDMe EeOTJUy 
JOWerTeMy QroQorUJoOaM Uo UIe bubbMe WoMuNe� 
Importantly, some particles were detected 
before UIe bubbMe arrJWaM� 5Iey are DryTUaMMJOe 
XJUI a MarHe DryTUaMMJUe EJaNeUre� 5IJT NeaOT 
that the larger particles are not only produced 
by agglomeration, they are also formed during 
UIe JOJUJaM MaTer eKeDUJoO� *OEeeE
 a QJoOeerJOH 
simulation has detailed this scenario with laser 
heating of the target leading to melting, but 
also sub-surface phase explosion [4]� 5IJT QIaTe 
explosion produces atoms, clusters, droplets and 
a MJRuJE UIJO mMN� RaQJE ruQUure aOE RueODIJOH 
aU UIe MJRuJEoWaQour JOUerfaDe MeaET Uo MarHe 
EroQMeUT
 XIJDI RuJDLMy DryTUaMMJTe JO UIe IJHI-
EeOTJUy XaUer JO froOU of UIe bubbMe� 

%eTQJUe IaWJOH oOMy a TNaMM NaTT fraDUJoO
 
the large particles can be detrimental for 
bJoQIoUoOJD aQQMJDaUJoOT or DaUaMyTJT
 NaLJOH 
NoOoNoEaM DoMMoJE EJɮDuMU Uo QroEuDe JO UIJT 
Xay� In-situ X-ray measurements with high 

Fig. 66: a) 5JNe-reToMWeE bubbMe IeJHIU 	UoQ

 UIe QarUJDMe NaTT EeUerNJOeE 
froN UIe PoroE JOWarJaOU 	NJEEMe

 aOE UIe DryTUaM TJ[e EJTUrJbuUJoO froN UIe 

SDIerrer XJEUI of UIe EJɭraDUJoO rJOHT 	boUUoN
� 5Ie bubbMe raEJuT JT NoEeMeE 
by a QaraboMa 	bMue MJOe

 XIJMe UIe NoEeM for QarUJDMe NaTT aTTuNeT a 
IoNoHeOeouTMy mMMeE bubbMe aU a mYeE UoUaM QarUJDMe aNouOU 	reE MJOe
�  

b) SUroboTDoQJD TOaQTIoUT of UIe bubbMe aT a fuODUJoO of UJNe� 

Early appearance of crystalline 
nanoparticles in pulsed laser ablation in 
MJRuJET EyOaNJDT
 S� ReJDI 	a

 "� -eU[eM 	b

 
"� .eO[eM 	D

 N� ,reU[TDINar 	E

  
#� (ÚLDe 	b

 S� #arDJLoXTLJ 	b
 aOE  

"� PMeDI 	a

 Nanoscale 11
 ���2-���� 
	20��
� EoJ� �0��0���D�Or0�20�f�
(a) Institute for Photon Science and 
Synchrotron Radiation, Karlsruhe Institute 
of Technology (Germany)

(b) Technical Chemistry and CENIDE, 
University Duisburg-Essen (Germany)
(c) Paul Scherrer Institute, Villigen 
(Switzerland)
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Synchrotron microbeam radiation-therapy 
	.R5

 a uOJRue NeUIoE EerJWeE froN HrJE 
raEJoUIeraQy aOE EeWeMoQeE aU ID17, spatially 

aOE QerJoEJDaMMy aMUerOaUeT Wery IJHI EoTeT 
	IeDUo-(y
 by TQaUJaM fraDUJoOaUJoO of UIe beaN 
JOUo NaOy NJDrobeaNT� 8JUI UIJT UeDIOJRue
 

temporal resolution directly probe the mass 
distribution and crystallinity of particles formed 
during laser ablation in liquids, which is essential 
for uOEerTUaOEJOH UIe QroQerUJeT of UIe DoMMoJET�
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the deposition of a high dose within the beam 
QaUI 	QeaL EoTe

 aOE MoXer EoTeT beUXeeO UIe 
NJDrobeaNT 	WaMMey EoTe

 EeNoOTUraUeE IJHI 
UIeraQeuUJD eɮDJeODy oO MaboraUory aOJNaMT 
bearing carcinomas or gliomas [1], while 
JOEuDJOH Wery MJNJUeE EaNaHe Uo UIe OorNaM 
tissue [2]� 5Ie JODJEeODe of NeMaOoNa
 UIe 
NoTU aHHreTTJWe aOE QarUJDuMarMy UreaUNeOU-
reTJTUaOU TLJO DaODer
 JT JODreaTJOH XorMEXJEe� 
Although melanoma is commonly accepted to 
be a radio-resistant tumour, radiotherapy can 
be uTeE aT a mrTU-MJOe UreaUNeOU for JOoQerabMe 
lesions or distant metastases [3]� 5IJT TUuEy 
TouHIU Uo eWaMuaUe aOE uOEerTUaOE UIe reTQoOTe 
of NeMaOoNa Uo .R5� 

B16-F10 melanoma locally implanted in 
NouTe earT Xere JrraEJaUeE �0 Uo �� EayT aùer 
JNQMaOUaUJoO XJUI TJOHMe TyODIroUroO .R5 
or broaE beaN 	##
 JrraEJaUJoO� 5Ie ## EoTe 
	��2 (y
 XaT eRuJWaMeOU Uo UIe .R5 WaMMey EoTe 
EeQoTJUeE JO UuNourT 	40��� (y QeaL EoTe 
aOE ��2 (y WaMMey EoTe
� 5Ie UuNour foMMoX-uQ 
TIoXeE TJHOJmDaOUMy beUUer UuNour DoOUroM by 
.R5 XJUI UIe EoubMJOH of UIe UuNour WoMuNe UJNe 
NeaTureE aT ��� EayT for .R5 WT� ��� EayT for 

## aOE 2�� EayT for OoO-UreaUeE 
tumours (Figure 67
� .R5 oWer 
## TIoXT a NoEJmDaUJoO of 
UIe JOUraUuNouraM bMooE WeTTeM 
supply (Figure 68a
� )JTUoMoHJDaM 
analysis demonstrated a 
reduction in the number of 
QerfuTeE WeTTeMT by 24� aU 
Eay 	%
� QoTU-JrraEJaUJoO buU 
without modifying the number 
of or the area occupied by 
UIe bMooE WeTTeMT� .oreoWer
 
UIe DoODeOUraUJoO of 7E(F-α 
EeDreaTeE aùer .R5 aU %� 
DoNQareE Uo ##� .R5-JrraEJaUeE 
tumours showed a decrease 
in the cell proliferation index 

Fig. 67: EɭeDU of JrraEJaUJoOT oO NeMaOoNa reHroXUI EeMay� 5uNour HroXUI DurWe 
aùer JrraEJaUJoO XJUI .R5 	reE

 ## 	bMue
 or TIaN-JrraEJaUeE 	bMaDL
� ReE TUarT� 
TJHOJmDaOU EJɭereODe beUXeeO .R5 aOE ## or $5R- HrouQT� #Mue TUar� TJHOJmDaOU 

EJɭereODe beUXeeO ## aOE $5R- HrouQT� #MaDL TUarT� TJHOJmDaOU EJɭereODe 
beUXeeO UIe $5R-
 .R5 aOE ## HrouQT� .eaO�SE.� �
 Q�0�0�� ����
 Q�0�000��

Fig. 68: EɭeDU of .R5 oO NeMaOoNa� 
a) *MMuTUraUJoO of QerfuTeE bMooE WeTTeMT� 
8IJUe DoOUourT� $%���� (reeO TUaJOJOH� 
F*5$-aMbuNJO�� "rroXT� OoO-QerfuTeE WeTTeMT 
	$%��� aOE F*5$-aMbuNJO-
� b) Images of 
.R5 	Meù
 aOE ## 	rJHIU
-JrraEJaUeE UuNourT 
JNNuOoTUaJOeE by ,*�� 	reE
 aOE %"P* 	bMue
 
aU %� aOE %�� .aHOJmDaUJoO ¨20� TDaMe barT 
�00 ɦN� RJHIU uQQer DorOer TRuareT� [ooN 
JO froN UIe JOEJDaUeE areaT� c) Estimation of 
TeOeTDeOU DeMM EeOTJUy Qer meME of WJeX JO .R5 
	reE

 ## 	bMue

 aOE DoOUroM 	bMaDL
 UuNourT� 
d) Images of immunostained tumour cells 
	bMue�%"P*

 $%� 5 DeMMT 	reE

 $%4 5 DeMMT 
	reE

 NaUuraM ,JMMerT 	reE
 aOE NaDroQIaHeT 
	reE
 JO UIe DoOUroM HrouQ aU %� 	Oo TurWJWorT 
aU %�

 aOE JO UIe .R5 aOE ## HrouQT aU %��
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Airway closure is thought to play an important role in acute respiratory distress syndrome (ARDS). Airway closure 
IBT CFFO JNBHFE GPS UIF mSTU UJNF JO BO "3%4 NPEFM CZ TZODISPUSPO QIBTF�DPOUSBTU JNBHJOH
 QSPWJEJOH EJSFDU 
evidence of this phenomenon.
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DoNQareE Uo ## XJUI a IJHIer EJɭereODe 	��4
 by 
%� 	Figure 68b
� *O aEEJUJoO
 JO .R5-JrraEJaUeE 
tumours, the proportion of senescent cells was 
TJHOJmDaOUMy IJHIer DoNQareE Uo UIe ## HrouQ 
(Figure 68c
� )JTUoMoHJD obTerWaUJoOT IaWe 
TIoXO aO JNQorUaOU MeuLoDyUe JOmMUraUJoO JO 
UIe .R5 HrouQ aU %�
 aUUrJbuUeE NaJOMy Uo $%� 
5 DeMMT
 NaUuraM ,JMMer DeMMT aOE NaDroQIaHeT 
(Figure 68d
� .R5-JrraEJaUeE UuNourT reMeaTeE 
JO UIeJr NJDroeOWJroONeOU a IJHIer aNouOU of 
DyUoLJOeT .$P-� aU %�
 .*P-�α, MIP-1β, IL12p40 
aOE R"N5ES aU %� DoNQareE Uo ##-JrraEJaUeE 
UuNourT�

All together, these results suggest that the better 
UuNour DoOUroM TeeO aùer .R5 JO NeMaOoNa 
JT Eue Uo� 	J
 a reEuDUJoO JO UIe UuNour bMooE 
TuQQMy by WaTDuMar EJTruQUJoO aOE oDDMuTJoO
 
MeaEJOH Uo 	JJ
 aO eOUraODe TJUe for DJrDuMaUJOH 
JOnaNNaUory aOE JNNuOe DeMMT� 	JJJ
 a EeDreaTe 
of the proliferation index, associated with a 
IJHI UuNour TeOeTDeODe
 aOE 	JW
 a TeDreUJoO 
of DyUoLJOe
 QroEuDeE by TeOeTDeOU DeMMT
 UIaU 
JOJUJaUe JOmMUraUJoO of EJɭereOU UyQe of JNNuOe 
DeMMT TuDI aT 5 DeMMT
 N, aOE NaDroQIaHeT
 XIJDI 
are JOWoMWeE JO UIe DMearaODe of TeOeTDeOU DeMMT 
aOE UIuT DoOUrJbuUe Uo UuNour DoOUroM�

"R%S JT aO aDuUe JOnaNNaUory MuOH DoOEJUJoO 
associated with high permeability oedema, 
surfactant dysfunction and widespread collapse 
of QuMNoOary aMWeoMJ
 DaMMeE aUeMeDUaTJT
 XIJDI 
MeaET Uo EeDreaTeE MuOH DoNQMJaODe aOE WoMuNe 
[1]� $MJOJDJaOT IaWe MoOH TuTQeDUeE UIaU UIe 
collapsibility of small airways is increased in 
this clinical syndrome, causing atelectasis [2,3]� 
8IJMe QaUJeOUT JOWarJabMy reRuJre NeDIaOJDaM 
WeOUJMaUJoO Uo TurWJWe
 UIJT MJfe TuQQorU NeaTure 
can worsen lung injury due to exaggerated 
stress and strain applied to the tissue, which 
JT NaHOJmeE by NeDIaOJDaM JOIoNoHeOeJUy of 
MuOH UJTTue aOE aUeMeDUaTJT� EɭorUT Uo EeWeMoQ 
WeOUJMaUJoO TUraUeHJeT UIaU QroUeDU UIe MuOH 
depend on understanding the mechanical 
beIaWJour of MuOH UJTTue aOE aJrXayT aU UIe 
NJDroTDaMe� )oXeWer
 UraEJUJoOaM DoNQuUeE 
UoNoHraQIy 	$5
 TUuEJeT IaWe OoU beeO abMe 
to clearly identify airway closure as a cause of 
aUeMeDUaTJT
 Eue Uo MJNJUeE TQaUJaM reToMuUJoO� 
5o beUUer JEeOUJfy UIe NeDIaOJTNT JOWoMWeE JO 
aJrXay DMoTure
 JU JT OeDeTTary Uo TUuEy JOEJWJEuaM 
aJrXayT� )ere
 UIe TaNe JOEJWJEuaM TNaMM aJrXayT 

Fig. 69: $5 TMJDeT (a) and 3D rendering of a single terminal airway (b) 
EeNoOTUraUJOH DMoTure aT aJrXay QreTTure JT reEuDeE� PEEP� QoTJUJWe 

end-expiratory pressure, ZEEP� [ero eOE-eYQJraUory QreTTure� c) ReMaUJWe 
DIaOHe JO DroTT-TeDUJoOT of NaUDIeE JOEJWJEuaM aJrXayT WerTuT aJrXay 
pressure (Paw

 JO OorNaM 	Left, O � 4�
 aOE "R%S 	Right
 O � �2
 MuOHT� 

ɤ$S� DIaOHe JO aJrXay DroTT-TeDUJoO�



*OEJWJEuaM aJrXay DMoTure DIaraDUerJ[eE 
*O WJWo by QIaTe-DoOUraTU $5 JNaHJOH JO 
JOKureE rabbJU MuOH
 -� #roDIe 	a
b

  
P� PJTa 	D

 -� Porra 	E
e

  
-� %eHruHJMMJerT 	f

 "� #raWJO 	b

  
.� PeMMeHrJOJ 	a

 +� #� #orHeT 	a

 
(� PerDIJa[[J 	a

 "� -arTToO 	a

  
(� )eEeOTUJerOa 	a
 aOE S� #ayaU 	H
I
� 
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 e��4-e��� 	20��
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in intact lungs of anesthetised and mechanically 
WeOUJMaUeE rabbJUT XJUI "R%S Xere TUuEJeE uTJOH 
high-resolution synchrotron phase-contrast 
computed tomography at beamline ID17� 

ProQaHaUJoO-baTeE QIaTe-DoOUraTU $5 JNaHJOH 
XaT QerforNeE XJUI a 4��� ɦN3 WoYeM TJ[e
 aU 
QoTJUJWe eOE-eYQJraUory QreTTureT 	PEEP
 of �2
 
�
 �
 � aOE 0 DN)20� 5Ie JNaHJOH TeRueODe 
XaT reQeaUeE aùer MuOH JOKury JOEuDeE by 
TurfaDUaOU EeQMeUJoO UIrouHI XIoMe MuOH MaWaHe 
aOE IJHI-UJEaM WoMuNe NeDIaOJDaM WeOUJMaUJoO JO 
aOeTUIeUJTeE rabbJUT� $roTT-TeDUJoOT of UIe TaNe 
JOEJWJEuaM aJrXayT Xere NeaTureE 	Figure 69
� 
Airway collapsibility increased in the injured 
MuOH XJUI a TJHOJmDaOUMy faTUer EroQ JO aJrXay 
cross-section as airway pressure decreased in 

TNaMM aJrXayT raOHJOH beUXeeO 2�0 o ���0 �N 
in radius at 12 cmH20� 

5Ie NaJO NeDIaOJTN of aJrXay DMoTure JO 
JOJUJaMMy QaUeOU aJrXayT JO "R%S XaT JEeOUJmeE 
aT ADoNQMJaOU DoMMaQTe� 	Figure 69a
� 5IeoreUJDaM 
TUuEJeT TuHHeTU UIaU UIJT NeDIaOJTN JOWoMWeT aO 
JOTUabJMJUy JO UIe UIJDLOeTT of UIe nuJE MJOJOH Mayer 
of UIe aJrXay XaMM� 8Iere UIJT nuJE Mayer UIJDLeOT
 
UIe DoNQreTTJWe forDeT UIaU are HeOeraUeE DauTe 
a buDLMJOH of UIe aJrXay XaMM UIaU DaO MeaE Uo 
the collapse of the airway lumen along a certain 
MeOHUI� .oreoWer
 UIe aOaMyTJT of aJrXay DroTT-
TeDUJoOT WT� MeOHUI reWeaMeE UIaU DMoTure DaO 
occur at more than one site, sometimes leading 
to gas trapping and distension of the lumen 
(Figure 70
� 

EWJEeODe of DoNQMJaOU DoMMaQTe of aJrXayT 
JO "R%S JT JOEJDaUeE by UIe JOWoMWeNeOU of 
nuJE Mayer NoWeNeOUT aU UIe NJDroTDoQJD 
MeWeM� 5IJT TuHHeTUT UIaU aJrXay DMoTure 
and reopening is not merely dependent 
on critical opening and closing pressures 
but is also a highly dynamic, time-
dependent phenomenon [4]� 5IJT Nay 
IaWe JNQMJDaUJoOT for QaUJeOUT XJUI "R%S 
uOEer NeDIaOJDaM WeOUJMaUJoO� SUraUeHJeT 
aiming at reducing the time during which 
respiratory pressure is lowered during the 
breaUIJOH DyDMe Nay IeMQ QreWeOU aJrXay 
DMoTure�

5IJT TUuEy aMTo uOEerTDoreT UIe OeeE for 
furUIer EeWeMoQNeOU of faTU
 IJHI-reToMuUJoO 
imaging techniques to dynamically image 
lung tissue mechanics at the microscale 
[5]
 JEeaMMy XJUIJO UIe UJNe TQaO of a breaUI� 
5Ie DruDJaM MJOL beUXeeO NJDroTDoQJD 
lung tissue strain, and initiation and 
NaJOUeOaODe of JOnaNNaUJoO
 XIJDI MeaET 
Uo IJHI NorUaMJUy MeWeMT JO "R%S QaUJeOUT
 JT 
TUJMM Uo be JOWeTUJHaUeE
 aOE EyOaNJD 9-ray 
tomography with synchrotron sources 
QroNJTeT Uo QaWe UIe Xay�

Fig. 70: Examples of matched airways at baseline (left
 aOE foMMoXJOH MuOH 
injury (right
 EeNoOTUraUJOH EJɭereOU MoDaUJoOT of aJrXay DoMMaQTe XJUI reTQeDU 
Uo UIe TUuEJeE TeHNeOU EeMJOeaUeE by UIe reE EoUUeE MJOeT� �%-reOEereE aJrXayT 

reorJeOUeE for beUUer WJTJbJMJUy� *OUerQreUaUJoO� a) Airway closure occurs upstream 
Uo UIe NeaTureE TeHNeOU� b) Closure of the downstream end of the studied 

TeHNeOU� c) Closure in two locations causing trapping of air within the lumen 
of UIe TUuEJeE TeHNeOU�



.": 5)E F0R$E #E 8*5)*N (E-
Hydrogels with adaptive mechanical properties are excellent materials to capture the dynamic nature of life. 
5IJT XPSL JOUSPEVDFT BO JOUFSQFOFUSBUJOH OFUXPSL UIBU EFNPOTUSBUFT B TIBSQ
 JOUFOTF BOE SFWFSTJCMF TUJɭFOJOH 
response to a minor change in the environment. Small-angle X-ray scattering (SAXS) experiments were essential 
to elucidate the mechanism of internal force transfer.
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NaUure uTeT NeDIaOJDaM DueT for a broaE WarJeUy 
of DeMMuMar QroDeTTeT� 8IJMe JU JT aDLOoXMeEHeE 
UIaU UIe TUJɭOeTT of UIe DeMM�T TurrouOEJOHT are 
DruDJaM for UIeJr EeWeMoQNeOU [1], the mechanical 
properties of naturally occurring gels are far 
froN DoOTUaOU� NaOy UJTTueT ToùeO or TUJɭeO 
Eue Uo EeHraEaUJoO
 EJTeaTe EeWeMoQNeOU or 
contraction, for instance muscles [2]� "MUIouHI 
UIe TQeDUruN of MJfe-MJLe IyEroHeMT XJUI TUJNuMJ-
reTQoOTJWe QroQerUJeT JT eYQaOEJOH [3], capturing 
UIeTe aEaQUJWe NeDIaOJDaM QroQerUJeT in vitro 
JT TUJMM RuJUe DIaMMeOHJOH� 5IJT XorL reQorUT UIe 
EeWeMoQNeOU of a TyOUIeUJD IyEroHeM baTeE oO 
QoMyJToDyaOJEeT 	P*$
 UIaU uOJRueMy NJNJDT UIe 
mechanical properties of biological gels [4]� 
(eM forNaUJoO JT UIerNaMMy JOEuDeE UIrouHI 
the assembly of polymer chains into bundles 
(Figure 71a
 [5]� 5Ie reTuMUJOH OeUXorL JT TUreTT-
TUJɭeOJOH 	i.e.
 UIe IyEroHeM EJTQMayT a TUrJLJOH 
JODreaTe JO UIe TUJɭOeTT XIeO TUreTTeE
�

"O JOUerQeOeUraUJOH OeUXorL XaT EeTJHOeE
 
DoNQoTeE of P*$ aOE UIe UIerNoreTQoOTJWe QoMy	N-
JToQroQyMaDryMaNJEe
 	PN*P".
 	Figure 71a
� 
A minute change in the temperature collapses 
UIe PN*P". OeUXorL 	Figure 71a

 UraOTferrJOH 
the forces of the collapsing chains onto the PIC 
OeUXorL� 5IJT JOUerOaM TUreTT UrJHHerT UIe TUreTT-
TUJɭeOJOH reTQoOTe
 reTuMUJOH JO a TIarQ aOE 
WaTU JODreaTe of UIe TUoraHe NoEuMuT 	Gh
 of 
more than 10 times (Figure 71b
� 5Ie TUJɭeOJOH 
reTQoOTe JT DoNQMeUeMy reWerTJbMe aOE DoOUroMMeE 
by UIe IyEroHeM DoNQoTJUJoO� 5Ie UraOTJUJoO 
UeNQeraUure DaO be UuOeE aT EeTJreE� .oreoWer
 
RuaOUJmDaUJoO of UIe HeOeraUeE forDeT TIoXT 
reNarLabMe TJNJMarJUJeT XJUI JOUerOaMMy TUreTTeE 
OeUXorLT of aDUJO aOE NyoTJO NoUorT
 UIe 

buJMEJOH bMoDLT reTQoOTJbMe for UIe DoOUraDUJoO of 
TLeMeUaM NuTDMeT�

SAXS experiments at BM26 made it possible to 
elucidate the mechanism of force transduction 
(Figure 72
� SDaUUerJOH of UIe JOUerQeOeUraUJOH 
OeUXorL XaT EoNJOaUeE by UIe DoOUrJbuUJoO 
of UIe P*$ OeUXorL� %aUa XaT DoMMeDUeE aU 
UeNQeraUureT JO XIJDI UIe PN*P". OeUXorL JT 
swollen (T � �0 ¡$
 aOE DoMMaQTeE 	T � 40 ¡$
� 5Ie 
EaUa XaT UIeO mUUeE Uo a DoNQoTJUe NoEeM UIaU 
combines the scattering contribution of the PIC 
buOEMeT 	,IoMoEeOLo�T XorNMJLe DIaJO NoEeM
 [6] 
aOE of UIe OeUXorL 	uTJOH UIe QIeOoNeOoMoHJDaM 
DorreMaUJoO MeOHUI NoEeM
� 

I(q
 � Ibundles(q
 � IOeUXorL(q


Fig. 71: a) 
Interpenetrating 
OeUXorL DoNQoTeE of 
P*$ 	reE
 aOE PN*P". 
	HreeO
� b) Heating 
the hybrid hydrogel 
TUJɭeOT UIe OeUXorL 
at temperatures 
aboWe UIe MoXer 
critical solution 
UeNQeraUure 	-$S5
 of 
PN*P".�

Fig. 72: S"9S QromMeT 
of P*$ OeUXorLT aU 
T � �0 ¡$ 	bMue
 aOE 
T � 40 ¡$ 	reE
 XJUI 
PNIPAM contributions 
TubUraDUeE aOE beTU mU 
using the composite 
NoEeMT 	MJOeT
� 
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The formation mechanism of polymer-coated gold nanoparticles during hydrophobic collapse and clustering was 
studied in situ using time-resolved small-angle X-ray scattering (TR-SAXS). The results provide insights into the 
interaction energies between particles and their polymer shell dynamics during rapid solvent mixing.

$yUoTLeMeUaM TUJɭeOJOH JO TyOUIeUJD 
IyEroHeMT
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FJUUJOH UIe DurWeT reWeaMT UIaU UIe P*$ OeUXorL 
becomes denser (increase in the Porod exponent 
p
 aOE UIe aWeraHe Qore TJ[e 	x
 EeDreaTeT 
XJUI PN*P". DoMMaQTe� 5Ie reTuMUT DoOmrN 

that, indeed, the conformational changes of 
UIe PN*P". OeUXorL JOUerOaMMy TUreTT UIe P*$ 
OeUXorL aOE TubTeRueOUMy JOEuDe UIe MarHe 
TUJɭeOJOH reTQoOTe�

SoMWeOU-JOEuDeE TeMf-aTTeNbMy of OaOoQarUJDMeT
 
ErJWeO by IyEroQIobJD JOUeraDUJoOT JO a MJRuJE 
QIaTe
 JT a DoOWeOJeOU TUraUeHy Uo fabrJDaUe 

DoNQMeY arDIJUeDUureT JO a boUUoN-uQ faTIJoO�
Polystyrene-stabilised gold nanoparticles (Au@
PS
 of EJɭereOU TIaQeT IaWe beeO uTeE Uo buJME a 

Fig. 73: a) Illustration of polystyrene-
coated gold nanoparticles  

	"u!PS
 uOEerHoJOH a ToMWeOU-JOEuDeE 
hydrophobic collapse triggered by 

NJDronuJEJD raQJE NJYJOH�  
b-c) 5raOTNJTTJoO eMeDUroO NJDroHraQIT 

of "u!PS 	EJaNeUer _2� ON
 JO (b) 
5)F 	HooE ToMWeOU
 aOE (c) water (poor 

ToMWeOU
� SDaMe barT� �00 ON�  
d) %eTJHO of a �% noX-foDuTJOH reaDUor 

for studying nanoparticle  
TeMf-aTTeNbMy� "u!PS JO 5)F uOEerHo 

clustering upon mixing with water in  
a Kapton-based hydrodynamic  

�% noX-foDuTJOH reaDUor� ReaM-UJNe 
67¦7JT¦N*R TQeDUroTDoQy DoMMeDUT UIe 
optical properties of the assemblies at 

UIe reaDUor ouUMeU�  
On-chip SAXS analysis along the 

DIaOOeM 	orUIoHoOaMMy Uo UIe noX aOE 
UIe MaUeraM foDuTJOH EJreDUJoOT
 aMMoXT 

UJNe-reToMWeE TUruDUuraM DIaOHeT 
of the polymer shell and clustering 

nanoparticles upon mixing to be 
EeUerNJOeE�
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WarJeUy of TUruDUureT JODMuEJOH TQIerJDaM DMuTUerT
 
EyOaNJD DIaJO-MJLe aTTeNbMJeT
 WeTJDMeT
 or 
MoX-TyNNeUry EJNerT� SJODe UIe NaKor QarU of 
UIeTe arDIJUeDUureT are LJOeUJD QroEuDUT
 UIeJr 
structure and quality depends on the way the 
OoO-ToMWeOU 	XaUer
 JT aEEeE Uo a EJTQerTJoO 
of nanoparticles, which are coated with a 
radially distributed polymer shell in a good 
ToMWeOU TuDI aT EJNeUIyMforNaNJEe 	%.F
 or 
UeUraIyErofuraO 	5)F
� *U IaT beeO reQorUeE UIaU 
XaUer aEEJUJoO JOEuDeT AIyEroQIobJD DoMMaQTe�, a 
transition from random coil to compact globule 
of UIe HraùeE QoMyNer
 XIJDI eWeOUuaMMy MeaET 
Uo UIe forNaUJoO of reHJo-TQeDJmD QoMyNerJD 
patches or compact shells on the surface of 
UIe JOorHaOJD DoreT� "MUIouHI UIe IyEroQIobJD 
DoMMaQTe of HraùeE QoMyNerT JT uOEerTUooE 
aU a TJOHMe NoMeDuMe MeWeM
 JU reNaJOT QoorMy 
JOWeTUJHaUeE JO DoMMoJEaM TyTUeNT EurJOH UIe 
TeMf-aTTeNbMy QroDeTT� 0f QarUJDuMar reMeWaODe 
are how fast the polymer shell collapses and 
how fast the particles agglomerate in reaction 
Uo UIJT eɭeDU�

5o TUuEy UIe EyOaNJDT of TurfaDe QIeOoNeOa 
aOE TeMf-aTTeNbMy JO reTQoOTe Uo eOWJroONeOUaM 
changes in situ
 TeWeraM reRuJreNeOUT TIouME 
be met: ensuring reproducible and controllable 
ToMWeOU NJYJOH 	XaUer
 5)F
� LOoXJOH UIe eYaDU 
DoODeOUraUJoO of ToMWeOUT aOE OaOoQarUJDMeT� 
aOE JNQMeNeOUJOH reaM-UJNe aOaMyUJDT� 

9-ray DoNQaUJbMe NJDronuJEJD EeWJDeT XJUI 
�%-IyEroEyOaNJD noX-foDuTJOH HeoNeUrJeT 
(Figure 73d
 QroWJEe a TuJUabMe eYQerJNeOUaM 
eOWJroONeOU Uo NeeU UIe aboWe reRuJreNeOUT 
[1,2]� *O UIJT XorL
 UIe DoNbJOaUJoO of 9-ray 
NJDrobeaN TDaOOJOH aOE EJɭuTJWe NJYJOH aMoOH 
UIe DoOUJOuouT MaNJOar noX XaT uTeE for UIe 
DoMMeDUJoO of UJNe-reToMWeE S"9S EaUa aU beaNMJOe 
ID02 (Figure 74b
� 5IJT EaUa XaT DoNQMeNeOUeE 
by aEEJUJoOaM UeDIOJRueT Uo reToMWe UIe 
EyOaNJDT of UIe ToMWeOU-JOEuDeE TeMf-aTTeNbMy 
of QoMyTUyreOe-DoaUeE HoME OaOoQarUJDMeT� 0O-
chip SAXS analysis of the entire channel of the 
reaDUor QroWJEeT JOforNaUJoO oO UIe IyEroQIobJD 
shell collapse, demonstrating that the thiol-
UerNJOaUeE QoMyTUyreOe of �� LH�NoM HraùeE oO 
HoME OaOoQarUJDMe TurfaDeT eYQerJeODeT reMaUJWeMy 
faTU DoMMaQTe XJUIJO UIe raOHe of �00-�00 ON�T� 
5Ie LOoXMeEHe of UIe EyOaNJDT of UIe QoMyNer 
shell and the amount of water at each point of 
the channel made it possible to estimate the 
eOerHy QoUeOUJaM of UIe JOUeraDUJOH OaOoQarUJDMeT� 
It was found that the aggregation process of 
Au@PS nanoparticles starts once the polymer 
TIeMMT are fuMMy DoMMaQTeE� 5IeTe mOEJOHT TuQQorU 
UIe JEea UIaU eJUIer LJOeUJDaMMy UraQQeE TNaMM 
clusters or larger aggregates can be obtained by 
UIe raUe of ToMWeOU NJYJOH
 TJODe UIe NJYJOH raUe 
determines the interaction potential landscape 
EurJOH ToMWeOU-JOEuDeE HoME OaOoQarUJDMe TeMf-
aTTeNbMy�

Fig. 74: a) 5oQ WJeX of UIe 
longitudinal cross-section of a 
TJNuMaUeE EJTUrJbuUJoO of 5)F 
DoODeOUraUJoO JO UIe DIaOOeM� 
5Ie UoUaM noX raUe XaT LeQU 
constant (Qtot � �00 �-�I
 
XIJMe UIe noX raUe raUJo 	FRR
 
of H2O:[AuNP]:H20 XaT WarJeE 
between 2 = 1:1:1, 
4 � 2���2 aOE �0 � ������ 
b) SDaUUerJOH DurWeT of noX-
focused Au@PS obtained at 
WarJouT EoXOTUreaN DIaOOeM 
positions xc� 5Ie UJNe XJOEoX 
corresponds to  
tmin � 4�� NT ƃ U ƃ tmax � 2�� T� 
5Ie bMaDL DJrDMeT DorreTQoOE 
to the data points while red 
DurWeT DorreTQoOE Uo a mUUJOH 
model for disordered hard 
sphere assemblies (Percus-
:eWJDL
� c-d) 5eNQoraM 
eWoMuUJoO of UIe eɭeDUJWe 
particle radius Reff (c) and 
UIe IarE TQIere WoMuNe 
fraction η (d) along the 
NJDronuJEJD DIaOOeM aU  
FRR = 2, 4, and 10, 
reTQeDUJWeMy� #oUI mU 
parameters reach an onset 
	EaTIeE DJrDMeT

 JOEJDaUJOH a 
fast collapse of the polymer 
TIeMM�
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5IF QPPS VOEFSTUBOEJOH PG UIF FɭFDUT PG OBOPNBUFSJBMT PO CJPMPHJDBM JOUFSGBDFT JT SFDPHOJTFE BT POF PG UIF NBKPS 
DIBMMFOHFT MJNJUJOH OBOPNFEJDJOF� 9�SBZ SFnFDUJWJUZ 	933
 BOE DPOGPDBM NJDSPTDPQZ FYQFSJNFOUT XFSF DPNCJOFE 
with computational simulations to unveil the interaction of cationic gold nanoparticles with synthetic lipid 
bilayers, a mimic of plasma membrane�
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5JNe-ReToMWeE "OaMyTJT of UIe 
SUruDUuraM %yOaNJDT of "TTeNbMJOH (oME 
NaOoQarUJDMeT
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Fundamental experimental and theoretical 
studies simulating the interaction of 
OaOoNaUerJaMT XJUI bJoreMeWaOU JOUerfaDeT 
reQreTeOU a WaMuabMe aQQroaDI Uo JNQroWJOH 
LOoXMeEHe JO UIe meME aOE EerJWJOH HeOeraM 
concepts [1-3]� 5Ie aJN of UIJT TUuEy XaT Uo 
NerHe eYQerJNeOUaM eWJEeODe obUaJOeE by 
9RR
 DoOfoDaM NJDroTDoQy aOE nuoreTDeODe 
DorreMaUJoO TQeDUroTDoQy 	F$S
 XJUI DoNQuUer 
TJNuMaUJoOT 	NoMeDuMar EyOaNJDT
 .%
 Uo 
describe the interaction of cationic gold 
OaOoQarUJDMeT 	"uNPT
 XJUI MJQJE NeNbraOeT 
DoNQoTeE of a ��� NJYUure of [XJUUerJoOJD�
anionic phospholipids, both from a structural 
aOE EyOaNJDaM QerTQeDUJWe�

Figure 75a shows the confocal microscopy 
images of the lipid membrane before (upper 
QaOeM
 aOE aùer 	MoXer QaOeM
 JODubaUJoO 
XJUI "uNPT� 5Ie eɭeDU of "uNPT oO UIe MJQJE 
membrane is a decrease in the homogeneity of 
the label distribution, which is attributable to the 
formation of areas where the membrane integrity 
JT MoTU� *O orEer Uo obUaJO TQeDJmD JOforNaUJoO 
abouU UIe eɭeDU of UIe "uNPT oO UIe TUruDUure 
of the lipid bilayer at a nanometric length scale, 
XRR was performed at ID03� Figure 75b shows 
UIe 9RR DurWeT NeaTureE oO UIe TuQQorUeE MJQJE 
bJMayer before 	HreeO DurWe
 aOE aùer 	QurQMe 
DurWe
 JODubaUJoO XJUI "uNPT� 5IaOLT Uo UIe 
TeOTJUJWJUy of UIe UeDIOJRue Uo UIe JOUerfaDJaM 
features of the membrane, it was possible 
Uo NeaTure a EeDreaTe JO UIe UIJDLOeTT aOE 

increase of roughness 
of the membrane 
upon the addition of 
AuNPs, as highlighted 
by the scattering 
MeOHUI EeOTJUy QromMe 

Fig. 75: Structural 
eɭeDUT of "uNPT oO 

UIe MJQJE NeNbraOe�  
a) Confocal 

NJDroTDoQy JNaHeT�  
b) 9RR DurWeT�  

c) .% TJNuMaUJoOT�



Nanoparticles at Biomimetic Interfaces: 
Combined Experimental and Simulation 
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along the surface normal (Figure 75b
 JOTeU
� 
5IJT reTuMU DoOmrNT DoOfoDaM NJDroTDoQy EaUa 
and suggests that strong interaction between 
the AuNPs and the target lipid membrane occurs, 
leading to lipid extraction from the bilayer and 
MoDaMJTeE NeNbraOe EJTruQUJoO QIeOoNeOa� 

MD was used as complementary tool to 
JOWeTUJHaUe aU UIe NoMeDuMar MeWeM UIe 
structural and dynamic properties of AuNPs 
aU UIe JOUerfaDe XJUI UIe MJQJE bJMayer� 5o UIJT 
aim, the same experimental composition 
of MJQJET XaT TJNuMaUeE� Figure 75c shows 
UIe UoQ WJeX of NJYeE MJQJE NeNbraOe
 JO 
QarUJDuMar UIe EJTUrJbuUJoO of UIe [XJUUerJoOJD 
MJQJE P0P$ 	bMue
 aOE UIe aOJoOJD MJQJE P0P( 
	HreeO

 before 	uQQer QaOeM
 aOE aùer 	MoXer 
QaOeM
 aEEJUJoO of "uNPT 	reE
� 5Ie aEIeTJoO 
of AuNPs to the lipid membrane, which is 
NaJOMy ErJWeO by eMeDUroTUaUJD JOUeraDUJoOT aOE 
entropic contributions, leads to a lateral phase 
separation of the membrane, with formation 
of OeHaUJWeMy DIarHeE QaUDIeE areaT eOrJDIeE 
with the anionic lipid in correspondence to 
UIe "uNP aEIeTJoO QoJOU� 5IeTe OeHaUJWeMy 
charged areas of the membrane attract other 
AuNPs, promoting the formation of clusters 
on the lipid membrane, ultimately leading 
to lipid extraction and membrane disruption 
phenomena experimentally highlighted through 
9RR aOE DoOfoDaM NJDroTDoQy eYQerJNeOUT�

*U XaT aMTo QoTTJbMe Uo aTTeTT UIe eɭeDUT of UIe 
"uNPT oO UIe nuJEJUy of UIe MJQJE NeNbraOe
 
XIoTe WarJaUJoO
 JO reaM DeMM NeNbraOeT
 JT 
JNQorUaOU JO TeWeraM bJoMoHJDaMMy reMeWaOU 
QIeOoNeOa
 aT DeMM UraɮDLJOH� F$S XaT uTeE 
Uo UraDL UIe EJɭuTJoO of a MJQJE nuoreTDeOU Eye 
embedded in the lipid membrane (Figure 76a
� 
5Ie F$S DurWeT NeaTureE JO free-TUaOEJOH MJQJE 
NeNbraOeT before 	HreeO DurWe
 aOE aùer 
	QurQMe DurWe
 JODubaUJoO XJUI "uNPT IJHIMJHIU 
a TJHOJmDaOU EeDreaTe JO UIe EJɭuTJoO DoeɮDJeOU 
of UIe nuoreTDeOU MJQJE uQoO JOUeraDUJoO XJUI 

AuNPs, consistent with an increased rigidity of 
UIe MJQJE NeNbraOe� .% TJNuMaUJoOT eYQMaJO UIe 
orJHJO of UIJT eɭeDU� 5Ie UraKeDUorJeT of UIe "uNPT 
aOE of UIe aOJoOJD P0P( MJQJE JO DorreTQoOEeODe 
to the AuNP adhesion point (Figure 76b
 TIoX 
UIaU UIe EJɭuTJoO of UIe aOJoOJD MJQJET JT MJOLeE 
to that of the adhered AuNPs; the presence of 
UIJT ATMaWeE� EJɭuTJoO JT DoOTJTUeOU XJUI a MoDaM 
JODreaTeE MaUeraM rJHJEJUy of UIe NeNbraOe� 

Figure 76c oɭerT a WJTuaM aJE Uo uOEerTUaOE 
UIe NeDIaOJDT of UIJT QIeOoNeOoO� 5Ie JNaHe 
shows a lateral section of the bilayer upon 
AuNP adhesion: when the AuNP approaches the 
membrane, the lipids start to tilt, to maximise 
UIe JOUeraDUJoO XJUI UIe "uNP DaQQJOH aHeOU� 
5Ie MJQJE aTTeNbMJeT beMoX UIe aEIereE "uNP 
aTTuNe a DoOJDaM TIaQe Uo beUUer IoTU UIe "uNP� 
Interestingly, the whole conical structure follows 
UIe NoUJoO of UIe aEIereE "uNPT� 

5Ie DoNbJOaUJoO of UIeoreUJDaM aOE eYQerJNeOUaM 
studies on the interaction of NPs with biomimetic 
TyTUeNT JT a WaMuabMe aQQroaDI Uo EerJWe baTJD 
DoODeQUT oO OaOo¦bJo JOUerfaDeT
 XIJDI NJHIU 
DoOUrJbuUe Uo JNQroWJOH fuOEaNeOUaM LOoXMeEHe 
oO UIJT UoQJD�

Fig. 76: %yOaNJDaM eɭeDUT of "uNPT oO UIe MJQJE 
NeNbraOe� a) F$S DurWeT� b) MD trajectories of 

UIe "uNP aOE P0P( reQorUeE XJUI QMaOar WeMoDJUy 
WeDUorT 	bMaDL arroXT
� c) Lateral section of a AuNP 

JOUeraDUJOH XJUI a ��� P0P(�P0P$ bJMayer�



IN-SITU 9źR": S$"55ER*N( RE7E"-S *NS*()5S *N50 
5)E F0R."5*0N 0F CdSe N"N0P-"5E-E5S

$E4F OBOPQMBUFMFUT BSF nBU OBOPQBSUJDMFT XJUI VOJRVF MJHIU�BCTPSCJOH BOE �FNJUUJOH GFBUVSFT CVU UIFJS GPSNBUJPO 
mechanism was still unknown. Using time-resolved small- and wide-angle X-ray scattering (SAXS/WAXS), it is 
QPTTJCMF UP EJTDSJNJOBUF CFUXFFO UIF EJɭFSFOU BOJTPUSPQJD HSPXUI TDIFNFT BOE UP TIPX UIBU UIF OBOPQMBUFMFUT 
grow in a curved fashion.
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Colloidal semi-conducting nanoplatelets 
	NP-
 are UIJO 2% OaOoQarUJDMeT UIaU EJTQMay 
outstanding optical properties (Figure 77a
� 5Ie 
eYUreNe RuaOUuN DoOmOeNeOU oDDurrJOH aMoOH 
UIeJr UIJDLOeTT
 DoOUroMMeE aU UIe aUoNJD MeWeM JO 
the nanometre range, yields a monochromatic 
eNJTTJoO aU UuOabMe XaWeMeOHUIT
 HJaOU 
oscillator strength and record low lasing 
UIreTIoME� )oXeWer
 UIe NeDIaOJTN by XIJDI 
these NPL form in solution from molecular 
QreDurTorT XaT uOLOoXO� 0rHaOoNeUaMMJD 
precursors of cadmium and selenium were 
NJYeE JO a ToMWeOU aOE IeaUeE Uo UeNQeraUureT 
raOHJOH froN ��0 Uo 2�0¡$� SeWeraM IyQoUIeTeT 
IaWe beeO QroQoTeE JO UIe MJUeraUure TuDI aT a 
Toù UeNQMaUJOH eɭeDU
 JO XIJDI OuDMeaUJoO aOE 
HroXUI JT DJrDuNTDrJbeE JO UIe DoOmOeE TQaDe 
of a TurfaDUaOU NeTo-QIaTe� "OoUIer QoTTJbMe 
pathway is the anisotropic assembly of small 
spherical nanoclusters into NPL, where many 
TNaMM DMuTUerT mrTU forN JO ToMuUJoO aOE UIeO 
rJQeO aOE reTUruDUure Uo yJeME DryTUaMMJOe NP-� 
5Ie MaTU NeDIaOJTN JT aOJToUroQJD HroXUI
 
where initial seeds grow through the addition 
of monomers in an anisotropic fashion due to a 
LJOeUJD JOTUabJMJUy� *O orEer Uo QroWe or EJTQroWe 
UIeTe EJɭereOU IyQoUIeTeT
 UIe TUruDUure of 
the solution during the formation of the NPLs 
needed to be probed in situ� 5IJT JT a EJɮDuMU 
UaTL TJODe UIe forNaUJoO oDDurT oWer a feX 
minutes, at high temperatures and with length 
scales spanning from atomic distances for the 
crystalline structure to hundreds of nanometres 
for UIe MaUeraM EJNeOTJoOT of UIe NP-� 

5Ie S"9S�8"9S TeU-uQ aU beaNMJOe ID02 was 
uTeE for UIeTe eYQerJNeOUT� " IeaUJOH NeUIoE 
for UIe TyOUIeTJT of NP- XaT EeWJTeE
 DoOTJTUJOH 
of mixing Cd and Se precursors and heating 
UIeN JO oDUaEeDeOe Uo UIe EeTJreE UeNQeraUureT� 
S"9S aOE 8"9S QaUUerOT Xere aDRuJreE in situ 
EurJOH UIe OuDMeaUJoO aOE HroXUI of UIe NP-� 
5Ie eWoMuUJoO of UIe S"9S QaUUerOT JOEJDaUe UIaU 
as the temperature increases, the precursors 
mrTU ToMubJMJTe TJODe UIe JOUeOTJUy aU MoX R 
EeDreaTeT� "ùer a feX NJOuUeT
 UIe TDaUUereE 
JOUeOTJUy JODreaTeT
 NarLJOH UIe oOTeU of 
QarUJDMe forNaUJoO� 8IeO UIe QarUJDMeT TUarU Uo 
form, there is no sign of a molecular template 
in the SAXS patterns (e.g.
 aT TDaUUerJOH QeaLT
� 
As the temperature further increases, the SAXS 
signal changes and a straight line with a q-2 
TMoQe aQQearT aU JOUerNeEJaUe XaWe WeDUorT 
(Figure 78a
� 5IJT eYQoOeOU JT UIe TJHOaUure 
of 2% obKeDUT JO ToMuUJoO� FurUIerNore
 UIJT R-2 
regime extends towards smaller and smaller 
q with time, showing an increase in the lateral 
EJNeOTJoOT of UIe naU obKeDUT� *O orEer Uo 
mOE ouU Jf UIe naU TIaQe JT Eue Uo aOJToUroQJD 
ripening of nuclei or 2D growth from solution, 
a typical SAXS signal was calculated, showing 
XIaU XouME IaWe beeO obTerWeE Jf $ESe JO UIe 
NPL was present in solution as small spherical 
OuDMeJ� *U XaT DoODMuEeE
 froN UIe abTeODe of UIJT 
signal, that growth occurs through the addition 
of NoOoNerT froN ToMuUJoO� 

8IeO UIe UeNQeraUure XaT EeDreaTeE froN 
200¡$ Uo ��0¡$
 UIe TaNe TeRueODe of eWeOUT 

Fig. 77: a) "bTorbaODe TQeDUruN of $ESe OaOoQMaUeMeUT aOE QIoUoHraQI of UIe MuNJOeTDeODe uOEer 67 JrraEJaUJoO� 
Electron microscopy image of (b) naU aOE (c) beOU NP-�



Insights into the Formation Mechanism 
of $ESe NaOoQMaUeMeUT 6TJOH JO SJUu 9-ray 
SDaUUerJOH
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occurred: solubilisation of the precursors and 
onset of 2D growth seen through the extension 
of a q-2 reHJNe� SurQrJTJOHMy
 oTDJMMaUJoOT JO UIe 
SAXS intensity appear in a reproducible fashion 
JOTUeaE of UIe TUraJHIU MJOe obTerWeE for IJHIer 
temperature (Figure 78b
� 5IeTe oTDJMMaUJoOT 
are due to the bending of the NPL in a scroll-
MJLe faTIJoO 	Figure 77c
� 6OEer UIe eɭeDU of 
the surface stress imposed by the ligands at the 
nanocrystal–solution interface, the NPL relaxes 
by aEoQUJOH a beOU DoOmHuraUJoO� 5Ie eWoMuUJoO 
of the oscillation position with time indicates 
UIaU UIe raEJuT of DurWaUure JT DoOTUaOU� "T 
the NPL grow and reach a lateral dimension of 

Fig. 78: 5JNe TerJeT of S"9S QaUUerO EurJOH UIe NP- OuDMeaUJoO aOE HroXUI (a) for a mOaM 
temperature of 200°C and (b) for a mOaM UeNQeraUure of ��0¡$�

UIe TaNe orEer of NaHOJUuEe aT UIJT DurWaUure 
radius, the oscillations appear while the NPL 
DouME be DoOTJEereE naU for TNaMMer MaUeraM 
EJNeOTJoOT� 5IeTe reTuMUT UIuT QroWe UIaU UIe 
DurWaUure aQQearT EurJOH UIe HroXUI of UIe NP- 
JO ToMuUJoO aOE OoU aùer UIeJr TyOUIeTJT�

5Ie forNaUJoO NeDIaOJTN of $ESe OaOoQMaUeMeUT 
XaT QrobeE by UJNe-reToMWeE in-situ SAXS and 
8"9S� 5Ie EaUa TIoX UIaU aOJToUroQJD HroXUI 
occurs through monomer-addition from solution 
aOE OoU froN UeNQMaUJOH or aOJToUroQJD rJQeOJOH� 
It also shows that they bend in solution during 
UIeJr HroXUI XJUI a DoOTUaOU raEJuT of DurWaUure�

F0R."5*0N "N% $)"R"$5ER*S"5*0N 0F MXene 
.0N0-":ER "5 5)E "*RŴ-*26*% *N5ERF"$E

5IF TQPOUBOFPVT BTTFNCMZ PG .9FOF nBLFT JOUP NPOPMBZFS mMN BU UIF BJSoMJRVJE JOUFSGBDF XBT GPMMPXFE CZ TVSGBDF 
TDBUUFSJOH UFDIOJRVFT� *OUFSGBDJBM nBLFT XFSF BTTFNCMFE JOUP B EFOTF NPOPMBZFS mMN CZ MBZFS DPNQSFTTJPO PO 
an acidic sub-phase and then transferred onto solid substrates by the Langmuir-Blodgett approach for further 
characterisation.

FuUure HeOeraUJoOT of OaOoeMeDUroOJD EeWJDeT 
will be based on multilayer combinations of 
UXo-EJNeOTJoOaM OaOoNaUerJaMT 	2% N.T

 
reRuJrJOH OeX UyQeT of 2% N.T aOE OoWeM XayT 
of DoOTeDuUJWe EeQoTJUJoO for buJMEJOH fuODUJoOaM 
EeWJDeT� 2% N.T TuDI aT HraQIeOe aOE 
NoMybEeOuN EJTuMQIJEe IaWe aUUraDUeE JOUereTU 

because of their outstanding properties and 
QroNJTJOH QroTQeDUT for aQQMJDaUJoOT� ReDeOUMy
 
a new family of 2D NMs called MXenes, with a 
general formula Mn+1Xn5x (where n=1÷3, M is an 
earMy UraOTJUJoO NeUaM
 9 JT $ aOE�or N
 aOE 5 
are WarJouT UerNJOaUJOH HrouQT -0)
 �0
 -F
 XaT 
EJTDoWereE [1]� .oTU .9eOe DoNQouOET eYIJbJU 
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NeUaMMJD DoOEuDUJWJUy
 IyEroQIJMJDJUy aOE IJHI 
neYJbJMJUy� %ue Uo UIe uOJRue DoNbJOaUJoO of UIeTe 
properties, MXenes can be utilised successfully 
JO WarJouT aQQMJDaUJoOT
 froN NaOufaDUurJOH 
transparent electrodes or tunable optoelectronic 
EeWJDeT Uo eOerHy TUoraHe EeWJDeT aOE TeMeDUJWe 
NeNbraOeT� 6OforUuOaUeMy
 DurreOU UeDIOJRueT 
TuDI aT TQJO- aOE TQray-DoaUJOH UyQJDaMMy oɭer 
Qoor NorQIoMoHJDaM DoOUroM for 2% UIJO mMNT� 
)ere
 for UIe mrTU UJNe
 a .9eOe NoOoMayer JT 
created on an aqueous surface with a subsequent 
transfer to a solid substrate by Langmuir-
#MoEHeUU 	-#
 EeQoTJUJoO oO UIe JODMJOeE TuQQorU�

5Ie forNaUJoO aOE TUruDUure of UIe .9eOe 
monolayer at the air–liquid interface was 
characterised at beamline ID10 by in-situ X-ray 
reneDUJWJUy 	9RR

 Hra[JOH-JODJEeODe 9-ray 
nuoreTDeODe 	(*9RF
 aOE Hra[JOH-JODJEeODe 
9-ray EJɭraDUJoO 	(*9R%
 UeDIOJRueT� 5o 
perform studies on liquid surfaces with X-ray 
scattering, the X-ray beam has to be tilted from 
UIe IorJ[oOUaM QMaOe JO UIe EeTJreE aOHuMar 
raOHe� *%�0 JT EeTJHOeE for reTearDI oO MJRuJE 
surfaces and interfaces, with a beam steering 
NeDIaOJTN 	EoubMe DryTUaM EeneDUor [2]
 
aOE a -aOHNuJr UrouHI� "EEJUJoOaM oɭ-beaN 
measurements of surface pressure isotherms 
were performed on a Langmuir trough at the 
ParUOerTIJQ for Soù $oOEeOTeE .aUUer 	PSCM
 
MaboraUory� 

5Ie TurfaDe TUruDUure of .9eOe TuTQeOTJoOT 
aOE JUT eWoMuUJoO JO UJNe XaT TUuEJeE by 9RR 
reDorEeE JO TerJeT oWer a QerJoE of �I aùer 
WJHorouT .9eOe ToM JOUerNJYJOH 	Figure 79a
� 
A schematic illustration of the reconstructed 
structures is presented in Figures 79b-d� 5IJT 

TUuEy reWeaMeE UIaU UIe raUIer MoX TurfaDe 
DoWeraHe aOE TMoX LJOeUJDT NaLeT .9eOe 
layer assembly at neutral or slightly basic 
eOWJroONeOUT QoorMy aQQMJDabMe for UeDIOoMoHJDaM 
UaTLT
 buU UIe QroDeTT DaO be booTUeE by UIe 
addition of cationic surfactants (Figures 79b-c
� 
5Ie LJOeUJDT of TurfaDe Mayer forNaUJoO oO aO 
acidic sub-phase (Figure 79d
 eYUraDUeE froN 
9RR EaUa JOEJDaUeT a QroHreTTJWe JODreaTe of 
DoWeraHe� 5Ie TQoOUaOeouT aTTeNbMy of .9eOe
 
in this case, is promoted by the amphiphilic 
nature of MXene layers, coming from the sub-
QIaTe aOE TUayJOH aU UIe TurfaDe� 5Ie forNaUJoO 
of dense surface layers on the acidic suspension 
DoJODJEeT XeMM XJUI a RuJDL JODreaTe of TurfaDe 
UeOTJoO JO UJNe aOE XeMM-EemOeE DoNQreTTJoO 
JToUIerNT of TurfaDe MayerT� 5Ie mMNT forNeE 
on the acidic suspension were transferred onto 
inclined solid substrates by LB technique, then 
characterised by scanning electron microscopy 
	SE.
 aOE aUoNJD forDe NJDroTDoQy 	"F.
� 5Ie 
formation of the MXene layer at the air–liquid 
JOUerfaDe JT XeMM QroWeE by (*9RF TQeDUroTDoQy 
JMMuTUraUJOH TUroOH nuoreTDeODe of UIe UJUaOJuN 
L-MJOe 	Figures 79e-f
� 

5IuT UIe TQoOUaOeouT aTTeNbMy of 5J3C25x 
.9eOe MayerT JOUo NoOoMayer mMNT aU UIe aJro
XaUer JOUerfaDe JT obTerWeE boUI JO baTJD aOE 
aDJEJD TuTQeOTJoOT� 5Ie EJreDU aTTeNbMy of a 
���-ON-UIJDL 5J3C25x monolayer appears at 
the liquid–air interface at pH~8, while anion 
DoorEJOaUJoO of .9eOe naLeT XJUI UIe forNaUJoO 
of a Braq

 - �5J3C25x�Tub-QIaTe JOUerfaDe oDDurT 
froN UIe aDJEJD NeEJuN� .9eOe naLeT aU 
the interface can be assembled into a dense 
NoOoMayer mMN by Mayer DoNQreTTJoO XJUI a 
TurfaDe QreTTure aUUaJOJOH 40 NN�N JO UIe DaTe 

Fig. 79: a) 9RR EaUa 	TyNboMT
 aOE EaUa mU 	MJOeT
 aOE (b-d) interface models for liquid–air interfaces of pure water 
	bMaDL

 TeMf-aTTeNbMeE mMN oO .9eOe TuTQeOTJoO XJUI Q) � � aHeE for �I 	HreeO

 UIe TaNe mMN aùer aEEJUJoO of 

EoEeDyMUrJNeUIyMaNNoOJuN broNJEe 	%05"#
 aOE �0 NJOT EeMay 	bMue

 Qure %05"# mMN oO XaUer 	DyaO

 aOE TeMf-aTTeNbMeE 
mMN oO .9eOe TuTQeOTJoO XJUI Q) � � aHeE for �I 	reE
� (*9RF TQeDUra for freTIMy JOUerNJYeE aOE �I aHeE TeMf-aTTeNbMeE mMNT 

on MXene suspensions with pH = 8 (e) aOE Q) � � (f)�



Spontaneous MXene monolayer assembly 
at the liquid-air interface,  
%� *� PeUuLIoW 	a

 "� P� $IuNaLoW 	b

  
"� S� ,aO 	a

 7� "� -ebeEeW 	a

  

"� "� EMJTeeW 	a

 0� ,oOoWaMoW 	b
 aOE  
"� "� EMJTeeW 	a

 Nanoscale, 11
 ���0-���� 
	20��
� EoJ��0��0���D�Or00�2�L�
(a) Lomonosov Moscow State University 

(Russia)
(b) ESRF

[�> .� NaHuJb et al., Adv. Mater� 23
 424�-42�� 	20��
�
[2> 7� )oOLJNaLJ et al., J. Synchrotron Rad� 13
 42�-4�� 	200�
�
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of aO aDJEJD Tub-QIaTe� ForNeE MayerT DaO be 
readily transferred onto solid substrates by 
DoOWeOUJoOaM -#� 5Ie QreTeOUeE aQQroaDI DaO 
eaTJMy be eYQaOEeE for aMM UIe .9eOe faNJMy� 

5IJT QroWJEeT a QaUIXay for UIe EeQoTJUJoO 
of multilayered structures for automated 
NaOufaDUurJOH of IJHI-RuaMJUy .9eOe mMNT for 
UraOTQareOU eMeDUroEeT or NeNbraOeT�



5IJT ZFBS�T TFMFDUJPO PG TDJFOUJmD 
IJHIMJHIUT JT B mUUJOH SFQSFTFOUBUJPO 
of the multidisciplinary nature of the 
BQQMJDBUJPOT BOE TDJFOUJmD mFMET DPWFSFE 
by the ESRF’s X-ray Nanoprobe (XNP) group. 
9/P CFBNMJOFT PɭFS B WBSJFUZ PG DPOUSBTU
 
probing either the elemental composition 
	WJB 9�SBZ nVPSFTDFODF 	93'
 SFHVMBSMZ 
used at ID16A, ID16B and ID21), the 
chemical composition (via X-ray absorption 
spectroscopy (XAS) at ID16B and ID21), the 
electron density distribution (via phase-
contrast nanotomography at ID16A and 
ID16B), or the shape of nano-objects (via 
DPIFSFOU 9�SBZ EJɭSBDUJPO 	93%
 BU *%�1 BOE 
ID13) but also physical properties such as 
lattice strain (via micro- and nano-X-ray 
EJɭSBDUJPO BU *%�1
 *%1� BOE *%16#
�

5IJT QorUfoMJo of 2% aOE �% JNaHJOH UeDIOJRueT 
is applied to a plethora of materials in a wide 
WarJeUy of TDJeOUJmD EoNaJOT
 froN IarE OaOo-
objects (e.g., single Pt nanoparticles, used for 
catalysis (page 91

 aOE UIJO mMNT 	e.g., metal 
IaMJEe QeroWTLJUe ToMar DeMMT 	page 86


 Uo 
biological materials (page 99
 aOE
 OoUabMy
 
bJoNJOeraMT
 for eYaNQMe
 WJa UIe uTe of a 
NJDronuJEJD EeWJDe for UIe in-situ study of 
calcium carbonate precipitation (page 94

 or 
the detection of Zn–hydroxyapatite in the early 
TUaHeT of oTUeoHeOJD EJɭereOUJaUJoO 	page 97
� 
FurUIerNore
 9NP beaNMJOeT are eYUeOTJWeMy 
used to study the interactions between synthetic 
materials and biological systems, including in 
EruH EeWeMoQNeOU 	for UIe UreaUNeOU of breaTU 
cancer, page 100
 or JODJEeOUaM eYQoTure 
(e.g., to needle debris deposited during tattoo 
application, page 95
� 5Ie DaQabJMJUy Uo Qrobe 
simultaneously biological and manufactured 
TyTUeNT eOabMeT UIe EeWeMoQNeOU of OaOo-
obKeDUT UIaU are ATafer by EeTJHO� 	page 102
�

Imaging experiments aim to characterise 
materials but also to follow their stability or 
degradation throughout their lifecycle, for 
JOTUaODe
 JO MJUIJuN-JoO baUUerJeT� 5Ie EeHree of 
local damage in a composite electrode has been 
followed as a function of cycling history, both ex-
situ with ultimate resolution at beamline ID16A 
(page 87

 aOE in-situ (i.e. during cycles of 
DIarHe aOE EJTDIarHe
 XJUI ToNeXIaU reEuDeE 
resolution at beamline ID16B (page 89
� In-
situ or operando will indeed be an important 
aspect of the XNP portfolio, post-Extremely 
#rJMMJaOU SourDe 	E#S
� 8JUI JODreaTeE nuY aOE 
JNQroWeE EeUeDUJoO UeDIOoMoHJeT
 UIe EuraUJoO 
of standard experiments will dramatically 
EeDreaTe
 NaLJOH JU eaTJer Uo TUuEy EyOaNJDaM 

TyTUeNT aOE faTU reaDUJoOT� FaTUer aDRuJTJUJoO 
XJMM aMTo be beOemDJaM Uo UIe TUuEy of TUaUJD 
materials such as fragments from historical 
paintings (page 92
� %eDreaTeE EXeMM UJNe 
NeaOT UIaU TJHOJmDaOUMy IJHIer UIrouHIQuU JT 
oO UIe IorJ[oO
 aOE a MarHer raOHe of TaNQMeT 
(e.g., historical but also model paints, an 
increased number of replicates of biological 
TaNQMeT
 DaO be TUuEJeE� For 9-ray abTorQUJoO 
spectroscopy, it means that multi-spectral 
NaQQJOH 	�9RF NaQT aU feX eOerHJeT
 DaO be 
upgraded into hyper-spectral mapping (µXRF 
NaQT aU IuOEreET of eOerHJeT

 JNQroWJOH UIe 
RuaMJUy of DIeNJDaM NaQQJOH� 

5Ie TuJUe of UooMT QroWJEeE by ID01 XJMM beOemU 
from the increased brilliance of the new source, 
QarUJDuMarMy UIoTe eYQMoJUJOH UIe DoIereODe� 
PrJor Uo UIe TIuUEoXO QerJoE
 ��-ON beaNT 
Xere aDIJeWeE oO *%0�
 aOE XJMM be aWaJMabMe 
aU UIe TUarU of E#S� *O UIe NeaOUJNe
 *%0� IaT 
DoOUJOueE Uo IoOe JUT eRuJQNeOU� ProUoUyQeT for 
XaUer-DooMeE WerTJoOT of JUT IJHI-UeNQeraUure
 
HaT-DoNQaUJbMe
 TaNQMe eOWJroONeOUT IaWe 
been tested at other synchrotron facilities with 
HreaU TuDDeTT� 5Ie JOUeHraUJoO aOE DaMJbraUJoO 
of a new remote-controlled retractable light 
NJDroTDoQe
 QroWJEJOH eyeT oO UIe TaNQMe
 XJMM 
HJWe uT a NuDI beUUer IaOEMe of UIe abToMuUe 
position of the sample at all times, therefore 
reNoWJOH oOe of UIe NaKor TourDeT of error 
encountered in most experiments where 
NuMUJQMe #raHH reneDUJoOT Xere TouHIU�

In 2020, ID13 will continue adapting and 
oQUJNJTJOH UIe beaNMJOe�T DaQabJMJUJeT for E#S 
oQeraUJoO� 5IJT JODMuEeT UIe JNQMeNeOUaUJoO 
of the ESRF data policy with the new BLISS 
beaNMJOe DoOUroM ToùXare� 5o NaLe beTU uTe of 
the EBS, with assistance from the ESRF X-ray 
optics group, an upgrade of the monochromator, 
replacing the existing channel-cut crystal by 
aO oQUJNaMMy QoMJTIeE WerTJoO QroEuDeE JO 
DoMMaboraUJoO XJUI UIe 6OJWerTJUy of 0TaLa
 
JT QMaOOeE for TuNNer 2020� #aTeE oO UIe 
JODreaTeE nuY EeOTJUy aOUJDJQaUeE JO NJDro-�
nano-beam focal spots, together with a 
TJHOJmDaOUMy JODreaTeE TDaOOJOH QerforNaODe
 
EJɭraDUJoO eYQerJNeOUT DoNbJOJOH TQaUJaM XJUI 
UeNQoraM reToMuUJoO XJMM beDoNe QoTTJbMe�

At the nano-imaging beamline ID16A, 
DorreMaUJWe NJDroTDoQy JT JODreaTJOHMy uTeE� 
0OMJOe
 	Dryo
 9-ray nuoreTDeODe aOE QIaTe 
contrast nanotomography are combined both 
RuaMJUaUJWeMy aOE RuaOUJUaUJWeMy� 0ɯJOe
 Dryo 
DorreMaUJWe MJHIU NJDroTDoQy XJMM be aWaJMabMe 
Uo TeMeDU oQUJNaM TaNQMeT aOE Uo MabeM TQeDJmD 

84 ESRF

X-RAY NANOPROBE



DeMMuMar TUruDUureT� 5Ie TIuUEoXO IaT beeO aO 
aDUJWe QerJoE Uo QreQare UIe JOTUruNeOU for UIe 
E#S� *O QarUJDuMar
 faTUer TDaOOJOH XJMM beDoNe 
possible with a replacement of the rotation, and 
,# OaOofoDuTJOH XJMM be JNQroWeE aU �� Le7� 
Key to the exploitation of EBS is the detector 
UeDIOoMoHy� " OeX NuMUJ-eMeNeOU S%% EeUeDUor 
for 9-ray nuoreTDeODe aOE a MarHe-area JNaHe 
sensor for phase-contrast nanotomography are 
uOEer JNQMeNeOUaUJoO�

In-situ and operando measurements are 
aO eTTeOUJaM QarU of UIe reTearDI aDUJWJUy 
addressed by ID16B� 5IeTe are aMTo aNoOH UIe 
eYQerJNeOUT UIaU DaO beOemU UIe NoTU froN UIe 
JODreaTeE nuY of E#S� 5Ie oO-HoJOH uQHraEe of 
the in-situ eOWJroONeOUT of *%��# XJMM NaLe 
them better adapted to new experiments that 
Xere QreWJouTMy MJNJUeE by UIe aDRuJTJUJoO 
time, especially for nanotomography and XAS 
DIaraDUerJTaUJoO� E#S XJMM JNQroWe UIe EaUa 
quality, detection limits and measurement time 
on ID16B but will also increase the number of 
experiments needing cryo-conditions and 
faTUer aDRuJTJUJoO JO orEer Uo aWoJE aOy QoUeOUJaM 
raEJaUJoO EaNaHe oO UIe TaNQMeT� 5Ie IeMJuN 
aOE OJUroHeO DryoTUaUT aWaJMabMe oO *%��# XJMM 
QroWJEe UIe OeeEeE Dryo-DoOEJUJoOT
 XIereaT 
the new readout electronics for the XRF detectors 
XJMM reEuDe UIe TDaO UJNe DoOTJEerabMy�

Finally, the refurbishment on ID21 is 
QroHreTTJOH� "ùer UIe reQMaDeNeOU of NoTU of 
the equipment in the optics hutches in 2018, 
eɭorUT are OoX DoODeOUraUeE oO UIe EeTJHO of 
a OeX OaOoTDoQe 	Uo be JNQMeNeOUeE JO 202�

 
which will complement the existing microscope 
	oQeraUJoOaM aU reTUarU
� #oUI of UIeN XJMM XorL 
JO WaDuuN DoOEJUJoOT
 XJUI aO oQUJoOaM Dryo 
stage, and will be dedicated to elemental and 
TQeDJaUJoO NaQQJOH WJa 9RF aOE 9"S JO UIe  
2-�� Le7 raOHe� 8JUI JNQroWeE oQUJDT
 
mechanics and detectors, the nanoscope 
should outperform the microscope, notably 
XJUI a beaN TJ[e of �00¨�00 ON2� 5Ie QreTeOU 
microscope will be maintained to study large 
samples (with millimetric or micrometric 
beaN
�

M. COTTE
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.eUaM IaMJEe QeroWTLJUeT are HeOeraUJOH 
eOorNouT eYDJUeNeOU for oQUoeMeDUroOJD EeWJDeT 
including solar cells and LEDs [1,2]� )oXeWer
 
there are still a number of defects trapping charge 
DarrJerT
 XIJDI MeaE Uo QoXer MoTTeT JO EeWJDeT� 
5IJT XorL EeNoOTUraUeT UIaU UIeTe EefeDUT reMaUe 
to complicated strain patterns that appear on 
NuMUJQMe MeOHUI TDaMeT JO QeroWTLJUe mMNT� 

At the micron-scale, scanning micro X-ray 
EJɭraDUJoO 	ɦ9R%
 NeaTureNeOUT Xere DorreMaUeE 
XJUI P- NeaTureNeOUT oO UIe TaNe QeroWTLJUe mMN 
area
 reWeaMJOH UIaU MoDaM TUraJO MeaET Uo EefeDUT 
TuDI aT IaMJEe WaDaODJeT aTToDJaUeE XJUI MoDaM 
OoO-raEJaUJWe EeDay 	Figure 80
� "U UIe OaOoTDaMe
 
TDaOOJOH OaOofoDuT 9-ray EJɭraDUJoO 	O9R%
 
measurements were carried out at beamline ID13 
oO a WarJeUy of QeroWTLJUe mMNT [3]� 

" RuJWer QMoU for UIe ���0� orJeOUaUJoO JT 
shown in Figure 81� %JɭraDUJoO TQoUT aEKaDeOU 
both in spatial coordinates and in reciprocal 
space coordinates are considered as belonging 

to the same cluster, here indicated as ‘super-
HraJO�� 5Xo TuQer-HraJOT XJUI UIe MarHeTU 
DoWereE areaT 	DaMDuMaUeE aT UIe OuNber of 
pixels within the super-grain times the pixel 
area
 are IJHIMJHIUeE JO Figure 81a� 5IeTe 
also exhibit local strain (q
 WarJaUJoOT XJUIJO 
their dimensions (Figures 81b-c

 DoOTJTUeOU 
XJUI WarJaUJoOT obTerWeE JO UIe ɦ9R% NaQT� 
5Ie TuQer-HraJO TJ[eT for UIe ���0� reneDUJoO 
plotted in Figure 81d shows that these largest 
reHJoOT eYUeOE XeMM beyoOE UIe HraJO TJ[e 
obTerWeE JO TDaOOJOH eMeDUroO NJDroTDoQy 	SE.
 
JNaHeT� 5IJT EJTQarJUy JT JOUeOTJmeE JO UIe UrJQMe 
cation MA0���FA0���Cs0�0�Pb(I0���Br0���
3 samples 
(Figure 81d
� UIJT JT DMearMy TeeO JO UIe oWerMay 
of aO SE. JNaHe aOE a RuJWer QMoU for UIe �2�0� 
reneDUJoO JO Figure 81e.

5IeTe reTuMUT TuHHeTU UIaU UIe DrJUJDaM HraJO TJ[e 
is actually the longer-range structural super-
HraJOT raUIer UIaO UIe HraJOT WJeXeE JO SE. 
JNaHeT� 5Ie forNaUJoO of UIeTe MarHe DMuTUerT 
with analogous orientation and facet control 

Nay IaWe beOemDJaM QroQerUJeT for 
DarrJer UraOTQorU� 5Ie reTuMUT aMTo 
suggest that the grain orientation is 
non-random, with either templated 
OuDMeaUJoO�HroXUI or fraHNeOUaUJoO of 
larger grains for instance upon drying 
or aOOeaMJOH� SuDI a NeDIaOJTN 
DouME be aLJO Uo UIe MoOH-raOHe 
co-orientation of crystal plates in 
echinoderms [4]� 

Fig. 80: Correlating the microscale 
QIoUoMuNJOeTDeODe 	P-
 aOE MoDaM 
structural properties of MAPbI3 mMNT� 
a) SQaUJaM NaQ of DoNQreTTJWe TUraJO 
WarJaUJoO� 5Ie EaTIeE MJOe EeOoUeT UIe 
DorreMaUJoO reHJoO beUXeeO ɦ9R% aOE P-� 
b) Confocal PL intensity map of a MAPbI3 
QeroWTLJUe mMN DorreTQoOEJOH Uo UIe 
dashed region in (a)� c) 5JNe-reToMWeE 
P- EeDayT of UIe brJHIU 	bMue
 aOE EarL 
	reE
 reHJoOT IJHIMJHIUeE JO (b)� *OTeU� 
)JHIMJHIUeE �220� QeaL EJɭraDUJoO QaUUerO 
for UIe brJHIU aOE EarL P- reHJoOT� 
d) SDaUUer QMoUT of TUaUJTUJDaMMy TJHOJmDaOU 
correlations between local PL lifetime and 
DoNQreTTJWe TUraJO 	reMaUJWe EefeDU EeOTJUy� 
calculated from relationship in (e)� 
e) Ratio in concentration of charged iodide 
WaDaODJeT 	7I

+ EefeDUT
 JO ���0� TUraJOeE 
QeroWTLJUe DryTUaMT Uo aO uOTUraJOeE 
DryTUaM�



-aUUJDe TUraJO DauTeT OoO-raEJaUJWe MoTTeT JO 
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 5� 8� +oOeT 	a

  
"� 0TIeroW 	b

 .� "MTarJ 	D

  
.� SQoOTeMMer 	b

 #� $� %uDL 	a

 :� +uOH 	E

  
$� SeUUeOT 	b

 F� NJrouJ 	b

 R� #reOeT 	b

  
$� 7� SUaO 	e

 :� -J 	e
f

 .� "bEJ-+aMebJ 	D

  
N� 5aNura 	e

 +� E� .aDEoOaME 	H

  
.� #urHIaNNer 	I

 R� )� FrJeOE 	D

  
7� #uMoWJǑ 	b

 "� 8aMTI 	E
J

 (� +� 8JMToO 	a

  
S� -JMMJu 	K
 aOE S� %� SUraOLT 	b
D

  
Energy Environ. Sci� 12
 ���-�0� 	20��
�  
EoJ� �0��0���D�ee02���K� PubMJTIeE by 5Ie 

RoyaM SoDJeUy of $IeNJTUry�
(a) CSIRO Energy Centre, Mayfield West 
(Australia)
(b) Research Laboratory of Electronics, 
Massachusetts Institute of Technology 
(USA)
(c) Cavendish Laboratory, University of 
Cambridge (UK)
(d) Department of Materials Science and 
Engineering, Yonsei University, Seoul 
(Korea)
(e) Advanced Light Source, Lawrence 

Berkeley National Laboratory, California 
(USA)
(f) Xi’an Jiaotong University, State Key 
Laboratory for Mechanical Behavior of 
Materials (China)
(g) School of Physics and Astronomy, 
Cardiff University (UK)
(h) ESRF
(i) Department of Materials, Imperial 
College London (UK)
(j) Department of Physics and Astronomy, 
University of Sheffield (UK)

[�> )� +� SOaJUI � S� -JMMJu
 Scientific Video Protocols 1
 � 	20��
�
[2> R� )� FrJeOE et al., Scientific Video Protocols 1
 � 	20��
�
[�> S� -JMMJu et al., Adv. Funct. Mater� 26
 �22�-�2�0 	20��
�
[4> $� E� ,JMMJaO et al., J. Am. Chem. Soc. 131
 ��404-��40� 	200�
�

26"N5*5"5*7E F"*-6RE "N"-:S*S 0F 
-*5)*6.-*0N #"55ER*ES

A multitude of synchrotron techniques including hard X-ray phase-contrast nanotomography have been used 
to systematically investigate – with multiscale resolution – the degradation in complex composite lithium-ion 
battery electrodes under fast-charging conditions. The results could help improve electrode formulation for fast-
charging batteries.

13*/$*1"- 16#-*$"5*0/ "/% "65)034

REFERENCES

87HIGHLIGHTS 2019

*U JT QroQoTeE UIaU TUraJO JT buJMU JOUo UIe mMN 
during processing, in particular during cooling 
through the cubic-to-tetragonal phase transition 
foMMoXJOH UIe TUaOEarE aOOeaMJOH QroDeEure� 5Ie foMMoXJOH UIe TUaOEarE aOOeaMJOH QroDeEure� 5Ie 

Fig. 81: Scanning nXRD measurements 
aOE TuQer-HraJO aOaMyTJT� a) 2uJWer 
QMoU IJHIMJHIUJOH UIe mrTU UXo MarHeTU 
TuQer-HraJOT TIoXJOH UIe ���0� 
reneDUJoO JO a ."Pb*3 TaNQMe� b) and 
c) "bToMuUe WaMue of UIe TDaUUerJOH 
WeDUor R eYUraDUeE froN UIe UXo MarHeTU 
super-grains in (a)� d) SuQer-HraJO TJ[e 
distributions for MAPbI3 and 
MA0���FA0���Cs0�0�Pb(I0���Br0���
3� 
e) 0WerMay beUXeeO UIe RuJWer QMoU 
	�2�0�
 aOE SE. JNaHe JO 
the same scan area for a 
MA0���FA0���Cs0�0�Pb(I0���Br0���
3 
TaNQMe�

EaUa aMTo EeNoOTUraUe UIaU JNQroWeE HroXUI aOE 
QaTTJWaUJoO NeUIoET NuTU UarHeU TUraJO reMJef
 
for example by manipulating the local phase 
beIaWJour EurJOH HroXUI or QoTU-UreaUNeOUT
 
XIJDI reMJeWe DoOTUraJOeE reHJoOT�

5Ie raQJEMy HroXJOH NarLeU for DoOTuNer 
eMeDUroOJDT aOE eMeDUrJD WeIJDMeT IaT NoUJWaUeE 

tremendous ongoing research into rechargeable 
baUUerJeT� "O JNQorUaOU aTQeDU of baUUery 
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research is to identify the fading pathways of 
battery particles and electrodes at multiple 
length and time scales under practical operating 
DoOEJUJoOT� 5IeTe QroDeTTeT are UerNeE ADIeNo-
NeDIaOJDaM JOUerQMay�� 5Ie NuMUJTDaMe DIeNo-
mechanical interplay builds up mechanical 
TUreTT
 QroWoLeT NorQIoMoHJDaM breaLEoXO
 
and leads to states of charge heterogeneity in 
MJUIJuN-JoO baUUerJeT� SyODIroUroO UeDIOJRueT 
IaWe beeO broaEMy aQQMJeE Uo UaDLMe froOUJer 
DIaMMeOHeT JO UIJT meME [1]�

Quantifying the interplay in complex composite 
electrodes with multiscale resolution constitutes 
a challenge in precisely diagnosing the fading 
NeDIaOJTN of baUUerJeT� #y eNQMoyJOH UIe 
technique of hard X-ray phase contrast 
nanotomography at beamline ID16A, combined 
with nanoscale hard X-ray spectromicroscopy, 

Toù 9-ray abTorQUJoO TQeDUroTDoQy 	9"S

 
aOE UraOTNJTTJoO eMeDUroO NJDroTDoQy 	5E.

 
UIJT TUuEy TyTUeNaUJDaMMy JOWeTUJHaUeE UIe 
morphological and chemical degradation 
JO QoMyDryTUaMMJOe OJDLeM-rJDI MayereE OJDLeM-
NaOHaOeTe-DobaMU oYJEe 	N.$
 DoNQoTJUe 
eMeDUroEeT uOEer faTU-DIarHJOH DoOEJUJoOT� 5Ie 
reTuMUT Xere uTeE for mOJUe eMeNeOU NoEeMJOH 
	FE.
 Uo HaJO EeeQer JOTJHIUT JOUo eMeDUroEe 
degradation and failure [2]�

5Ie EeHree of MoDaM EaNaHe JO UIe DoNQoTJUe 
eMeDUroEe IaT beeO WJTuaMJTeE aOE RuaOUJmeE� 
In particular, hard X-ray phase contrast 
nanotomography, capable of probing thousands 
of aDUJWe QarUJDMeT aU oODe 	Figure 82

 eOabMeT 
an unprecedented statistical analysis of the 
chemo-mechanical transformation of secondary 
battery particles under fast charging conditions 

Fig. 82: Multiple-
length-scale X-ray 

tomographic imaging 
of N.$�22 eMeDUroEe� 
a) Microtomography 

	��0 ON QJYeM TJ[e
 
data of a piece of 

N.$ eMeDUroEe� 
b) 3D rendering of 

the nanotomography 
data (70 nm pixel 

TJ[e
 of aO arbJUrarJMy 
selected region of 

JOUereTU oWer UIe 
electrode, with its 
central slice in the 

lateral direction 
shown in (c)� 5Iree 

of UIe reQreTeOUaUJWe 
particles are 

highlighted in red 
(d), green (e), 

and blue (f)� 5Iey 
are categorised 

aT TeWereMy 
damaged, mildly 

damaged, and least 
damaged particles, 

reTQeDUJWeMy� 5Ie 
reMaUJWe QoQuMaUJoO 

of UIeTe UIree LJOET 
of particles, which 

changes as a function 
of the cycling history, 
is summarised in the 

radar chart in (g)�

Fig. 83: Comparison of 
UIe UoQ 	Oear TeQaraUor
 

and the bottom (near 
DoMMeDUor
 MayerT JO UIe 

NMC622 electrode that 
has gone through 10 

fast cycles at a rate of 
�$� PaOeMT (a) and (b) 
	DoMour-DoEeE
 are UIe 
TaNe MaUeraM TMJDe oWer 

the particle layer that is 
DMoTe Uo UIe eMeDUroEe�T 

top surface (near the 
TeQaraUor
� PaOeMT 

(c) and (d) (colour-
DoEeE
 are UIe TaNe 

MaUeraM TMJDeT oWer UIe 
mrTU Mayer of QarUJDMeT 

DMoTe Uo UIe eMeDUroEe�T 
bottom surface (near 

the aluminium current 
DoMMeDUor
� 5Ie reMaUJWe 

QarUJDMe DraDLJOH 
QrobabJMJUJeT oWer UIeTe 

UXo TMJDeT are RuaOUJmeE 
in the corresponding 

QJe DIarUT� FraDUurJOH 
QromMeT froN DurreOU 

collector to separator 
are TIoXO aùer �0 aOE 
�0 DyDMeT
 reTQeDUJWeMy 

in panels (e) and (f)�
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The cracking and interface debonding dynamics of Si-based electrodes for Li-ion batteries have been studied by 
in-situ synchrotron X-ray tomography. This study reveals the positive impact of a ‘maturation’ procedure on the 
mechanical properties of the electrodes, resulting in a better cyclability.
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(Figure 82g
� 5IJT RuaOUJUaUJWe WJTuaMJTaUJoO 
reWeaMeE UIe EeQUI-EeQeOEeOU UreOE of QarUJDMe 
fracturing within the electrode as well as its 
MaUeraM DoNQMeYJUy� 5Ie reTuMUT TuHHeTU UIaU UIe 
aDUJWe QarUJDMeT XJUIJO UIe eMeDUroEe DoOUrJbuUe 
Uo UIe DeMM-MeWeM DIeNJTUry EJɭereOUMy JO UJNe 
aOE QoTJUJoO� 

#aTeE oO UIe EeHraEaUJoO EeQUI QromMe
 JU 
XaT fouOE UIaU JOJUJaMMy Nore EaNaHe UaLeT 
QMaDe Oear UIe TeQaraUor
 eWoMWJOH Uo a Nore 
homogeneous distribution as particles 
MoDaUeE EeeQer JO UIe eMeDUroEe UaLe oWer 
UIe eMeDUroDIeNJDaM aDUJWJUy JO MaUer DyDMeT 
(Figure 83
� FJOaMMy
 FE. XJUI TIaQe NoEeMT 
reDoWereE froN UIe OaOoUoNoHraQIy EaUa XaT 

also used to gain insights into the electrode 
MeWeM TUraJO EJTUrJbuUJoO aOE eWoMuUJoO� *U XaT 
fouOE UIaU UIe EaNaHe IeUeroHeOeJUy QreWaJMT 
at all length scales, which causes unbalanced 
MoDaM eMeDUrJDaM aOE JoOJD DoOEuDUJWJUy
 aOE 
DoMMeDUJWeMy MeaET Uo UIe OoO-uOJforN uUJMJTaUJoO 
of aDUJWe QarUJDMeT TQaUJaMMy aOE UeNQoraMMy�

5Ie TUaUJTUJDaM NaQQJOH of UIe DIeNo-
mechanical transformation in the composite 
eMeDUroEe oɭerT a EJaHOoTUJD NeUIoE for QrobJOH 
and understanding the non-uniform particle 
uUJMJTaUJoO aOE faEJOH� 5IuT
 JU JT aOUJDJQaUeE UIaU 
UIe EeWeMoQeE NeUIoEoMoHy aOE uOEerTUaOEJOH 
XJMM QaWe UIe Xay UoXarET JNQroWeE eMeDUroEe 
forNuMaUJoO for faTU-DIarHJOH baUUerJeT�

SJ-baTeE aOoEeT IaWe UIe QoUeOUJaM Uo reQMaDe 
the usual graphite electrodes in order to increase 
UIe eOerHy EeOTJUy of MJUIJuN-JoO baUUerJeT� 
)oXeWer
 SJ-baTeE eMeDUroEeT Tuɭer froN IJHI 
WoMuNe DIaOHe EurJOH MJUIJaUJoO�EeMJUIJaUJoO 
cycling, which degrades their structure and 
TIorUeOT UIe MJfeUJNe of UIe baUUerJeT� 5Ie 
EeHraEaUJoO JODMuEeT eMeDUroEe DraDLJOH 
and delamination, Si particle fracturing and 
instability of the solid electrolyte interphase 
	SE*
 [1]� SJHOJmDaOU reTearDI eɭorUT are beJOH 
NaEe Uo DoOUroM TuDI eYQaOTJoO eɭeDUT aOE Uo 
JNQroWe UIe DyDMabJMJUy� SJODe baUUery aOoEeT 
IaWe DoNQMeY aOE IeUeroHeOeouT TUruDUureT
 
�% obTerWaUJoO JT reRuJreE Uo beUUer uOEerTUaOE 
their failure mechanisms and thus subsequently 
optimise their formulation [2]� 5Ierefore
 JU JT 

pertinent to monitor the morphological changes 
of the electrode occurring during its operation 
aOE aU EJɭereOU TDaMeT� 

5Ie �% NJDroTUruDUure eWoMuUJoO of UXo EJɭereOU 
anodes was studied in situ EurJOH oOe EJTDIarHe�
charge cycle by means of X-ray tomography 
(Figure 84a
� 5Ie TUaOEarE eMeDUroEe obUaJOeE 
by rouUJOe QreQaraUJoO XaT TDaOOeE aU PTJDIÏ 
beamline at Synchrotron Soleil whereas the 
eMeDUroEe QreQareE XJUI a ANaUuraUJoO� TUeQ [3] 
(consisting of storage of the electrode for a few 
days under a humid atmosphere prior to drying 
aOE DeMM aTTeNbMy
 XaT JNaHeE aU beaNMJOe 
ID16B
 reTuMUJOH JO aO aOaMyTeE WoMuNe of 
2�� ¨ 2�� ¨ 2�0 ɦN3 XJUI aO JToUroQJD WoYeM TJ[e 
of 200 ON�
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Fig. 84: a) SLeUDI of UIe eYQerJNeOUaM TeU-uQ aU 
beaNMJOeT *%��# aOE PJTDIÏ aOE WoMUaHe�UJNe 
eMeDUroDIeNJDaM DurWe of UIe DeMM TIoXJOH UIe TUeQT 
XIere UIe eMeDUroEe XaT obTerWeE 	%0% � EeQUI of 
EJTDIarHe� S0$ � TUaUe of DIarHe
� b) 2% 	Y
y
 TMJDeT 
of UIe eMeDUroEe�$u JOUerfaDe EurJOH eMeDUroDIeNJDaM 
DyDMJOH for UIe TUaOEarE 	QJYeM TJ[e� ��0 ON
 aOE 
NaUureE eMeDUroEe 	QJYeM TJ[e� 200 ON
� 
c) �% reOEerJOH of UIe DraDL WoMuNe EurJOH 
EeMJUIJaUJoO of UIe TUaOEarE aOE NaUureE eMeDUroEe�

Subsequently, the dynamics of the expansion 
aOE DoOUraDUJoO
 of UIe eMeDUroEe DraDLJOH JO UIe 
buML 	DraDLT are TIoXO JO reE JO Figure 84b
 
and of the debonding at the interface with 
the current collector (Figure 84c
 of UIeTe 
UXo EJɭereOU eMeDUroEeT Xere WJTuaMJTeE JO �% 
aOE DoNQareE RuaOUJUaUJWeMy for WoMuNeT of 
��0 ¨ ��0 ¨ 2�0 ɦN3 XJUI IJHI reToMuUJoO�

From these analyses, it was shown that the 
ANaUuraUJoO� UreaUNeOU MJNJUT UIe NaDroTDoQJD 
EeforNaUJoO 	eYQaOTJoO�DoOUraDUJoO
 of UIe 
electrode by constraining the displacement of 
UIe SJ QarUJDMeT� *UT NoTU JNQorUaOU eɭeDU XaT 
Uo EeDreaTe UIe forNaUJoO of NaDro-DraDLT 
in the composite electrode by a factor of four 
(Figure 85
 aOE reEuDe JUT EeMaNJOaUJoO froN 
UIe DurreOU DoMMeDUor by a faDUor of UeO� 5Ie 
JOUra-DoOOeDUJWJUy aOE QroQaHaUJoO EJreDUJoOT 
of UIe DraDLJOH QaUUerO XaT aOaMyTeE for boUI 
electrodes (Figure 85
� 5IJT reWeaMT UIaU a 
TJNQMe ANaUuraUJoO� QroDeEure DaO TJHOJmDaOUMy 
enhance the mechanical properties of the binding 
QIaTe JO UIe DoNQoTJUe eMeDUroEe� 5Iereby
 UIe 
aDUJWe NaUerJaM OeUXorL DaO beUUer aEaQU Uo UIe 
JNQorUaOU WoMuNe WarJaUJoOT JOEuDeE by UIe 
silicon alloying with lithium through a more 
ductile and resilient electrode, resulting in a 
major gain in its cyclability [3]�

Fig. 85: �% reOEerJOH of UIe DraDL WoMuNe aU UIe eOE 
of UIe mrTU EeMJUIJaUJoO� a) SUaOEarE eMeDUroEe� 
b) .aUureE eMeDUroEe� 5Ie MarHeTU aOE TeDoOE MarHeTU 
JOUra-DoOOeDUeE QIaTeT are MabeMMeE reTQeDUJWeMy JO 
HreeO aOE JO bMue�



Dynamics of the morphological 
degradation of Si-based anodes for  
-J-JoO baUUerJeT DIaraDUerJ[eE by in-situ 
synchrotron X-ray tomography,  
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Compressive surface strain in Pt nanoparticles is relaxed while switching the gas environment from inert Ar to 
B NJYUVSF PG "S�$0 nPX� $PIFSFOU 9�SBZ EJɭSBDUJPO JNBHJOH 	$9%*
 TVHHFTUT UIBU UIJT MBUUJDF SFMBYBUJPO JT NBJOMZ 
due to a shape change of the nanoparticles accompanied by a rearrangement of high-index vicinal surfaces.

13*/$*1"- 16#-*$"5*0/ "/% "65)034

REFERENCES

91HIGHLIGHTS 2019

Oxide-supported nanoparticles play a crucial role 
aT IeUeroHeOeouT DaUaMyTUT JO WarJouT JOEuTUrJaM 
DoOWerTJoO QroDeTTeT [1]� " QrereRuJTJUe for 
JNQroWJOH DaUaMyTU QerforNaODe aOE MJfeUJNe JT 
to better understand the catalyst deterioration 
aOE EeaDUJWaUJoO JO a DaUaMyUJDaMMy reMeWaOU HaT 
eOWJroONeOU [2]� $oIereOU 9-ray EJɭraDUJoO 
JNaHJOH 	$9%*
 OoU oOMy QerNJUT UraDLJOH of UIe 
structural details of a single nanoparticle in situ 
buU aMTo QroWJEeT WaMuabMe JOforNaUJoO oO UIe 
TUraJO TUaUe of UIe OaOoQarUJDMe JO UIe buML aOE 
oO UIe TurfaDe�

5Ie PU ��� #raHH reneDUJoO XaT uTeE Uo 
EeUerNJOe UIe TIaQe aOE TUraJO JO UIe buML aOE 
near-surface region of a ~ 160 nm-large Pt 
nanoparticle epitaxially grown on a strontium 
UJUaOaUe TubTUraUe� $9%* XaT eNQMoyeE in situ at a 
UeNQeraUure of 400 , uOEer DoOUJOuouT HaT noX 
of Qure "r aOE aO "r�$0 NJYUure� Figure 86a is 
a TDIeNaUJD TLeUDI of UIe eYQerJNeOU QerforNeE 
at beamline ID01� " TJOHMe PU OaOoQarUJDMe XaT 
preselected by scanning electron microscopy 
	SE.
 aOE NarLeE by XrJUJOH IJerarDIJDaMMy 
arraOHeE NarLerT
 uTJOH JoO- aOE eMeDUroO 
beaN-JOEuDeE EeQoTJUJoO of a PU QreDurTor HaT� 
In this way, the nanoparticle could be relocated 
by scanning the sample through the X-ray beam 
(Figures 86b and 86c
 uTJOH a DoOUJOuouT faTU-
TDaO NoEe� #raHH $9%* eOabMeT UIe reUrJeWaM of 
the shape as well as the strain-distribution in the 
nanoparticle in three-dimensions [3]�

From the in-situ experiment, it was concluded 
UIaU uOEer NJYeE "r�$0 noX aU 400 , UIe 
eYQaOTJWe TUraJO QreTeOU JO UIe Oear-TurfaDe 
region is enhanced as compared to the inert 

"r eOWJroONeOU 	Figures 87a and 87b
� 5IJT 
relaxation of the Pt atoms is induced by a shape 
change of the nanoparticle, indicating that the 
strain relaxation is not only due to CO atoms 
adsorbing on the Pt nanoparticle surface, but 
is rather enhanced by a rearrangement of 
UIe QreTeOU IJHI-JOEeY faDeUT
 aT TLeUDIeE JO 
Figures 87c and 87d� 5Ie reHJoO NarLeE JO 
Hrey DorreTQoOET Uo a TUaDLJOH fauMU reHJoO 
from which no CXDI signal is detected on the 
��� reneDUJoO�

Fig. 86: a) Set-up of 
UIe eYQerJNeOU� 
b) 0WerWJeX SE. aOE 
(c) X-ray scanning 
image with one of 
the hierarchically 
arranged guiding 
NarLerT aOE UIe 
Pt nanoparticle 
analysed using in-
situ $9%*� "EaQUeE 
with permission from 
IUUQT���QubT�aDT�
orH�EoJ��0��02��
aDTaON��b00��4� 
© 	20��
 "NerJDaO 
$IeNJDaM SoDJeUy�



Coherent X-ray imaging of CO-adsorption-
induced structural changes in Pt 
nanoparticles: Implications for catalysis, 
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Rembrandt (1606–1669) is renowned for his impasto technique: thick paint laid on the canvas to make it stand out 
GSPN UIF TVSGBDF� " DPNCJOBUJPO PG IJHI�BOHVMBS SFTPMVUJPO 9�SBZ EJɭSBDUJPO 	)3�93%
 BOE NJDSP�9�SBZ EJɭSBDUJPO 
(µ-XRD) [1] was used to decipher the microstructure and composition of Rembrandt’s impasto paint layers.
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TuQQorUeE PU OaOoQarUJDMeT JT JOnueODeE by 
the presence of higher-index facets at the 

OaOoQarUJDMe TurfaDe� 5Ie QreTeMeDUJoO 
of UIe PU OaOoQarUJDMe oWerDoNeT UIe 
arbJUrarJOeTT of QreWJouT eYQerJNeOUT 
in searching for a suitable nanoparticle 
aOE UIerefore QerNJUT a DorreMaUJWe 
JOWeTUJHaUJoO by DoNQMeNeOUary Mab-
baTeE NJDroTDoQy UeDIOJRueT� "T TuDI
 
it demonstrates that the nanoparticle 
TIaQe DaO JOnueODe JUT JOUerOaM TUraJO 
TUaUe
 QroWJEJOH aO aEEJUJoOaM QaraNeUer 
for UaJMorJOH TUraJO TUaUeT
 JOnueODJOH 
reaDUJWJUy� FuUure $9%* eYQerJNeOUT XJMM 
address the shape and the strain state 
of JOEJWJEuaM
 QreTeMeDUeE OaOoQarUJDMeT 
under dynamical operando reaction 
DoOEJUJoOT�

ReNbraOEU�T reOoXOeE JNQaTUo UeDIOJRue aEEeE 
a third dimension to his paintings, enhancing 
UIeJr MJHIU reneDUJOH QroQerUJeT aOE aDIJeWJOH 
eYUraorEJOary QMayT of MJHIU aOE TIaEoX� 8IJMe 
eYQerUT LOeX UIaU JNQaTUo QaJOU XaT obUaJOeE 
by combining lead-white pigment (a mixture 
of UIe MeaE DarboOaUeT DeruTTJUe 	$
 Pb$03 and 
IyEroDeruTTJUe 	)$
 Pb3(CO3
2	0)
2
 XJUI aO 
organic binding medium, the exact formulation 
uTeE by ReNbraOEU XaT TUJMM a NyTUery� 

Micrometric fragments of paint were sampled in 
TeWeraM of ReNbraOEU�T NaTUerQJeDeT froN UIe 
DoMMeDUJoOT of UIe RJKLNuTeuN
 "NTUerEaN
 UIe 
-ouWre
 ParJT aOE UIe .aurJUTIuJT
 5Ie )aHue� 
5Ie mrTU TUeQ of UIe TUuEy DoOTJTUeE JO )R-9R% 
buML aOaMyTJT
 QerforNeE aU beaNMJOe ID22� 8IJMe 
ReNbraOEU�T OoO-JNQaTUo MayerT Xere DoNQoTeE 
of HC and C, the expected main component of 
MeaE XIJUe
 UIe obUaJOeE EJɭraDUJoO QaUUerOT 
reWeaMeE UIe TyTUeNaUJD QreTeODe JO JNQaTUo 

Fig. 87: SUraJO meME EJTUrJbuUJoOT (a) in the near-surface region and (b) JOTJEe UIe buML 
of UIe PU OaOoQarUJDMe� 2% TMJDeT of UIe [-DoNQoOeOU of UIe TUraJO meME XJUI a UeOUaUJWe 
aTTJHONeOU of WJDJOaM TurfaDe faDeUT (c) uOEer "r noX aOE (d) uOEer "r�$0 HaT noX� 
"EaQUeE XJUI QerNJTTJoO froN IUUQT���QubT�aDT�orH�EoJ��0��02��aDTaON��b00��4� 
© 	20��
 "NerJDaO $IeNJDaM SoDJeUy�

0WeraMM
 UIJT eYQerJNeOU QroWJEeT eWJEeODe UIaU 
the interior strain state of strontium titanate-
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MayerT of QMuNboOaDrJUe 	PN
 Pb�(CO3
30	0)
2, 
an extremely rare lead carbonate phase, 
undetected until then in paintings predating the 
UXeOUJeUI DeOUury� "OoUIer JOUereTUJOH reTuMU XaT 
UIe NarHJOaM aNouOU of $ JO UIe JNQaTUo MayerT� 
*O aEEJUJoO
 Wery IJHI-RuaMJUy )R-9R% QaUUerOT 
were collected on one sample by cumulating 
aDRuJTJUJoOT oWer 4 I� RJeUWeME remOeNeOU of UIJT 
dataset made it possible to model the crystallite 
NorQIoMoHJeT aOE TJ[eT aU UIe OaOoNeUrJD TDaMe� 
It was found that PN crystallites had nanometric 
dimensions (length in the c axis lc of about 10 
ON

 XIJMe )$ DryTUaMT JO UIe TaNe JNQaTUo 
Mayer Xere TJHOJmDaOUMy MarHer 	Mc _ �00 ON
 
(Figure 88b
�

5Ie TeDoOE TUeQ of UIe TUuEy XaT UIe HaUIerJOH 
of µ-XRD phase maps at beamline ID13, with 
UIe obKeDUJWe of obUaJOJOH UIe EJTUrJbuUJoO of UIe 
WarJouT MeaE-baTeE DryTUaMMJOe QIaTeT XJUIJO 
QaJOU TUraUJHraQIJeT aU UIe NJDroNeUrJD TDaMe� 
One of the studied samples was exceptional as 
it presented both an impasto and a non-impasto 
Mayer� 5Ie uOJRue QIaTe DoNQoTJUJoO of JNQaTUo 
XaT DoOmrNeE aHaJO� PN XaT EeUeDUeE ToMeMy JO 
the upper impasto layer, together with HC, while 
the non-impasto layer was composed of HC and 
C (Figure 89
� FurUIerNore
 oUIer �-9R% NaQT 
highlighted the homogeneous distribution within 
JNQaTUo MayerT of UJOy 	_ � �N
 aHHreHaUeT of PN 
crystals (Figure 88a
�

5IeTe TUruDUuraM reTuMUT TIeE OeX MJHIU oO 
ReNbraOEU�T JNQaTUo
 aT UIey JOEJDaUe UIaU 
UIe QreTeODe of PN JT a NarLer of a TQeDJmD 
QreQaraUJoO reDJQe� PN JT oOMy 
TUabMe JO aMLaMJOe DoOEJUJoOT 
	Q) � �0
� 5Ie DoNQoTJUJoO of 
impastos (notably characterised 
in addition to the presence of PN 
by a MaDL of $
 TUabMe aU Q) � �

 
as well as their microstructure 
(homogeneous distribution of 
OaOoNeUrJD PN DryTUaMMJUeT
 MeE 
to the hypothesis of an in-situ 
formation of the crystalline 
QIaTe XJUIJO JNQaTUo MayerT� 

Fig. 88: a) µ-XRD phase map acquired on beamline ID13 from a cross-section 
of UIe UIJDLMy XIJUe EraQery of ReNbraOEU�T Susanna 	����
 .aurJUTIuJT
� PN 

� QMuNboOaDrJUe
 reE� )$ � IyEroDeruTTJUe
 HreeO� $ � DeruTTJUe
 bMue
� b) Mean 
EJNeOTJoOT of )$ aOE PN DryTUaMMJUeT
 QroEuDeE aùer RJeUWeME remOeNeOU of )R-

9R% EaUa aDRuJreE oO beaNMJOe *%22�

Fig. 89:  
a) Microscope image 
of a sample collected 
oO ReNbraOEU�T 
Bathsheba 	���4
 
-ouWre
 TIoXJOH 
two white layers: 
impasto on top of an 
uOEerMayer� b) µ-XRD 
phase maps acquired 
on beamline ID13 on 
a thin section from 
UIe TaNe TaNQMe�

6OraWeMJOH UIe $oNQoTJUJoO of ReNbraOEU�T 
*NQaTUo UIrouHI UIe *EeOUJmDaUJoO of 
6OuTuaM PMuNboOaDrJUe by .uMUJNoEaM 
9-ray %JɭraDUJoO "OaMyTJT
 7� (oO[aMe[ 	a
b
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 aOE 
+� %JL 	a

 Angew. Chem. Int. Ed� 58
 �-� 
	20��
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5Ie reNaJOJOH RueTUJoO XaT Uo forNuMaUe 
historically sound hypotheses to account for an 
aMLaMJOe eOWJroONeOU JO XIJDI UIe DryTUaMMJTaUJoO 
of PN DouME be UrJHHereE� " QoTTJbJMJUy JT UIaU 
ReNbraOEU Nay IaWe uTeE MJUIarHe 	MeaE oYJEe 
Pb0
 JO UIe QreQaraUJoO of IJT JNQaTUo bJOEJOH 
NeEJuN� 5Ie uTe of Pb0 by TeWeOUeeOUI-DeOUury 
Dutch golden age painters is indeed attested by 
TeWeraM IJTUorJDaM TourDeT� 5Ie aEEJUJoO of Pb0 
Uo IJT oJM NJHIU IaWe eOabMeE ReNbraOEU Uo 
DoNNuOJDaUe TQeDJmD rIeoMoHJDaM aOE EryJOH 
QroQerUJeT Uo IJT QaJOU
 JEeaM Uo buJME IJT JNQaTUo� 
Preliminary measurements on model samples 
containing PbO particles dispersed in a linseed 
oil medium highlighted how lead carbonates 
could crystallise in a few months [2]�
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dynamic processes is described. Its use to study crystallisation was demonstrated, where it was employed to 
obtain quantitative information including induction times and crystallographic parameters, with a sensitivity to 
crystalline material at ppm levels.
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$ryTUaMMJTaUJoO uOEerQJOT a WaTU array of 
processes ranging from the production of 
functional materials and pharmaceuticals to 
UIe forNaUJoO of bJoNJOeraMT aOE UIe QreWeOUJoO 
of TDaMe� *EeOUJmDaUJoO of UIe NeDIaOJTNT 
UIaU HoWerO DryTUaMMJTaUJoO UIerefore QroNJTeT 
UIe abJMJUy Uo HeOeraUe DryTUaMT XJUI TQeDJmD 
TUruDUureT
 NorQIoMoHJeT aOE TJ[eT
 Uo JOIJbJU 
or promote crystallisation as desired and to 
EeUerNJOe XIeO aOE XIere DryTUaMT forN� 
)oXeWer
 UIJT DaO be eYUreNeMy DIaMMeOHJOH 
aT DryTUaMMJTaUJoO JT oùeO raQJE
 aOE
 JO buML 
ToMuUJoO
 JT aɭeDUeE by WarJabMeT JODMuEJOH UIe 
QreTeODe of JNQurJUJeT aOE UIe raUe of TUJrrJOH�

Here, a new strategy for studying crystallisation 
reactions under highly reproducible reaction 
DoOEJUJoOT JT reQorUeE� " NJDronuJEJD EeWJDe 
XaT uTeE Uo DreaUe MarHe OuNberT of noXJOH 
water-in-oil droplets, where each droplet was its 

oXO reaDUJoO eOWJroONeOU� $ryTUaMMJTaUJoO XaT 
then studied in situ within the droplets using 
TyODIroUroO QoXEer 9-ray EJɭraDUJoO 	P9R%
� 
5Ie EeWJDe eNQMoyeE XaT DoOTUruDUeE aT aO 
JOTerU-baTeE EeWJDe 	Figure 90
 aOE DoNQrJTeE 
a polymer insert sealed between two X-ray 
UraOTQareOU XJOEoXT� 5Ie DryTUaMMJTJOH ToMuUJoO 
was mixed at the inlet junction before forming 
EroQMeUT UIaU noXeE aMoOH a TerQeOUJOe DIaOOeM 
	EJaNeUer 0�� NN
 JO UIe oJM DarrJer QIaTe� 5Ie 
EeWJDe DaO be uTeE XJUI EJɭereOU UeNQeraUureT 
aOE ToMWeOUT aOE oɭerT reTJEeODe UJNeT of �-�0 
NJOuUeT� 

5Ie aTTeNbMeE EeWJDe XaT NouOUeE oO beaNMJOe 
ID13 XIere JU DouME be NoWeE XJUI reTQeDU Uo UIe 
9-ray beaN� %JɭereOU QoTJUJoOT aMoOH UIe noX 
DIaOOeM DorreTQoOE Uo TQeDJmD reaDUJoO UJNeT 
and PXRD patterns were acquired from droplets 
noXJOH QaTU eaDI QoTJUJoO 	Figure 91a
� 
EYDeMMeOU UJNe reToMuUJoO XaT aDIJeWeE aOE 
UIe TIorU TDreeOJOH UJNe of JOEJWJEuaM EroQMeUT 
eOTureE UIaU UIe eɭeDU of UIe IJHI-eOerHy 9-ray 
beaN oO UIe reaDUJoO XaT NJOJNJTeE� $ruDJaMMy
 
the measurements were carried out using a 
detector frame rate greater than the frequency 
of QaTTJOH EroQMeUT TuDI UIaU fraNeT UaLeO of 
UIe oJM QIaTe DouME be EJTDarEeE� 5Ie reNaJOJOH 
frames corresponding to the aqueous droplets 
Xere baDLHrouOE TubUraDUeE
 aOE aMM of UIe 
EJɭraDUJoO EaUa reDorEeE aU a TQeDJmD MoDaUJoO 
Xere DoNbJOeE JOUo a TJOHMe EJɭraDUJoO QaUUerO�

5IJT aQQroaDI XaT uTeE Uo JEeOUJfy eɭeDUJWe 
OuDMeaUJOH aHeOUT 	OuDMeaOUT
 UIaU aDDeMeraUe 
UIe forNaUJoO of DaMDJuN DarboOaUe DryTUaMT� 
8IJMe UIe abJMJUy Uo DoOUroM OuDMeaUJoO JT 
EeTJrabMe for OuNerouT aQQMJDaUJoOT
 eɭeDUJWe 
OuDMeaOUT are aT yeU oOMy LOoXO for a TNaMM 
number of systems, and many questions 
remain concerning the mechanisms by which 
UIey oQeraUe� NoO-QorouT aOE QorouT bJoaDUJWe 
HMaTTeT 	#(
 	Figure 91b

 uOfuODUJoOaMJTeE 
and carboxylate-functionalised controlled pore 
HMaTTeT 	$P(

 aOE UIe NJOeraMT LaoMJOJUe
 N9 
JMMJUe
 aNa[oOJUe aOE NoOUNorJMMoOJUe Xere 
JOWeTUJHaUeE aT QoUeOUJaM OuDMeaOUT
 XIere UIeTe 
exhibit contrasting surface chemistries and 
QoroTJUJeT� %roQMeU NJDronuJEJD P9R% XaT uTeE Uo 
determine the induction times – that is the time 
aU XIJDI DryTUaMT are mrTU EeUeDUeE o aOE reTuMUT 
were compared with nucleant-free conditions 

Fig. 90: SLeUDI of UIe 
construction of the 
NJDronuJEJD EeWJDe�
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Metal particles are released from tattoo needles when the white pigment titanium dioxide is used. The particles 
are deposited in skin and lymph nodes and contain high amounts of the allergens nickel and chromium, which 
may be released over time by corrosion.
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and droplets containing calcite nanoparticles; 
UIe MaUUer QroWJEe JEeaM OuDMeaOUT� *OEuDUJoO 
UJNeT WarJeE froN ≤ 4�2� TeD for eYQerJNeOUT XJUI 
DaMDJUe TeeET Uo oWer �0 NJOuUeT 	EeUerNJOeE by 
IaMUJOH noX aOE JODubaUJOH EroQMeUT oO-DIJQ
 
for DoOUroM DoOEJUJoOT� NoUabMy
 UIe QorouT #( 
XaT aMNoTU aT eɭeDUJWe aT UIe DaMDJUe TeeET 
(tind ≤ �2��� TeD

 XIJMe N9 JMMJUe 	Uind ≤ ���00 TeD
 
aOE UIe OoO-QorouT #( 	Uind ≤ 40��� TeD
 Xere 
aMTo IJHIMy aDUJWe� 

EɭeDUJWe OuDMeaOUT IaWe beeO QroQoTeE Uo oQeraUe 
WJa a raOHe of NeDIaOJTNT JODMuEJOH� 	J
 oɭerJOH 
a MoX DryTUaM�OuDMeaOU JOUerfaDJaM eOerHy� 	JJ
 
aETorbJOH JoOT�NoMeDuMeT froN UIe ToMuUJoO
 UIuT 
MoDaMMy JODreaTJOH TuQerTaUuraUJoO� 	JJJ
 aMJHOJOH 
ToMuUe NoMeDuMeT� 	JW
 QroNoUJOH UIe forNaUJoO of 
EJɭereOU QoMyNorQIT aOE 	W
 eYIJbJUJOH TurfaDe 
EefeDUT UIaU QroNoUe OuDMeaUJoO� #(T are LOoXO 
to promote the formation of hydroxyapatite 
	DaMDJuN QIoTQIaUe

 aOE NeToQorouT WarJeUJeT 
are eɭeDUJWe OuDMeaOUT for QroUeJOT
 XIere UIe 
QoreT aQQear Uo QroNoUe OuDMeaUJoO� 

5IeTe eYQerJNeOUT TIoXeE UIaU boUI #(T are 
eɭeDUJWe OuDMeaOUT for DaMDJuN DarboOaUe XIJMe 
$P(T XJUI DoNQarabMe Qore TJ[eT are OoU� 
FurUIer
 aùer OorNaMJTJOH for TurfaDe area
 UIe 
QorouT aOE OoO-QorouT #(T eYIJbJU DoNQarabMe 
aDUJWJUJeT� 5Ie aDUJWJUy of UIe #( DaO UIerefore 
be attributed to its surface chemistry rather 
than porosity, where local dissolution of the 
surface leads to the formation of an amorphous, 
calcium- and carbonate-rich layer, which 
faDJMJUaUeT DaMDJUe OuDMeaUJoO�

Fig. 91: a) Illustration of the experimental set-up and (b) PXRD 
NeaTureNeOUT for eYQerJNeOUT XJUI QorouT bJoaDUJWe HMaTT� EaDI DIaOOeM 

QoTJUJoO DorreTQoOET Uo a TQeDJmD reaDUJoO UJNe�

PJHNeOU-MoaEeE MyNQI OoEeT IaWe beeO 
obTerWeE EurJOH NeEJDaM QroDeEureT JO UaUUooeE 
JOEJWJEuaMT for a MoOH UJNe� *O 20��
 UIe mrTU 
physico-chemical analysis of tattoo pigments 
JO UerNT of QJHNeOU JEeOUJUy aOE QarUJDMe TJ[e of 
NaUDIJOH TLJO aOE MyNQI OoEe TaNQMeT of UIe 
same donors was published [1]� 

*O furUIer IJHI-reToMuUJoO 9-ray nuoreTDeODe 
	9RF
 TUuEJeT aU beaNMJOe ID16B, iron particles 
aOE IJHI aNouOUT of OJDLeM aOE DIroNJuN 
(Figure 92a
 Xere fouOE JO aEEJUJoOaM TLJO aOE 
MyNQI OoEe TeDUJoOT o XJUI OJDLeM aOE DIroNJuN 
QarUJDMeT raOHJOH froN �0 ON 	reToMuUJoO MJNJU
 
Uo 4 �N� "EEJUJoOaM 9-ray abTorQUJoO Oear 
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eEHe TUruDUure 	9"NES
 aOaMyTJT reWeaMeE UIaU 
OJDLeM aOE DIroNJuN Xere NaJOMy QreTeOU aT 
metals and, to a lesser extent, in oxidised form 
(Figure 92b
� 

.JYUureT of JroO
 OJDLeM aOE DIroNJuN are 
DoNNoOMy uTeE aT TUeeM aMMoy� 5Ierefore
 UIe 
orJHJO of UIeTe QarUJDMeT XaT JOWeTUJHaUeE� 0Wer 
�0 JOL TaNQMeT of bMaDL
 XIJUe aOE reE DoMour Xere 
aOaMyTeE
 buU OoOe DoOUaJOeE TJNJMar QarUJDMeT� 
)eODe
 DoOUaNJOaUJoO froN TUeeM WeTTeMT EurJOH 
NaOufaDUurJOH of QJHNeOUT DouME be eYDMuEeE� 

5Ie TaNe aQQMJeT for NJDroUoNe LOJWeT
 XIJDI 
were used for preparing thin sections of the 
tissues in the sample preparation process, as 
UIey aMTo EJE OoU DoOUaJO OJDLeM� )oXeWer
 aMM 
tattoo needles analysed with a table-top XRF 
JOTUruNeOU 	FJTDIerTDoQe 9-ray 9%7-S%%
 Xere 
DoNQoTeE of a TUeeM aMMoy XJUI uQ Uo �� OJDLeM 
aOE ��� DIroNJuN� 

5o HeU mOaM DoOmrNaUJoO of UIe OeeEMeT beJOH UIe 
orJHJO of OJDLeM aOE DIroNJuN
 UIaXeE QJH TLJO 
XaT UaUUooeE XJUI JOLT DoOUaJOJOH eJUIer DarboO 
bMaDL or XIJUe UJUaOJuN EJoYJEe QJHNeOUT� 0OMy 
UIe XIJUe JOL
 DoOUaJOJOH UJUaOJuN EJoYJEe
 MeE Uo 
a NaKor EeQoTJUJoO of NeUaM QarUJDMeT JO UIe TLJO 
as shown in XRF analysis carried out at ID21 
(Figure 93a
� SDaOOJOH eMeDUroO NJDroTDoQy 
	SE.
 JNaHeT of UIe OeeEMe UJQT before aOE aùer 
UaUUooJOH aMTo reWeaMeE UIe Xear of NeUaM froN 
its surface when titanium dioxide was used 
(Figure 93b
 o furUIer eWJEeODJOH UIaU oOMy UIe 
dense titanium pigment leads to an abrasion 
of UIe NeUaM� 5IJT JT JO aDDorEaODe XJUI UIe 
obTerWaUJoO UIaU UIe NeUaM QarUJDMeT Xere aMXayT 
located in close proximity to titanium dioxide in 
IuNaO TLJO aOE MyNQI OoEe UJTTueT� 

5IJT mOEJOH JT QarUJDuMarMy XorrJToNe beDauTe 
OJDLeM aOE DIroNJuN are UIe UXo NoTU DoNNoO 
aMMerHeOT JO UIe EuroQeaO QoQuMaUJoO� $orroTJoO 
of UIeTe NeUaMT oWer UJNe DaO reMeaTe UIe 
corresponding allergenic metal ions and thus 
Nay QMay a roMe JO aMMerHy EeWeMoQNeOU� 6OUJM 
OoX
 QuUaUJWe OJDLeM aMMerHy JO UaUUooT XaT aMXayT 
beMJeWeE Uo be DauTeE by JNQurJUJeT of JroO oYJEe 
QJHNeOUT� 5IeTe OeX mOEJOHT TuHHeTU UIaU UIJT 
metallic debris may be another major source of 

Fig. 92: X-ray 
nuoreTDeODe 	9RF
 aOE 
X-ray absorption near 
eEHe TUruDUure 	9"NES
 
analysis of human 
TaNQMeT aU *%��#�  
a) SLJO aOE MyNQI 
node XRF analysis of 
oOe EoOor� b) NJDLeM 
and chromium XANES 
analysis on the 
indicated particles in 
(a)�

Fig. 93: 5aUUooeE QJH TLJO XJUI DarboO bMaDL aOE UJUaOJuN EJoYJEe 
XIJUe QJHNeOUT� a) 9RF NaQQJOH aU *%2�� 5aUUooJOH UIaXeE QJH 
TLJO XJUI UJUaOJuN EJoYJEe reTuMUT JO EeQoTJUJoO of NeUaM QarUJDMeT 
DoNQoTeE of UIe JroO-OJDLeM-DIroNJuN aMMoy of UIe UaUUoo OeeEMe�  
b) SE. JNaHeT of UIe UaUUoo OeeEMeT before aOE aùer UaUUooJOH reWeaM 
QroNJOeOU Xear uQoO uTJOH UJUaOJuN EJoYJEe�
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containing particles from tattoo needle 
wear in humans and its possible impact on 
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 *� SDIreJWer 	a

  
#� )eTTe 	b
D

 $� SeJN 	D
E
e

  
)� $aTUJMMo-.JDIeM 	b

 -� "OLMaNN 	f

  
+� 7JMMaOoWa 	b

 N� %reJaDL 	a

  
"� -aHraOHe 	D
H

 R� PeOOJOH 	I

  
$� %e $uyQer 	J

 R� 5uDouMou 	b

  
8� #ÊuNMer 	K

 .� $oUUe 	b
L
 aOE  
"� -uDI 	a

 Part. Fibre Toxicol. 16, 33 
	20��
� EoJ� �0������T�2���-0��-0���-��

(a) Department of Chemical and Product 
Safety, German Federal Institute for Risk 
Assessment, Berlin (Germany)
(b) ESRF 
(c) Xploraytion GmbH, Berlin (Germany)
(d) Department of X-ray Spectrometry, 
Physikalisch-Technische Bundesanstalt, 
Berlin (Germany)
(e) Institute for Optics and Atomic Physics, 
Technical University Berlin (Germany)
(f) Helmut Fischer GmbH Institut für 
Elektronik und Messtechnik, Berlin 

(Germany)
(g) Institute of Materials Science and 
Technologies, Technical University Berlin 
(Germany)
(h) Institute of Forensic Medicine, Ludwig-
Maximilians University, Munich (Germany)
(i) Dermatologist, Blankenberge (Belgium)
(j) Department of Dermatology, University 
of Regensburg (Germany)
(k) Laboratory of Molecular and Structural 
Archaeology (LAMS), Sorbonne University, 
Paris (France)

[�> *� SDIreJWer et al., Sci Rep 7
 ����� 	20��
�

)08 #0NE *S #0RN� 0#SER7*N( *5S 0R*(*N 
INSIDE CELLS

The early stages of biomineralisation have been investigated using phase-contrast X-ray imaging (PCXI) and 
9�SBZ nVPSFTDFODF 	93'
 UP FWBMVBUF UIF JOJUJBM NJOFSBM EFQPTJUJPOT JO IVNBO CPOF NFTFODIZNBM TUFN DFMMT 
exposed to an osteogenic cocktail. The results provide a deeper understanding of the intracellular molecular 
mechanisms governing the initial phases of bone tissue formation.
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OJDLeM JO UaUUooT� 5IJT IyQoUIeTJT JT uOEerQJOOeE 
by aO obTerWaUJoO JO a TLJO bJoQTy of a OJDLeM-
sensitised tattoo-allergy patient in this study: 

OJDLeM JOUeOTJUJeT JO 9RF aOaMyTJT aU *%��# Xere 
higher in areas with metal debris and titanium 
EJoYJEe UIaO JO areaT XJUI JroO oYJEe QJHNeOUT�

#JoNJOeraMJTaUJoO JT UIe QroDeTT by XIJDI MJWJOH 
TyTUeNT HeOeraUe orHaOJTeE NJOeraM DryTUaMT� 
)yEroYyaQaUJUe 	)"
 JT a OaUuraMMy oDDurrJOH 
mineral form of calcium apatite with the general 
formula: (Ca10-x Yx
 	P04
6 	0)
2-p(CO3
p, where Y 
indicates the typical substituting metals (Zn, Mg, 
Sr
 fouOE JO NaOy UJTTueT JODMuEJOH boOeT aOE 
cartilage [1]� #JoNJOeraMJTaUJoO JT a MJfeMoOH 
process, fundamental in bone formation, repair 
aOE reNoEeMMJOH� #oOe TIoXT a DoNQMeY TUruDUure 
organised across multiple length scales, from 
UIe NoMeDuMar Uo UIe NaDroTDoQJD MeWeM� 0O UIe 

OaOoNeUrJD TDaMe
 DoMMaHeO NJDrombrJMT EJreDU UIe 
forNaUJoO of OaOoTJ[eE 	)"
 QMaUeMeUT orJeOUeE 
QaraMMeM Uo UIe DoMMaHeO mbrJM aYJT
 for JOUermbrJMMar 
mineralisation [2]� 

Biomineralisation depends upon the complex 
DroTTUaML beUXeeO oTUeoDMaTUT
 oTUeobMaTUT aOE 
oTUeoDyUeT� 0TUeoDMaTUT EJHeTU boOe NaUrJY XIJMe 
osteoblasts synthesise it and orchestrate its 
NJOeraMJTaUJoO� "T UIe QreDurTor of oTUeobMaTUT 
and osteocytes, human bone mesenchymal 
TUeN DeMMT 	b.S$
 Xere JOWeTUJHaUeE Uo uOWeJM 

Fig. 94: a) 5Xo TMJDeT of UIe [-TUaDL reDoOTUruDUeE 
froN UIe QIaTe-DoOUraTU UoNoHraQIy�  
b) 7oMuNe reOEerJOH of UIe QIaTe-DoOUraTU OaOo-
UoNoHraQIy EaUa� 5Ie DoMoureE arroXT JOEJDaUe 
four JOUraDeMMuMar EeQoTJUJoOT�  
c) Zoomed 3D solid nano-rendering of the four 
granules highlighted in panel (b)� d) 5Xo TMJDeT 
of UIe [-TUaDL reDoOTUruDUeE froN UIe 9-ray 
nuoreTDeODe UoNoHraQIy� e,f,g) Zoomed 3D 
nano-rendering of P, Ca and Zn intracellular 
EeQoTJUJoOT
 reTQeDUJWeMy�
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UIe NoMeDuMar baTJT of oTUeoHeOeTJT� $aMDJuN 
is a crucial mineral for the bone and is present 
in the extracellular mineralised matrix as an 
JOUeHraM DoNQoOeOU of IyEroYyaQaUJUe DryTUaMT� 
7ery MJUUMe JT LOoXO abouU UIe QroHreTTJoO of UIe 
extracellular Ca-phosphate and polyphosphate 
EeQoTJUJoO EurJOH oTUeobMaTU EJɭereOUJaUJoO� 5Ie 
Dore LOoXMeEHe JT QroWJEeE by TUuEJeT oO UIe 
aEWaODeE QIaTeT of bJoNJOeraMJTaUJoO
 NaJOMy 
occurring in the extracellular matrix, while 
studies on the early stages of this process are 
TDarDe� 

5IJT XorL reQorUT mOEJOHT oO UIe earMy TUaHeT 
of biomineralisation (i.e., the genesis and 
eWoMuUJoO of UIe NJOeraM OuDMeJ aOE UIeJr 
elemental composition during the osteogenic 
EJɭereOUJaUJoO of IuNaO b.S$
� 0Wer UIe MaTU 
decade, cutting-edge X-ray synchrotron-based 
NJDroTDoQy UeDIOJRueT IaWe beeO JNQroWeE Uo 
oWerDoNe UIe MJNJUaUJoOT JO TQaUJaM reToMuUJoO 
aOE JO TeOTJUJWJUy
 beDoNJOH Nore aDDeTTJbMe 
aOE DoNNoO JO MJfe TDJeODe TUuEJeT� 5IeTe 
breaLUIrouHIT NaEe JU QoTTJbMe Uo TUuEy UIe 
biomineralisation in single cells at the intracellular 
MeWeM aOE JO UIe eYUraDeMMuMar NaUrJY XIere QarU 
of UIJT QIeOoNeOoO UaLeT QMaDe� *OWeTUJHaUJoOT 
Xere DoOEuDUeE oO fro[eO-IyEraUeE TaNQMeT
 
LeeQJOH UIe b.S$ aT DMoTe aT QoTTJbMe Uo UIeJr 
OaUuraM IyEraUeE TUaUe aOE QreTerWJOH UIe 
TUruDUuraM aOE DIeNJDaM JOforNaUJoO� $oNbJOeE 
PCXI and XRF acquisitions (Figure 94

 DarrJeE 

out at beamline ID16A, were pushed to their 
technical and physical limits in terms of spatial 
reToMuUJoO
 XJUI QJYeM TJ[eT EoXO Uo �� ON JO UXo 
aOE UIree EJNeOTJoOT� #oUI UIe QIaTe-DoOUraTU 
OaOo-UoNoHraQIy aOE 9-ray nuoreTDeODe 
tomography data were acquired from the same 
fro[eO-IyEraUeE DeMMT
 eOabMJOH a DorreMaUJWe 
JOUerQreUaUJoO of UIe reTuMUT� 

FurUIer DoNbJOaUJoO of EJɭereOU TyODIroUroO 
NJDroTDoQy aOE MaboraUory 9-ray EJɭraDUJoO 
techniques made it possible to follow the 
eWoMuUJoO of IyEroYyaQaUJUe forNaUJoO JO 
EJɭereOUJaUJOH b.S$ EurJOH UIe earMy TUaHe of 
bJoNJOeraMJTaUJoO� " RuaOUJUaUJWe aTTeTTNeOU 
of the chemical composition of the mineral 
depositions, together with the characterisation 
of their molecular and crystalline structures, 
JT QroWJEeE� 5Ie aOaMyTJT reWeaMT UIaU 
biomineralisation starts with hydroxyapatite 
nucleation within UIe DeMM
 aOE raQJEMy eWoMWeT 
toward a hexagonal hydroxyapatite crystal 
TUruDUure Wery TJNJMar Uo UIe oOe QreTeOU JO 
NaUure IuNaO boOe
 aT EeUeDUeE aùer KuTU �0 
EayT of oTUeoHeOJD JOEuDUJoO� ;O JODMuTJoO JO UIe 
NJOeraM EeQoTJUJoOT faWourT UIe OuDMeaUJoO of UIe 
hydroxyapatite crystal lattice and at 10 days the 
QroDeTT of ;O JODorQoraUJoO JT aMNoTU DoNQMeUe� 
Figure 95 shows a proposed model based on 
these results, with a possible mechanism for 
UIe HeOeTJT aOE UIe eWoMuUJoO of IeYaHoOaM 
IyEroYyaQaUJUe�

Fig. 95: 5Ie HraQI EeQJDUT a NoEeM 
based on the results obtained in this 

study, hypothesising a mechanism for 
UIe HeOeTJT aOE UIe eWoMuUJoO of UIe 

IeYaHoOaM IyEroYyaQaUJUe� 5Ie NJOeraM 
EeQoTJUJoOT TIoXJOH a EJɭereOU eMeNeOUaM 

DoNQoTJUJoO are reQreTeOUeE by EJɭereOU 
QoMyHoOaM TIaQeT� 5Ie roNaO OuNeraMT 

portray the chronological sequence�
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SYMBIOSIS

Photosymbiosis in marine plankton is common in oceans worldwide. High-resolution imaging techniques showed 
UIBU UIF TUSVDUVSBM PSHBOJTBUJPO BOE OVUSJFOU DPNQPTJUJPO PG NJDSPBMHBF TJHOJmDBOUMZ DIBOHF GPMMPXJOH JOUFHSBUJPO 
into a host, towards a powerful photosynthetic machinery. This improves understanding of the functioning of the 
ecologically important symbiosis between a host and its intracellular microalgae.
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-JWJOH JO TyNbJoTJT XJUI NJDroaMHae 
	QIoUoTyNbJoTJT
 JT a XJEeTQreaE aOE 
ecologically important phenomenon in oceanic 
QMaOLUoO 	Figure 96
� 5IeTe QMaOLUoOJD 
organisms are essential for the global climate 
TJODe UIey DoOUrJbuUe Uo UIe DarboO DyDMe� 5Iey 
are particularly abundant in the world´s open 
oceans, where nutrients such as P, N and trace 
NeUaMT are QoorMy aWaJMabMe� 5Ie eDoMoHJDaM 
success of this cell–cell interaction relies on 
a NuUuaMJTUJD reMaUJoOTIJQ� UIe IoTU QroWJEeT 
protection and a nutrient-rich microhabitat and 
JO UurO
 UIe NJDroaMHae QroWJEe eOerHy UIaOLT 
Uo QIoUoTyOUIeTJT� )oXeWer
 UIJT QaraEJHN 
reNaJOT MarHeMy uOeYQMoreE� 5IJT TUuEy 
DoNbJOeE EJɭereOU OaOo-JNaHJOH aQQroaDIeT 
Uo uOWeJM UIe TUruDUuraM aOE NeUaboMJD TUraUeHJeT 
of TyNbJoUJD DeMMT aU UIe TubDeMMuMar MeWeM
 aOE Uo 
answer crucial questions, such as how the host 
JOUeHraUeT aOE DoOUroMT JUT NJDroaMHae�

-JWe DeMMT Xere DoMMeDUeE JO TurfaDe XaUerT of UIe 
.eEJUerraOeaO Tea aOE JOEJWJEuaMMy JToMaUeE 
UIrouHI a NJDroTDoQe� SaNQMe QreQaraUJoO 
QroUoDoMT Xere EeWeMoQeE JO orEer Uo DoOEuDU 
multimodal subcellular imaging, using a 
combination of 3D electron microscopy, 
nanoscale mass spectrometry, and synchrotron 
9-ray nuoreTDeODe 	9RF
 JNaHJOH� 5Ie �% 
ultrastructure and nutrient homeostasis were 
eWaMuaUeE oO NJDroaMHae beUXeeO UIeJr free-
MJWJOH 	e.g.
 JO DuMUure XJUIouU UIe IoTU
 aOE 
TyNbJoUJD 	JOTJEe a IoTU
 TUaHeT� .aDroOuUrJeOUT 
TuDI aT P aOE N Xere WJTuaMJTeE XJUI OaOoTDaMe 
TeDoOEary JoO NaTT TQeDUroNeUry 	OaOoS*.S
 
XIJMe UIe RuaOUJUaUJWe NaQQJOH of UIe UraDe 
metals Fe, Co and Mn were obtained with XRF on 
beamlines ID16B and ID21� 

5Ie TUuEy reWeaMeE UIaU UIe aMHaM DeMM JOTJEe 
a IoTU IaT a MarHer WoMuNe XJUI NuMUJQMe 
DIMoroQMaTUT DoNQareE Uo JUT free-MJWJOH TUaHe� 
5Iere JT a _40-foME JODreaTe of UIe WoMuNe of 
chloroplasts when the algal cell is integrated 
JOUo a IoTU DeMM� PIyTJoMoHJDaM NeaTureNeOUT 
TIoXeE aO JODreaTeE QIoUoTyOUIeUJD eɮDJeODy 
of microalgae in symbiosis, corroborating 
eMeDUroO NJDroTDoQy obTerWaUJoOT� *O orEer Uo 
highlight possible metabolic changes induced 
by symbiosis, the subcellular distribution and 

DoNQoTJUJoO of OuUrJeOUT Xere JOWeTUJHaUeE� 
NaOoS*.S EaUa reWeaMeE IJHI DoOUeOU of N JO 
TyNbJoUJD NJDroaMHae buU Wery MoX P� 5IJT raJTeE 
UIe IyQoUIeTJT of XIeUIer MoX P reneDUT a IoTU-
JNQoTeE P MJNJUaUJoO for DoOUroMMJOH aMHaM HroXUI�

5raDe NeUaMT are eTTeOUJaM for QIoUoTyOUIeTJT
 
antioxidant protection and other essential 
bJoDIeNJDaM fuODUJoOT of NJDroaMHae� 5IeTe 
eMeNeOUT are UIe NaJO ErJWerT of QrJNary 
QroEuDUJWJUy JO UIe oDeaO� 9RF JNaHJOH TIoXeE 
that Fe concentration in symbiotic microalgae 
XaT UXJDe aT IJHI 	�0 � 2� QQN
 aT UIaU JO free-
MJWJOH NJDroaMHae 	44 � � QQN
 	Figure 97
� 
5IJT XaT NaJOMy Eue Uo UIe QreTeODe of MarHe 
Fe-rJDI WaDuoMeT JO UIe aMHaM DyUoToM DoOUaJOJOH 
uQ Uo ��0 QQN Fe� 5IJT JNQMJeT UIaU a TJHOJmDaOU 
aNouOU of Fe JT EeMJWereE Uo UIe NJDroaMHae by 
the host in order to sustain their photosynthetic 
aDUJWJUy� 0ODe TeRueTUereE JO UIe NJDroaMHae
 
the homeostasis of this essential yet toxic metal 
DouME be reHuMaUeE UIrouHI TUoraHe WaDuoMeT Uo 
NJOJNJTe oYJEaUJWe TUreTT� 7arJabJMJUy JO NeUaM 
IoNeoTUaTJT XaT aMTo fouOE for $o� $o XaT oOMy 

Fig. 96: Light microscopy 
image showing a host cell 
XJUI bJoNJOeraMJTeE TLeMeUoO 
and intracellular microalgae 
Phaeocystis�

Fig. 97: Subcellular 
distribution and 
RuaOUJmDaUJoO of UIe 
trace metal Fe in 
symbiotic microalgae 
by synchrotron X-ray 
nuoreTDeODe JNaHJOH 
on a single cell 
TeDUJoO�  
-eù� 0T 	HreeO
 
vs� Fe 	reE
� RJHIU� 
2uaOUJUaUJWe faMTe-
colour representation 
of Fe DoODeOUraUJoO� 
SDaMe bar � � �N�
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5SJQMF�OFHBUJWF CSFBTU DBODFST BSF LOPXO UP IBWF QPPS QSPHOPTJT BOE BSF BNPOH UIF NPTU EJɮDVMU UP USFBU� 
0TNPDFOZM�UBNPYJGFO PɭFST OFX QPTTJCJMJUJFT UP DPVOUFSBDU DBODFS SFTJTUBODF NFDIBOJTNT� 4ZODISPUSPO 9�SBZ 
nVPSFTDFODF 	93'
 OBOPJNBHJOH PɭFST JOWBMVBCMF DBQBCJMJUJFT UP RVBOUJUBUJWFMZ USBDF UIF JOUSBDFMMVMBS EJTUSJCVUJPO 
of metal-based drugs at biologically relevant concentrations in a label-free fashion.

"MHaM ReNoEeMJOH JO a 6bJRuJUouT 
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EeUeDUeE JO TyNbJoUJD NJDroaMHae 	2� � �� QQN

 
TQeDJmDaMMy JO UIe OuDMeuT
 ToNe orHaOeMMeT
 
aOE UIe Fe-rJDI WaDuoMe� 0WeraMM
 TubDeMMuMar 
RuaOUJUaUJWe NaQQJOH of NeUaMT TIoXeE UIaU 
the metal homeostasis of microalgae was 
dramatically altered in symbiosis, implying 
TQeDJmD NeDIaOJTNT by XIJDI UIe IoTU UaLeT 
uQ aOE UraOTferT UIeTe Ley eMeNeOUT Uo JUT 
TyNbJoOUT�

5IJT TUuEy TIoXT UIaU NJDroaMHae DaO 
radically transform, both morphologically and 
metabolically, following their integration into a 
IoTU DeMM
 a QroDeTT UIaU IaT OoU QreWJouTMy beeO 
reported in other algal symbioses (e.g., coral 
reef
� 5IJT oQeOT OeX QerTQeDUJWeT Uo furUIer 
decipher these mechanisms at the molecular 
MeWeM aOE Uo beUUer aTTeTT UIe JNQaDU of DMJNaUe 
DIaOHe oO QIoUoTyNbJoTJT JO UIe oDeaO�

5rJQMe-OeHaUJWe breaTU DaODer 	5N#$
 reQreTeOUT 
�0-20� of breaTU DaODerT� *U JT OoU fueMMeE 
by IorNoOeT
 UeTUJOH OeHaUJWe for eTUroHeO 
and progesterone receptors and excess HER2 
protein, meaning it does not respond to 
IorNoOaM UIeraQy aOE aOUJboEy NeEJDJOeT� 
Although some patients may respond to classic 
chemotherapy treatment, relapse rates are 
IJHI aOE a MarHe OuNber are MJLeMy Uo EeWeMoQ 
reTJTUaODe
 NaLJOH UIJT DaODer Wery EJɮDuMU Uo 
UreaU� .eUaMMoDJfeOT
 EerJWaUJWeT of UIe XJEeMy 
uTeE EruH UaNoYJfeO
 IaWe EeNoOTUraUeE UIeJr 
broaE TQeDUruN of eɮDaDy aOE UIeJr QoUeOUJaM 
Uo TJHOJmDaOUMy oWerDoNe EruH reTJTUaODe� 5o Ho 
further, it is critical to understand the path that 
such organometallic molecules follow to reach 
DaODerouT DeMMT aOE IoX UIey NaOaHe Uo LJMM 
UIeN� 

Cutting-edge synchrotron imaging brought 
unique insight into the intracellular distribution 
of oTNoDeOyM-UaNoYJfeO 	0D-0)-5aN

 XIJDI 
DouME be UraDLeE XJUI a reToMuUJoO EoXO Uo �� ON 
using 2D and 3D cryo-XRF at beamline ID16A� 
5Ie JOUrJOTJD QreTeODe of aO oTNJuN aUoN JO 
UIe TUruDUure of 0D-0)-5aN aMMoXT JUT EJreDU 
mapping through the XRF emission spectrum, 

along with physiological elements such as Zn 
(Figure 99a
� 5Ie JNaHeT of DIeNJDaMMy mYeE 
.%"-.#-2�� DeMMT eYQoTeE Uo 2 �. 0D-0)-5aN 
for 1h (Figure 98

 EurJOH XIJDI Oo DyUoUoYJDJUy 
JT obTerWeE
 EeNoOTUraUeE UIaU oTNoDeOyM-
tamoxifen readily reached the targeted 
intracellular compartments owing to its high 
MJQoQIJMJDJUy� 5Ie JOUraDeMMuMar EJTUrJbuUJoO of 
0T reNaJOT TJNJMar aùer 24I eYQoTure
 XJUI 
0T areaM NaTT EeOTJUy JODreaTJOH abouU 2��-
foME� 5Ie eYUeOEeE QerJOuDMear MoDaMJTaUJoO of 
0T arouOE UIe OuDMeuT foMMoXT a QaUUerO MJLeMy 
DoOTJTUeOU XJUI eOEoQMaTNJD reUJDuMuN 	ER
 
aOE OuDMear eOWeMoQe MoDaMJTaUJoO� *OEeeE
 
ER is a well-described organelle organised as 
aO JOUrJDaUe QerJOuDMear OeUXorL JODMuEJOH 
interconnected membrane structures (tubules, 
WeTJDMeT aOE DJTUerOae
 DoOUJOuouT Uo UIe ouUer 
OuDMear eOWeMoQe� 5Ie aEEJUJoOaM eYQoTure Uo 
UIe aOUJNJUoUJD aHeOU OoDoEa[oMe UIaU JOEuDeT 
NJDroUubuMe EJTruQUJoO aOE a LOoXO reUraDUJoO of 
UIe ER baDL UoXarET UIe DeMM DeOUre [1] is clearly 
associated with Os redistribution (Figure 99a
� 

5Ie QerJOuDMear 0T MoDaMJTaUJoO foMMoXT UIe 
EJTUrJbuUJoO of UIe ER-TQeDJmD nuoreTDeOU Qrobe 
aQQMJeE before DIeNJDaM mYaUJoO 	Figure 99b
� 



*OUraDeMMuMar -oDaMJ[aUJoO of aO 0TNoDeOyM-
5aNoYJfeO %erJWaUJWe JO #reaTU $aODer $eMMT 
ReWeaMeE by SyODIroUroO RaEJaUJoO 9-ray 
FMuoreTDeODe NaOoJNaHJOH
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 )� ;� SIJrMey -ee 	D

 S� 5oQ 	D
E

  
.� $� $arrJÒre 	e
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�  
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(a) Inserm UA7, Rayonnement Synchrotron 
pour la Recherche Biomédicale (STROBE) 
Université Grenoble Alpes (France)
(b) ESRF
(c) 3PSL, Chimie ParisTech, Paris (France)
(d) Sorbonne Université, CNRS, Institut 

Parisien de Chimie Moléculaire (IPCM), Paris 
(France)
(e) Université Grenoble Alpes, CEA, CNRS, 
INAC-SyMMES, CIBEST, Grenoble (France)
(f) Laboratoire de Chimie et Biologie des 
Métaux, UMR CNRS 5249, Université 
Grenoble Alpes, CEA, BIG, Grenoble (France)

[�> .� 5eraTaLJ et al., J. Cell. Biol. 103
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5IJT furUIer TuQQorUT QrefereOUJaM 
aDDuNuMaUJoO of 0D-0)-5aN JO UIe 
ER� )JHI-eOerHy 	�� ,e7
 �% 9RF 
OaOoJNaHJOH of fro[eO IyEraUeE DeMMT aT 
eYeNQMJmeE JO Figure 99c supports the 
aboWe 0T EJTUrJbuUJoO aOE IJHIMJHIUT
 
aNoOH aO JNQroWeE QreTerWaUJoO of DeMM 
WoMuNe aOE EJTUrJbuUJoO of EJɭuTJbMe 
JoOT
 a Wery IJHI DoODeOUraUJoO of 0D-
0)-5aN JO WeTJDuMar TUruDUureT� "T a 
scenario, the highly lipophilic Oc-OH-
5aN UarHeUT NeNbraOe DoNQoOeOUT UIaU 
are exchanged among organelles of the 
eOEoNeNbraOe TyTUeN� 5Ie oTNoDeOyM-
tamoxifen is preferentially stored 
along the ER, where it can be oxidised 
Uo reMeaTe EJɭuTJbMe aOE IJHIMy UoYJD 
metabolite quinone methide, leading 
to the inhibition of the thioredoxin 
reEuDUaTe
 eWeOUuaMMy reTuMUJOH JO DeMM 
senescence (Figure 99d
� 

5Ie MeWeM of TeOTJUJWJUy aOE TQaUJaM 
resolution reached by synchrotron 
cryo-nanoprobes such as ID16A opens 
exciting possibilities, contributing to 
a deeper understanding of the time-
EeQeOEeOU uQUaLe aOE beIaWJour of 
NeUaMMoDJfeOT JO a DeMMuMar eOWJroONeOU�

Fig. 98: a) .%"-.#-2�� DeMMT eYQoTeE �I or 24I Uo UIe NeUaMMoEruH 0D-0)-5aN� 
$eMMT are Tub-DuMUureE oO a TJMJDoO OJUrJEe XJOEoX aOE DIeNJDaMMy mYeE XJUI 4� 

QaraforNaMEeIyEe EurJOH 20 NJOT aU rooN UeNQeraUure aOE
 aùer UIorouHI 
rJOTJOH
 Meù Uo Ery� b) 9RF OaOoaOaMyTJT JT DarrJeE ouU Uo QroEuDe RuaOUJUaUJWe 

eMeNeOUaM JNaHeT�Fig. 99: a) XRF maps of Zn and Os of chemically 
mYeE .%"-.#-2�� breaTU DaODer DeMMT aùer 
�I aOE 24I eYQoTure Uo 2 �. 0D-0)-5aN
 
or foMMoXeE by �I eYQoTure Uo � �. of UIe 
NJDroUubuMe-EJTruQUJOH EruH OoDoEa[oMe� 

Images for 1h exposure were raster scanned 
XJUI �� Y �� ON2 TUeQ TJ[e
 XIJMe oUIerT 

Xere obUaJOeE aU �0 Y �0 ON2, dwell time of 
�0 NT� b) EQJnuoreTDeODe oQUJDaM NJDroTDoQy 
JNaHe of UIe DeMM QrJor Uo mYaUJoO MabeMeE XJUI 
ER-5raDLer2 #Mue-8IJUe %P9 nuoreTDeOU Eye 

	HreeO faMTe DoMour
 aOE JUT aTToDJaUeE 0T 
distribution (projection at normal incidence 

froN UIe �% 9RF EaUaTeU
 �00 ON TUeQ TJ[e aOE 
�0 NT EXeMM UJNe
� c) 3D rendering of K and Os 

EJTUrJbuUJoOT JO a fro[eO IyEraUeE  
.%"-.#-2�� DeMM aùer �I eYQoTure Uo 2 �. 

0D-0)-5aN 	2� QroKeDUJoOT oWer ��0 EeH�
 
�20 ON WoYeM TJ[e
 �0 NT EXeMM UJNe
�  

d) Scheme of proposed scenario to explain 
UIe aOUJDaODer aDUJWJUy of 0D-0)-5aN� $oMour 

DaMJbraUJoO barT JO �H�DN2� SDaMe bar � �N�



N"N08*RE *N5ERN"-*S"5*0N "N% $R6.P-*N( #: 
S,*N $E--S 0#SER7E% #: N"N0)0-050.0(R"P): 
"N% SPE$5R0.*$R0S$0P:

4JMWFS OBOPXJSF 	"H/W
�CBTFE DPOEVDUJWF USBOTQBSFOU OFUXPSLT DBO FOBCMF nFYJCMF FMFDUSPOJDT CVU NJHIU FYQPTF 
consumers to nanomaterials. Holotomographic imaging of cells exposed to AgNWs revealed that thinner and 
nFYJCMF "H/WT BSF NFDIBOJDBMMZ DSVNQMFE
 SFEVDJOH UPYJDJUZ� PSPEVDUT JODMVEJOH UPVDITDSFFOT BOE GVODUJPOBMJTFE 
paper incorporating thinner AgNWs retain technical performances while being safer.

X-RAY NANOPROBE
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Future generations of smartphones may 
JODorQoraUe eMeDUrJDaMMy DoOEuDUJWe aOE oQUJDaMMy 
UraOTQareOU OeUXorLT of OaOoXJreT NaEe of 
NeUaMT TuDI aT TJMWer� 5Ie IJHI neYJbJMJUy of TuDI 
OeUXorLT JT eYQeDUeE Uo eOabMe UIe NaOufaDUure 
of eYDJUJOH OeX QorUabMe DoOTuNer EeWJDeT UIaU 
JODMuEe DurWeE or neYJbMe UouDITDreeO EJTQMayT� 
6OEer UIe EuroQeaO 6OJoO�T RE"$) reHuMaUJoOT
 
all new nanomaterials require an assessment of 
UIeJr QoUeOUJaM eɭeDUT oO IuNaO IeaMUI aOE UIe 
eOWJroONeOU� SJMWer OaOoXJreT 	"HN8T
 TIare 
similar characteristics with asbestos mineral 
mbreT
 JODMuEJOH a mbrouT NorQIoMoHy aOE 
IJHI reEoY reaDUJWJUy� *O UIe earMy 20UI DeOUury
 
before UIe IeaMUI rJTLT of aTbeTUoT Xere 
understood, this material was widely used for 
electrical and thermal insulation, construction 
aOE NaOy oUIer aQQMJDaUJoOT� 

PreWJouT TUuEJeT of "HN8T obTerWeE MoX 
UoYJDJUy JO DoOWeOUJoOaM aTTayT UIaU are reMeWaOU 
Uo JOIaMaUJoO eYQoTure� #eDauTe DoOTuNer 
EeWJDeT DouME be JODorQoraUeE JOUo DMoUIJOH
 
IoXeWer
 UIJT XorL eWaMuaUeE UIe QoUeOUJaM 
for "HN8 UoYJDJUy DauTeE by TLJO eYQoTure� 
5Ie JOUeraDUJoOT of "HN8T XJUI EerNaM DeMMT 
UIaU IaWe Oo roMe JO JNNuOe reTQoOTe
 UIaU JT
 
eOHuMmOH aOE LJMMJOH baDUerJaM QaUIoHeOT
 XaT 

TUuEJeE� 5Xo UyQeT of EerNaM DeMM
 mbrobMaTUT 
aOE LeraUJOoDyUeT
 Xere fouOE Uo JOUerOaMJTe 
"HN8T aEEeE Uo DeMM HroXUI NeEJa� 6QUaLe by 
endocytosis led to cellular injury at high doses 
[1]� 

(JWeO UIJT mOEJOH
 JU XaT JOWeTUJHaUeE XIeUIer 
UIe OaOoXJreT DouME be EeTJHOeE Uo be Tafer� 
It was anticipated that nanowire morphology 
could be an important factor controlling 
internalisation but there had been no study 
eMuDJEaUJOH UIe roMe of mbre EJaNeUre beDauTe 
of UIe EJɮDuMUy of DoOUroMMJOH UIJT QaraNeUer JO 
TyOUIeTJT� " NeUIoE XaT EeWeMoQeE Uo DoOUroM 
TJMWer OaOoXJre EJaNeUre
 aOE MoXer-EJaNeUre 
OaOoXJreT Xere TIoXO Uo be TJHOJmDaOUMy MeTT 
UoYJD Uo IuNaO aOE NouTe TLJO DeMMT aOE mTI 
HuU eQJUIeMJaM DeMMT� 0QUJDaM NJDroTDoQy TIoXeE 
UIaU UIJOOer OaOoXJreT Xere KuTU aT MJLeMy Uo 
eOUer UIe DeMMT aT UIJDLer OaOoXJreT� 0QUJDaM 
JNaHJOH
 IoXeWer
 EJE OoU IaWe UIe reToMuUJoO 
or DIeNJDaM TeOTJUJWJUy Uo reWeaM UIe NeDIaOJTN 
of UIJT TJ[e-EeQeOEeOU UoYJDJUy� 

Coherent X-ray imaging showed how 
UIe OaOoXJreT JOUeraDUeE XJUI UIe DeMM� 
NaOoIoMoUoNoHraQIy of fro[eO DeMMT aDRuJreE 
on beamline ID16A QroWJEeE �% TOaQTIoUT 
TIoXJOH UIe MoDaUJoO aOE TIaQe of JOEJWJEuaM 
OaOoXJreT� 9-ray nuoreTDeODe aOE abTorQUJoO 
spectroscopy at beamline ID21 completed the 
DIeNJDaM QJDUure� "T JMMuTUraUeE JO Figure 100, 
the images showed that thinner nanowires 
Xere EeforNeE aOE DruNQMeE JOTJEe UIe DeMM� 
Deformed nanowires remained encapsulated 
by the membrane of the endolysosome 

Fig. 100: 5Xo IJHI-reToMuUJoO 9-ray JNaHeT of 
TJMWer OaOoXJreT 	"HN8T
 JOUerOaMJTeE XJUIJO UIe 
TaNe TJOHMe NouTe mbrobMaTU DeMM� a) 5Ie eMeNeOUaM 
NaQ TIoXT beOU aOE DruNQMeE "HN8T by UIe "H 
nuoreTDeODe TJHOaM 	reE
 UIaU are WarJabMy aTToDJaUeE 
XJUI TuMQIur 	HreeO
� b) 3D holotomography shows 
aMM UIe "HN8T Uo be aTToDJaUeE XJUI $M-rJDI WeTJDMeT 
JOUerQreUeE Uo be eOEoMyToToNeT� NoO-DruNQMeE 
"HN8T QeOeUraUe froN UIe WeTJDMeT JOUo UIe DyUoToM�



$ruNQMJOH of TJMWer OaOoXJreT by 
endolysosomes strongly reduces toxicity,  
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(France)
(b) Laboratoire d’Innovation pour les 
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(France)
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 Nanomaterials 8
 2�2 	20��


13*/$*1"- 16#-*$"5*0/ "/% "65)034

REFERENCES

103HIGHLIGHTS 2019

WeTJDMeT� #y DoOUraTU
 UIJDLer OaOoXJreT Xere 
OoU TJHOJmDaOUMy beOU aOE aDUuaMMy QuODUureE 
UIrouHI UIe WeTJDMe NeNbraOe JOUo UIe DeMM 
JOUerJor� " reNarLabMe DoODMuTJoO of UIJT TUuEy 
JT UIaU DeMM�T MJQJE bJMayerT DaO NeDIaOJDaMMy 
EeforN NeUaMMJD XJreT� 5Ie obTerWaUJoOT DMearMy 
implicate this deformation as being the critical 
NeDIaOJTN for reEuDJOH UoYJDJUy�

5Ie UeDIOoMoHJDaM QerforNaODe 	eMeDUrJDaM 
DoOEuDUJWJUy aOE mMN UraOTQareODy
 of "HN8T 
JT aɭeDUeE by EJaNeUre
 buU UIe UIJOOer oOeT 
were found to be equally or better suited for 
UraOTQareOU DoOEuDUJWe OeUXorLT� 5IJT XorL 
illustrates an approach to reduce the potential 
IarN froN aEWaODeE OaOoUeDIOoMoHJeT earMy JO 
UIe EeTJHO TUaHe�
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2019 was an exceptional year that gave 
us the opportunity to venture beyond 
the beamlines. We travelled to other 
synchrotrons and the free electron laser, 
taught classes at universities and X-ray 
TDIPPMT
 BOE mOBMMZ XPSLFE PO UIPTF EBUB 
that had been sitting in our drawers. We 
also improved the instrumentation at 
UIF CFBNMJOFT
 VQHSBEFE TPùXBSF BOE 
hosted several workshops to discuss the 
new possibilities of the Extremely Brilliant 
Source (EBS) with the user community.

5IeoreUJDaM TQeDUroTDoQy JT aO JNQorUaOU 
EeWeMoQNeOU aU UIe ESRF� *O UIe QaTU year
 
UIe HraQIJDaM uTer JOUerfaDe for Dore-MeWeM 
spectroscopy calculations, Crispy, was 
QreTeOUeE EurJOH TeWeraM IaOET-oO UuUorJaMT 
aU DoOfereODeT aOE UIeNaUJD TDIooMT� Crispy 
IaT aMTo TeeO UIe mrTU eYUerOaM DoOUrJbuUJoOT 
Uo UIe TourDe DoEe
 IJHIMJHIUJOH UIe beOemUT 
of releasing the project using a free and open-
TourDe MJDeODe� 

An experimental station dedicated to X-ray 
magnetic circular dichroism spectroscopy 
uOEer IJHI NaHOeUJD meME aOE MoX UeNQeraUureT 
on ID12 is gaining much interest from the 
DIeNJTUry DoNNuOJUy� 5Ie AOoO-NaHOeUJD� 
ground state of uranium ions in a molecular 
complex (Pedersen et al., page 128
 aOE 
the magnetic interaction in molecule-based 
NaUerJaMT NeEJaUeE by aroNaUJD reEoY-aDUJWe 
ligands (Ma et al., page 111
 are QreTeOUeE 
in this chapter of the ESRF Highlights� 9-ray 
OaUuraM DJrDuMar EJDIroJTN 	9N$%
 of DryTUaMT 
Oear abTorQUJoO eEHeT Uo WJTuaMJTe DIJraM 
domains in non-centrosymmetric crystals is 
raQJEMy EeWeMoQJOH JOUo a TeOTJUJWe UooM Uo TUuEy 
magnetoelectric properties in multiferroic 
crystals with micrometre resolution that will be 
reaEJMy aDIJeWabMe XJUI UIe E#S�

0Oe of UIe MaTU aDUJWJUJeT oO ID20 before 
the EBS shutdown was the installation 
and commissioning of a new hard-X-ray 
spectrometer that allows analysis of the 
polarisation of the scattered photon beam 
in resonant inelastic X-ray spectroscopic 
measurements at the Ir L3-eEHe� 8e are 
eager to exploit the new capabilities of this 
TQeDUroNeUer XJUI E#S� NJTLaOeO et al. showed 
that X-ray spectra of liquid water at ambient 
conditions is compatible with continuous and 
near-tetrahedral models for its atomic structure 
(page 106
� 5Ie JOIereOU JNaHJOH DaQabJMJUJeT 
of our large-solid-angle spectrometer were used 

to analyse the carbon speciation in an ancient 
JOTeDU JO UIree EJNeOTJoOT for UIe mrTU UJNe 
	(eorHJou et al., page 119
�

5Ie ESRF JT NoWJOH Uo OeX ToùXare Uo ruO JUT 
beaNMJOeT� " mrTU TUabMe WerTJoO of #-*SS IaT 
been released and ID26 XJMM be UIe mrTU E.% 
beaNMJOe Uo JNQMeNeOU UIe OeX TUaOEarE� 
5Ie beaNMJOe furUIer JNQroWeE JUT UeOEer-9-
ray spectrometer with respect to its energy 
reToMuUJoO aOE UIe QoTTJbJMJUy Uo IoTU WarJouT 
TaNQMe eOWJroONeOUT� 7aO Eer -JOEeO et al. show 
on page 115 how high-resolution spectroscopy 
combined with theoretical spectroscopy helps 
to identify the position of a Au atom in a Ag 
DMuTUer� 5Ie aDUJWaUJoO of UIe 02 bond in dicopper 
DoNQMeYeT JT TUuEJeE uTJOH WaMeODe-Uo-Dore 9ES 
by Cutsail et al. on page 107�

Beamline ID28 QroWJEeT DoNQMeNeOUary 
measurements with an inelastic X-ray side 
TUaUJoO aOE EJɭuTe 9-ray TDaUUerJOH� 5Ie 
demand of tandem experiments is expected to 
HroX aOE eYUeOE Uo UIe EoNaJO of Wery TNaMM 
TaNQMeT aOE UIJO mMNT� 5Ie TaNQMe eOWJroONeOU 
QorUfoMJo XaT eOMarHeE by UIe eMeDUrJD meME 
cells, mainly dedicated to studies of ferroics, 
and transport measurements in situ� PoHOa et 
al� uTeE *%2� Uo DIaraDUerJTe UIe EyOaNJDT of 
Wery oME HMaTTy aNber 	page 121
� 5Ie roMe of 
charge order in cuprates and how it relates to 
TuQerDoOEuDUJWJUy JT EJTDuTTeE JO arUJDMeT by 
Kim et al. (page 108

 .Jao et al. (page 114

 
and Arpaia et al. (page 110
�

ID32 is expected to start user operation again in 
20�� XJUI NuDI UIe TaNe QerforNaODe aT before 
UIe E#S TIuUEoXO� )oXeWer
 UIe beaNMJOe UeaN 
IaT UaLeO UIe oQQorUuOJUy of UIe TIuUEoXO Uo 
TUarU a NoEeTU uQHraEe QroHraN� *%�2 TIouME 
be abMe Uo oɭer JNQroWeE eOerHy-reToMuUJoO for 
UIe R*9S eYQerJNeOUT or JNQroWeE JOUeOTJUy aU 
UIe QreWJouTMy obUaJOabMe eOerHy-reToMuUJoO� 
FurUIer JNQroWeNeOUT oO UIe 9.$% aOE R*9S 
branches will also be implemented by the end 
of 2020� 5Ie UeaN XJMM aMTo be JOWeTUJHaUJOH UIe 
QoTTJbJMJUJeT oɭereE by UIe JODreaTeE DoIereOU 
nuY JO UIe Toù 9-ray raOHe� 

BM16 has commissioned its large-solid-angle 
crystal-analyser spectrometer with the aim to 
record high-energy-resolution X-ray absorption 
TQeDUra aU MoX abTorber DoODeOUraUJoOT� 5Ie 
article by Sun et al. on page 124 shows the 
capabilities of the instrument for the study of 
the electrocatalytic reduction of CO2 oWer JroO 
DaUJoOT JOTerUeE JOUo OJUroHeO-EoQeE DarboO�

ELECTRONIC STRUCTURE, 
MAGNETISM AND DYNAMICS



BM20 has supplemented its ultra-trace 
E9"FS TUaUJoO XJUI a mWe-DryTUaM-aOaMyTer 
spectrometer for HERFD-XANES, XES and 
RIXS, a Pilatus 3x2M detector stage for single-
crystal and operando QoXEer EJɭraDUJoO
 
aOE a TJY-DJrDMe EJɭraDUoNeUer for TurfaDe-
TeOTJUJWe $5 aOE R"9R
 aOE IJHI-reToMuUJoO 
QoXEer 9R%� 5Ie beaNMJOe JT OoX abMe Uo oɭer 
a portfolio of methods to study actinides and 
oUIer raEJoOuDMJEeT� %uNaT et al. focus on the 
DIeNJDaM beIaWJour of QMuUoOJuN
 OoUabMy UIe 
peculiar reduction and incorporation of this 
element by magnetite (page 126
�

5Ie E#S TIuUEoXO IaT beeO aO oQQorUuOJUy 
for BM28 Uo uOEerUaLe NaKor uQHraEeT Uo 
the beamline infrastructure as well as to the 
DoOEJUJoOJOH aOE oQUJDT eMeNeOUT� %ue Uo UIe 
E#S MaUUJDe
 #.2� XJMM IaWe a OeX 9-ray TourDe 
o UIe 0��� 5 TIorU-beOE NaHOeU IaT beeO 
TeMeDUeE� $ouQMeE XJUI UIe OeX TUoraHe rJOH
 UIJT 
DIoJDe XJMM TJHOJmDaOUMy JODreaTe UIe DaQabJMJUy 
of XMaS, enabling operation at higher X-ray 
eOerHJeT� NeX beaNMJOe oQUJDT eYUeOE UIe raOHe 
Uo 2�0� o 40 Le7 aOE a OeX TuJUe of 2% EeUeDUorT 
XJMM DoNQMeNeOU UIe eYJTUJOH QooM� %aOO et al. 
(page 118
 NeaTureE UIe --eEHeT of PE JO 
OaOoQarUJDMeT aU ��2 Le7 Uo TUuEy UIeJr DaUaMyUJD 
aDUJWJUJeT�

5Ie TaNQMe eOWJroONeOU uOJU XorLeE XJUI UIe 
radiation protection group on the dismantling 
of UIe oME TUoraHe rJOH HJrEerT� " MarHe 
robotic arm was installed and programmed 
allowing all the dismantled parts to be 
DIeDLeE for raEJoaDUJWJUy� 5Ie year XaT aMTo 
busy concerning instrumentation for the 
beaNMJOeT� " OeX )e DryoTUaU XaT aTTeNbMeE 
and commissioned allowing high-angular-
resolution data acquisition and fast 2D imaging 
for P%F eYQerJNeOUT oO *%22� E#S reRuJreT 
Nore QreDJTe TaNQMe QoTJUJoOJOH aOE TUabJMJUy� 
" reWJeX of aMM UIe TaNQMe eOWJroONeOU-reMaUeE 
JOTUruNeOUT XaT DarrJeE ouU� 5Ie JOforNaUJoO JT 
aWaJMabMe Uo our uTer DoNNuOJUJeT UIrouHI UIe 
ESRF Xeb QaHeT aOE UIe 8ay for -JHIU QorUaM�

P. GLATZEL
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A new multi-method study including hard X-ray scattering at beamline ID20 proves that X-ray spectroscopic data 
of liquid water can be fully and consistently described by continuous-distribution models of near-tetrahedral 
water at ambient conditions.
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8aUer aU aNbJeOU DoOEJUJoOT JT UIe NaUrJY of MJfe 
aOE DIeNJTUry� *U beIaWeT aOoNaMouTMy JO NaOy 
of JUT QroQerUJeT XJUI reTQeDU Uo oUIer MJRuJET� 
SJODe 8JMIeMN $oOraE RÚOUHeO [1], two distinct 
TeQaraUe QIaTeT IaWe beeO arHueE Uo DoeYJTU JO 
MJRuJE XaUer
 DoNQeUJOH XJUI a WJeX of a TJOHMe-
QIaTe MJRuJE JO a nuDUuaUJOH IyEroHeO boOE 
OeUXorL o UIe DoOUJOuouT EJTUrJbuUJoO NoEeM� 
0Wer UJNe
 9-ray TQeDUroTDoQJD reTuMUT IaWe beeO 
reQeaUeEMy JOUerQreUeE JO TuQQorU of RÚOUHeO�T 
QoTUuMaUe�

NeX RuaOUJUaUJWe 9-ray TQeDUroTDoQJD EaUa
 
collected at the ESRF, Swiss Light Source, and 
Bessy-II synchrotrons, were all found to be fully 
and consistently described with continuous 
distribution models of near-tetrahedral liquid 
XaUer aU aNbJeOU DoOEJUJoOT� 5Ie reTearDI 
reWeaMeE aMTo OeX DoODeQUuaM JOTJHIUT JOUo UIe 
statistical nature of the liquid system and its 
TQeDUra�

Oxygen K-edge spectra from self-absorption-
free X-ray Raman scattering spectroscopy of 
aNbJeOU MJRuJE XaUer aOE ToMJE JDe Xere UaLeO aU 
the large-solid-angle spectrometer at beamline 
ID20 (Figure 101
� *O DoOKuODUJoO XJUI eMeDUroO 
energy-loss spectroscopy data of the gas phase, 
UIe reDorEeE EaUa reWeaMeE ���4 � 2��� IyEroHeO 
boOET Qer NoMeDuMe�

In this multi-method study, high-resolution 
oxygen K-edge resonant inelastic X-ray scattering 
TQeDUra of MJRuJE XaUer XaT TubTeRueOUMy TUuEJeE� 
A single dominant mode without substructure 
XaT fouOE aU UIe IJHIeTU reToMWJOH QoXer 
aDIJeWeE To far of � �0
000� 5Xo EJTUJODU NoEeT 
XouME be TuQQorUJWe for a IeUeroHeOeouT or UXo-
QIaTe TUruDUure�

Finally, X-ray emission spectra and density 
fuODUJoOaM UIeory DaMDuMaUJoOT reWeaMeE UIe 
prominent role of excited state dynamics 
for the formation of the split 1b1 QeaL JO UIe 
eNJTTJoO TQeDUruN� 5Ie braODIJOH raUJo of UIJT 
QeaL IaT QreWJouTMy beeO uTeE aT aO arHuNeOU 
for UIe UXo-QIaTe NoEeMT� )oXeWer
 UIe OeX 
eYQerJNeOUaM EaUa TIoX UIe TUarL QIoUoO-
energy dependence of the emission lines: truly 
non-resonant X-ray emission spectra of liquid 
water show a branching ratio close to that 
QreWJouTMy obTerWeE JO JDe by uTJOH aO 9-ray 
Uube� *O MJOe XJUI QreWJouTMy QubMJTIeE reTuMUT
 
the researchers found the simulation with 

Fig. 101: a) 5Ie QIaTe EJaHraN of XaUer XJUI eYJTUJOH  
Dore-MeWeM eYDJUaUJoO TQeDUra� b), c) SDaOT oWer a MoOH eOerHy 
raOHe Xere reDorEeE Uo DaMJbraUe UIe Dore-MeWeM TQeDUra aU UIe 
aTyNQUoUe� 5Ie Qre-eEHe reHJoO 	b
 reHJoO *
 XaT UIeO uTeE aT 
JOEJDaUor of UIe aWeraHe OuNber of EoOaUeE IyEroHeO boOET
 
NoUJWaUeE by a TUaUJTUJDaM TJNuMaUJoO� d) 5Ie TJNuMaUJoO 
QroWJEeT aO eTUJNaUe of TUruDUure-Uo-MJOe-JOUeOTJUy reMaUJoO
 
IaOEMeE by DorreMaUJoO DoeɮDJeOUT�



$oNQaUJbJMJUy of RuaOUJUaUJWe 9-ray 
spectroscopy with continuous distribution 
models of water at ambient conditions,  
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5IF VOEFSTUBOEJOH PG UIF CSFBLJOH BOE GPSNBUJPO PG UIF EJPYZHFO 	0¦0
 CPOE JT DSJUJDBM UP VOEFSTUBOEJOH MJGF 
processes such as respiration and photosynthesis. Here, valence-to-core (VtC) X-ray emission spectroscopy (XES) 
JT VTFE UP EJSFDUMZ DIBSBDUFSJTF UIF QSFTFODF PG BO 0¦0 CPOE JO EJDPQQFS DPNQMFYFT BOE UP NFBTVSF UIF EFHSFF PG 
0¦0 CPOE BDUJWBUJPO�
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dynamics to be needed for the split emission 
QeaL� *O aEEJUJoO
 a TUaUJTUJDaM aOaMyTJT reWeaMeE 
UIaU TNaMM eɭeDUT froN UIe TUruDUure DaO TUJMM be 
eYQeDUeE JO UIe 9-ray eNJTTJoO TQeDUruN�

5IJT mOEJOH TuQQorUT UIe oWeraMM raUJoOaMe of 
computational simulations used widely in 
DIeNJTUry aOE bJoTDJeODeT
 XIJDI XouME IaWe 
OeeEeE reWJTJoO Jf UIe UXo-QIaTe IyQoUIeTJT IaE 
beeO QroWeO DorreDU�

Dioxygen is an essential molecule employed 
JO OuNerouT MJfe QroDeTTeT� NaUure eNQMoyT 
NeUaMMoQroUeJOT Uo DaUaMyTe UIe aDUJWaUJoO of 02,  
including copper proteins, such as hemocyanin 
aOE UyroTJOaTe� SyOUIeUJD bJoNJNeUJD EJDoQQer 
complexes are able to coordinate O2 to stabilise 
an µ:η2:η2-QeroYo aOE JOUerDoOWerU Uo a bJT	�-
oYo
 TUruDUure 	Figure 102

 XIere UIe 0-0 boOE 
IaT beeO furUIer aDUJWaUeE aOE DMeaWeE� 5IeTe 
NoEeMT TerWe aT eYDeMMeOU UeTU DaTeT Uo eYQMore 
UIe DaQabJMJUy of WaMeODe-Uo-Dore 	7U$
 9-ray 
eNJTTJoO TQeDUroTDoQy 	9ES
 Uo EeUeDU UIe 
presence of an O-O bond at the two extreme 
limits of O2 aDUJWaUJoO� 

7U$ 9ES NeaTureT UIe eMeDUroOJD UraOTJUJoOT 
froN UIe MJHaOE-baTeE WaMeODe orbJUaMT remMMJOH 
the 1s core-hole of a photo-absorber (i.e., Cu 1s 
IoMe
� 5Ierefore
 UIe 7U$ 9ES yJeMET JOforNaUJoO 
QerUaJOJOH Uo UIe MJHaOE JEeOUJUy
 DoWaMeODy
 
and bond strength [1]� For JOTUaODe
 UIe abJMJUy 
of 7U$ 9ES Uo NeaTure UIe EeHree of N2 bond 
aDUJWaUJoO JO a TerJeT of EJ- aOE UrJJroO DoNQMeYeT 
IaT aMreaEy beeO QreWJouTMy EeNoOTUraUeE� 
the strong triple bond of N2 results in a large 
_�2 e7 2T	N
 σ�σ� orbJUaM TeQaraUJoO obTerWeE 
by 7U$ 9ES
 XIere a EJaHOoTUJD σ� transition 
JT obTerWeE JO UIe ,β2
� region of the spectrum [2]� 

5Ie MarHe eNJTTJoO TQeDUroNeUer aU beaNMJOe 
ID26 XaT uUJMJTeE Uo NeaTure UIe $u 7U$ 9ES 

of UIeTe beODINarL DoNQMeYeT� $oNQarJOH 
7U$ 9ES TQeDUra of UIe QeroYo aOE bJT	�-oYo
 
EJDoQQer DoNQMeYeT TIoXT UIaU UIe NoTU TUrJLJOH 
EJɭereODeT are JO UIe ,β2
� region (Figure 102

 
in particular, a shoulder at the low-energy side 

Fig. 102: 
Experimental 
$u 7U$ 9ES of 
a dicopper-
peroxo and 
-oxo complexes 
XJUI EJɭereODe 
spectrum of the 
UXo QMoUUeE�



7aMeODe-Uo-$ore 9-ray ENJTTJoO 
Spectroscopy as a Probe of O–O Bond 
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A combination of large uniaxial compression and inelastic X-ray scattering revealed a new charge-ordered state 
DPNQFUJOH XJUI IJHI�UFNQFSBUVSF TVQFSDPOEVDUJWJUZ JO UIF DVQSBUFT� " QSPOPVODFE TPùFOJOH PG BO PQUJDBM QIPOPO 
NPEF JT BTTPDJBUFE XJUI UIF TUBCJMJTBUJPO PG UIF DIBSHF PSEFS� 5IJT XPSL IJHIMJHIUT UIF QFSTQFDUJWFT PɭFSFE CZ 
uniaxial stress in the control and study of competing orders in quantum materials.
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of UIe QeaL for UIe QeroYo DoNQMeY� (rouOE-TUaUe 
EeOTJUy fuODUJoOaM UIeory-DaMDuMaUeE 7U$ 9ES 
TQeDUra reQroEuDe eaDI of UIe obTerWeE TQeDUra 
and allow for the assignment of distinct features 
(Figure 103
� *OTQeDUJoO of UIe NoMeDuMar orbJUaM 
corresponding to the transition of the peroxo Kβ2
� 
MoX-eOerHy TIouMEer reWeaMT UIaU UIJT UraOTJUJoO 
arJTeT froN UIe JO-QMaOe 2Q	0
 πh orbJUaM� 8IJMe 
O2 QoTTeTTeT UXo EeHeOeraUe 2Q	0
 π orbitals, 
the degeneracy is split in the dicopper-peroxo 
DoNQMeY aT JO-QMaOe 2Q	0
 πh is stabilised by 
faWourabMe oWerMaQ XJUI UIe DoQQer�T E	Y2-y2
 
orbJUaMT� 5Ierefore
 UIe JO-QMaOe 2Q π orbital is 
of UIe MoXeTU eOerHy of UIe 2Q	0
 orbJUaMT� 5IJT 

UraOTJUJoO HaJOT TJHOJmDaOU JOUeOTJUy aT UIe JO-
QMaOe 2Q	0
 πh orbJUaM IaT faWourabMe oWerMaQ 
XJUI UIe $u 4Q orbJUaMT aMoOH JUT QMaOe Uo NaLe 
UIe EJQoMe-aMMoXeE UraOTJUJoO QoTTJbMe� 5Ie oUIer 
ouU-of-QMaOe 2Q	0
 πW and σ orbitals do not 
EeNoOTUraUe faWourabMe HeoNeUrJeT Uo oWerMaQ 
with any Cu 4p orbitals to allow for appreciable 
7U$ 9ES JOUeOTJUy�

For the dicopper-peroxo complex studied, 
the single bond of the coordinated peroxo is 
NuDI XeaLer UIaO UIe UrJQMe boOE of N2, and 
UIerefore UIe 2T	0
 σ�σ� orbital separation is 
TNaMMer
 _ ��� e7� "T a reTuMU
 UIe 2T	0
 σ�σ� 7U$ 
features remain completely in the Kβ`` region 
of UIe TQeDUruN� 8IJMe UIe 7U$ 9ES TQeDUruN 
of the dicopper-peroxo and diiron-N2 boUI IaWe 
diagnostic Kβ2
� features of their small molecule 
boOE�T QreTeODe
 %F5 DaMDuMaUJoOT DMearMy 
demonstrate that these features arise from 
EJTUJODUMy EJɭereOU orJHJOT� 

5IeTe DoNQMeYeT EeNoOTUraUe UIe QoXer of 7U$ 
9ES Uo EJreDUMy EeUeDU UIe QreTeODe 	or abTeODe
 
of aO 0-0 boOE� 5IJT Qroof-of-DoODeQU TUuEy 
JT DMearMy of TJHOJmDaOU JOUereTU for OuNerouT 
potential chemical catalysis and reaction 
mechanism studies, including future time-
reToMWeE TUuEJeT Uo obTerWe UIe QroDeTT of 0-0 
boOE breaLJOH aOE forNaUJoO�

Fig. 103: (rouOE-TUaUe 
%F5-DaMDuMaUeE $u 7U$ 
XES of a dicopper-
peroxo and -oxo 
complexes and select 
molecular orbitals 
plotted corresponding 
Uo uOJRue UraOTJUJoOT�

One of the challenges in understanding high-
UeNQeraUure TuQerDoOEuDUJWJUy JO UIe DuQraUeT 
JT UIeJr reNarLabMy DoNQMeY QIaTe EJaHraNT� 
5IeTe IoTU a QMeUIora of eMeDUroOJD orEerT
 
including superconducting, antiferromagnetic 
aOE DIarHe EeOTJUy XaWe 	$%8
 orEerT
 aMM 
of which are formed within the CuO2 planes 
(Figure 104
� 5Ie JOUerQMay aNoOH UIeTe orEerT 
aOE UIe QreWaJMJOH eMeDUroOJD HrouOE TUaUe DaO 

be tuned using parameters such as chemical 
doping, hydrostatic pressure or high magnetic 
meMET� .ore JNQorUaOUMy
 UIe reTQoOTe of UIe 
WarJouT QIaTeT Uo UIeTe UuOJOH QaraNeUerT 
QroWJEeT WaMuabMe JOTJHIUT JOUo UIeJr forNaUJoO 
NeDIaOJTN aOE UIeJr JOUerQMay XJUI oOe aOoUIer� 

*O UIJT XorL
 MarHe uOJaYJaM TUreTT XaT uTeE Uo UuOe 
UIe baMaODe beUXeeO TuQerDoOEuDUJWJUy aOE $%8 
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ordering in YBa2Cu3O���� 
while monitoring its 
DoMMeDUJWe MaUUJDe reTQoOTe 
by means of high-resolution 
inelastic X-ray scattering 
	*9S
� *U XaT fouOE UIaU 
large uniaxial compression 
along the a-axis induces 
a new three-dimensional 
	�%
 MoOH-raOHe orEereE 
$%8 TUroOHMy DoNQeUJOH 
XJUI TuQerDoOEuDUJWJUy� 
.oreoWer
 UIe QIoOoO 
TQeDUra reWeaMeE a Wery 
TUroOH ToùeOJOH of aO oQUJDaM QIoOoO aT UIe �% 
orEer TeUT JO
 TuHHeTUJOH UIaU QIoOoO free[JOH JT 
reTQoOTJbMe for UIe forNaUJoO of UIe �% $%8� 

5Ie NoUJWaUJoO Uo uTe uOJaYJaM QreTTure JT 
based on the anisotropic pressure dependence 
of the superconducting Tc� 8IJMe UIe oWeraMM 
eɭeDU of IyEroTUaUJD QreTTure JT Uo JODreaTe Tc, 
JU JT LOoXO UIaU uOJaYJaM DoNQreTTJoO aMoOH 
the a-axis of YBa2Cu3O���� leads instead to a 
suppression of Tc [1]� :#a2Cu3O���� samples 
Xere DIoTeO beDauTe aU UIJT EoQJOH MeWeM 	p�0��2 
IoMeT Qer QMaOar DoQQer
 UIe DIarHe NoEuMaUJoO 
aOE JUT DoNQeUJUJoO XJUI TuQerDoOEuDUJWJUy 
are maximised and, at the same time, a-axis 
DoNQreTTJoO eɭeDUJWeMy reEuDeT Tc� *O orEer 
Uo aDIJeWe MarHe uOJaYJaM DoNQreTTJoOT
 a 
QJe[oeMeDUrJD-baTeE aQQaraUuT [2] specially 
NoEJmeE for UeNQeraUure-EeQeOEeOU *9S 
NeaTureNeOUT XaT uTeE� 5Ie *9S eYQerJNeOUT 
were carried out at beamline ID28 on single 
crystals of YBa2Cu3O����, prepared in the form of 
a-axis needles and thinned on their central parts 
by a plasma-focused ion beam (Figure 104
� 

Figure 105 shows the momentum dependence 
of UIe eMaTUJD 9-ray TDaUUerJOH JOUeOTJUy� " broaE 
QromMe DeOUreE arouOE 22D 	- � ���
 JT QreTeOU 
at unstrained conditions and arises from the 
QreWJouTMy reQorUeE TIorU-raOHeE RuaTJ-UXo-
EJNeOTJoOaM 	2%
 $%8 orEer [3]� 6OEer uOJaYJaM 
compression, a sharp maximum appears at 
Q3D 	- � �
 oO UoQ of UIe broaE 2% $%8 QromMe
 
TJHOaMMJOH UIe oOTeU of a MoOH-raOHeE
 �% $%8 

Fig. 104: Photograph 
of UIe QJe[oeMeDUrJD-
based strain 
apparatus and of the 
measured sample, 
and illustration of 
the crystal structure 
of YBa2Cu3O6+x (the 
bMaDL arroXT JOEJDaUe 
the direction of 
uOJaYJaM TUraJO
�
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orEer� 5Ie �% $%8 aQQearT aboWe UIe Tc of the 
uOTUraJOeE TaNQMe aOE JT raQJEMy aOE o uOMJLe 
UIe 2% $%8 o DoNQMeUeMy TuQQreTTeE JO UIe 
TuQerDoOEuDUJOH TUaUe
 UeTUJfyJOH Uo a Wery TUroOH 
DoNQeUJUJoO XJUI TuQerDoOEuDUJWJUy� .oreoWer
 
the strain and temperature-dependence of the 
inelastic part of the IXS spectra suggests that 
UIe UraOTJUJoO Uo UIe orEereE TUaUe JT ErJWeO by 
UIe DoNQMeUe ToùeOJOH of aO oQUJDaM QIoOoO 
at Q3D aOE JOEJDaUeT UIaU UIe �% $%8 JT a 
thermodynamic ground state competing with 
IJHI-UeNQeraUure TuQerDoOEuDUJWJUy� 

5Ie EaUa IJHIMJHIU UIe QoUeOUJaM oɭereE by 
uOJaYJaM TUreTT Uo JOWeTUJHaUe UIe reMaUJoOTIJQ 
beUXeeO TuQerDoOEuDUJWJUy aOE DIarHe orEerJOH JO 
UIe DuQraUeT JO EeUaJM� .ore HeOeraMMy
 UIe reTuMUT 
illustrate the powerful combination of uniaxial 
pressure application and X-ray spectroscopic 
techniques for the study of competing orders in 
a broaE DMaTT of NaUerJaMT
 aOE oɭer a QroNJTJOH 
QroTQeDU for fuUure eYQerJNeOUT�

Fig. 105: Strain 
dependence of the 
eMaTUJD QeaL JOUeOTJUy 
aMoOH UIe 	0 0���� L
 
EJreDUJoO� 5Ie EaUa 
recorded under 
unstrained and under 
�� a-aYJT DoNQreTTJWe 
strain conditions are 
HJWeO JO reE aOE bMue 
reTQeDUJWeMy� 5Ie 
insets show schematic 
illustrations of the 
short-ranged 2D and 
the long-ranged 3D 
$%8 orEerT�
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The observation of a short-range charge modulation in cuprates by resonant inelastic X-ray scattering indicates 
UIBU DIBSHF JOTUBCJMJUZ JT JOIFSFOU JO DVQSBUFT BOE DBO CF B DSVDJBM GBDUPS UIBU JOnVFODFT UIFJS QSPQFSUJFT� 5IJT 
observation can be likened to seeing the bulk of the iceberg of the charge order phenomenon, while charge density 
waves only represent its tip.
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5Ie QIaTe EJaHraN of UIe IJHI-Tc cuprate 
TuQerDoOEuDUorT 	)5S
 JT TIaQeE by UIe 
TQoOUaOeouT eNerHeODe of WarJouT orEereE 
TUaUeT
 UuOeE by EoQJOH aOE ErJWeO by UIe 

many competing degrees of freedom, where 
OoU oOMy DIarHe aOE TQJO are of reMeWaODe
 buU 
aMTo MaUUJDe aOE orbJUaMT IaWe aO aDUJWe roMe JO 
buJMEJOH uQ UIe HrouOE TUaUe� 5Ie JEeOUJmDaUJoO 
of all these ordered states is a crucial step 
toward the understanding of high-temperature 
TuQerDoOEuDUJWJUy
 oOe of UIe HraOE DIaMMeOHeT 
JO ToMJE-TUaUe QIyTJDT�

In strongly correlated systems, the tendency 
of UIe WaMeODe eMeDUroOT Uo TeHreHaUe JOUo 
periodically modulated structures can lead to the 
forNaUJoO of a QeDuMJar DIarHe orEer� "MUIouHI 
obTerWeE JO TeWeraM faNJMJeT of DuQraUeT [1,2,3], 
it is still unclear to what extent the charge 
orEer JOnueODeT UIe uOuTuaM QroQerUJeT of UIeTe 
TyTUeNT
 TJODe JU IaT beeO DoOTJTUeOUMy obTerWeE 
– in the shape of incommensurate charge density 
XaWeT 	$%8
 o oOMy JO uOEerEoQeE TaNQMeT 
(with doping p � 0�0� o 0��� IoMeT�$u
 aOE aU 
reMaUJWeMy MoX UeNQeraUureT 	beMoX ��0-200 ,
� 
5IJT aQQareOU DoOmOeNeOU JO a reMaUJWeMy TNaMM 
reHJoO of UIe QIaTe EJaHraN IaT MeE Uo a WJeX of 
charge order as a mere epiphenomenon of the 
QTeuEo-HaQ oQeOJOH� 5IJT aQQroaDI IaT beeO 
reDeOUMy RueTUJoOeE by UIe obTerWaUJoO of MoOH-
raOHe $%8 JO oWerEoQeE TJOHMe Mayer #J220� [4], 
XeMM ouUTJEe UIe QTeuEo-HaQ reHJNe� 

*O UIJT DoOUeYU
 UIe IJHIer TeOTJUJWJUy of UIe 
reToOaOU JOeMaTUJD 9-ray TDaUUerJOH 	R*9S
 
instrumentation at ID32 has been exploited to 
determine more accurately the temperature 
EeQeOEeODe of $%8 aU UIe $u -3 absorption 
eEHe
 JO UIe TaNe 	:
NE
#$0 faNJMy XIere JUT 
mrTU obTerWaUJoO XaT NaEe [1]� 5Ie reTuMUT 
Xere TurQrJTJOH� 6OEerOeaUI UIe reMaUJWeMy TIarQ 
$%8 QeaL
 a broaE aOE aMNoTU UeNQeraUure-
independent signal emerged (Figure 106
� 5IJT 
broaE QeaL JT a TorU of QreDurTor of UIe RuaTJ-2% 
$%8 TJHOaM
 TIarJOH XJUI UIe MaUUer oOe UIe WaMue 
of UIe JODoNNeOTuraUe XaWe WeDUor qc� )oXeWer
 
EJɭereOUMy Uo $%8
 JU JT TUJMM QreTeOU boUI aboWe 
the pseudo-gap temperature, up to 270 K 
(maximum temperature compatible with the 
QreTerWaUJoO of UIe TaNQMe DIeNJDaM JOUeHrJUy 
uOEer UIe 9-ray beaN
 aOE JO oWerEoQeE TaNQMeT 
(p � 0��� IoMeT�$u
� 5Ie broaE QeaL eWoMWeT 
TMoXMy XJUI UIe UeNQeraUure� beMoX ��0 ,
 JU 
JT TuQerJNQoTeE Uo UIe RuaTJ 2% $%8 QeaL� 
below Tc
 JU JT OoU TeOTJUJWe Uo UIe QreTeODe of UIe 
TuQerDoOEuDUJOH orEer�

Fig. 106: 5Ie 
intensity was 

determined by 
integrating the quasi-

elastic region of the 
Cu L3 RIXS spectra 

NeaTureE aU EJɭereOU 
q�� WaMueT aMoOH 

UIe 	)
0
 EJreDUJoO� 
" DMear QeaL JT 

present in the whole 
temperature range 

uOEer JOWeTUJHaUJoO
 
in samples from the 

underdoped up to the 
TMJHIUMy oWerEoQeE 

reHJoO�

Fig. 107: CDF dominate 
the phase diagram, 

coexisting both with 
the quasi-critical 

2%-$%8 aOE XJUI 
TuQerDoOEuDUJWJUy� 5Ie 

suggested scenario 
is of a continuous 

DroTToWer froN UIe Qure 
2D dynamical CDF at 

high T and broad doping 
range, to a quasi-critical 
$%8
 TUJMM 2%
 beMoX TQC 

aOE for 0�0��Q�0���
 
Uo UIe TUaUJD �% $%8 

usually hindered by 
TuQerDoOEuDUJWJUy�



%yOaNJDaM DIarHe EeOTJUy nuDUuaUJoOT 
QerWaEJOH UIe QIaTe EJaHraN of a $u-baTeE 
high-Tc TuQerDoOEuDUor
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Controlling the interactions between magnetic centres is a fascinating challenge for scientists, at the basis of any 
rational design of molecule-based magnets. Supported by a complete set of experimental and theoretical studies 
on dinuclear complexes, this work aims at a better understanding of the dominant factors governing the strength 
of the magnetic interactions via an aromatic bridging ligand.
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5Ie broaE QeaL XaT aTTJHOeE Uo EyOaNJD DIarHe 
EeOTJUy nuDUuaUJoOT 	$%F
� AFMuDUuaUJoOT�
 TJODe 
UIey IaWe DIaraDUerJTUJDT Wery DMoTe Uo UIoTe of 
$%8
 buU aO uMUra-TIorU DorreMaUJoO MeOHUI
 of UIe 
TaNe orEer aT UIe XaWe NoEuMaUJoO QerJoE
 aOE 
AEyOaNJD�
 TJODe UIe eOerHy of UIeTe nuDUuaUJoOT 
was estimated from high resolution RIXS spectra 
Uo be mOJUe
 arouOE �0-�� Ne7 aU UIe oQUJNaM 
EoQJOH 	Q � 0��� IoMeT�$u
� 5IeTe eYQerJNeOUaM 

reTuMUT MooL DoNQaUJbMe XJUI UIe QJDUure QroWJEeE 
JO QreWJouT UIeoreUJDaM TUuEJeT [5] of an inherent 
DIarHe JOTUabJMJUy JO )5S DuQraUeT� $IarHe 
EeOTJUy nuDUuaUJoOT DaO UIuT be reHarEeE aT 
QerWaTJWeMy QreTeOU aU aMM T for superconducting 
cuprates (Figure 107
 aOE NJHIU UIerefore 
IaWe a DruDJaM roMe JO EeUerNJOJOH UIe QeDuMJar 
properties of these compounds both in the 
OorNaM aOE JO UIe TuQerDoOEuDUJOH TUaUe�

"O aUUraDUJWe feaUure of NoMeDuMe-baTeE 
NaUerJaMT JT UIe abJMJUy Uo mOe-UuOe aOE DoOUroM 
their physical properties by a suitable choice 
of UIe NoMeDuMar DoNQoOeOUT� *O NaHOeUJTN
 
this ability is of great interest as the magnetic 
QroQerUJeT uTuaMMy reTuMU froN DooQeraUJWe 
eɭeDUT beUXeeO TQJO DarrJerT� 6TJOH a reEoY-
aDUJWe MJHaOE aT a MJOLer beUXeeO TQJO DarrJerT JT 
therefore particularly appealing as it is able to 
faWour eMeDUroOJD DoOEuDUJWJUy
 QroWJEe NuMUJ-
switchability and allow a certain tuning and 
control of the magnetic properties by simple 
oYJEaUJoO or reEuDUJoO QroDeTTeT�

*O orEer Uo TUuEy UIe JOnueODe of boUI UIe oYJEaUJoO 
state of the bridging ligand and the electronic 
DoOmHuraUJoO of UIe NeUaM DeOUre oO UIe TUreOHUI 
of the magnetic interactions, prototype dinuclear 
DoNQMeYeT baTeE oO $o	**
 [1] or NJ	**
 	Iere
 
aOE a reEoY-aDUJWe UeUraQyrJEoQIeOa[JOe 	UQI[
 
bridging ligand were synthesised and studied 
(Figure 108
� 5erQyrJEJOe 	UQy
 MJHaOET are aMTo 
employed to complete the coordination sphere 
of UIe NeUaM DeOUre aOE Uo QreWeOU UIe forNaUJoO 

of eYUeOEeE DoorEJOaUJoO QoMyNerT� *O UIe MJHIU 
of UIeJr eMeDUroDIeNJDaM beIaWJour JO ToMuUJoO
 
those complexes were chemically reduced to 
HJWe oODe- aOE UXJDe-reEuDeE aOaMoHueT XJUI 
TJNJMar DoorEJOaUJoO eOWJroONeOUT arouOE $o 
aOE NJ NeUaM JoOT� NeWerUIeMeTT
 TJHOJmDaOU 
EJɭereODeT are TeeO XIeO DoNQarJOH UIe boOE 
EJTUaODeT XJUIJO UIe UQI[ MJHaOE
 TuHHeTUJOH UIaU 
UIe UXo TuDDeTTJWe reEuDUJoOT are DeOUreE oO UIe 
brJEHJOH MJHaOE�

5o DoOmrN UIJT IyQoUIeTJT
 UIe MoDaM eMeDUroOJD 
aOE NaHOeUJD QroQerUJeT of UIe OJDLeM aOE DobaMU 

Fig. 108: Crystal 
structure of the 
cationic complex 
[Ni2	UQI[
	UQy
2]4+ �
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The electronic structure of the heme oxy-iron centre in oxyhemoglobin and oxymyoglobin has been the subject of 
debate for decades. This study uses X-ray spectroscopy to settle this longstanding issue in bioinorganic chemistry 
BOE QSPWJEFT JOTJHIU JOUP IFNF JSPO�PYZHFO CJOEJOH
 QBSUJDVMBSMZ UIF EJɭFSFODFT CFUXFFO PYZIFNPHMPCJO BOE JUT 
most studied model compound.
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metal ions were studied by X-ray absorption 
TQeDUroTDoQy 	9"S
 aOE 9-ray NaHOeUJD 
DJrDuMar EJDIroJTN 	9.$%
 aU beaNMJOe ID12� 
5IeTe UeDIOJRueT are QarUJDuMarMy reMeWaOU for 
DoNQMeYeT XJUI reEoY-aDUJWe MJHaOET
 for XIJDI 
the oxidation state of the metal ion can be 
RueTUJoOeE� 5Ie 9"S TQeDUruN aU UIe NJ ,-eEHe 
(Figure 109
 TIoX Wery TJNJMar NaYJNa for UIe 
	J
 HeOuJOe
 	JJ
 oODe-reEuDeE aOE 	JJJ
 UXJDe-
reduced compounds, as expected for comparable 
coordination spheres with the same oxidation 
TUaUe� 5Ie RuaTJ-JEeOUJDaM TIaQe aOE JOUeOTJUy of 
the XMCD signals also demonstrate the presence 
of the same magnetic moment and thus spin-
TUaUe oO UIe NJ NeUaM JoOT� 5IeTe TJNJMarJUJeT 
of the XAS and XMCD spectra unambiguously 
demonstrate that the reductions are centred 
eYDMuTJWeMy oO UIe UQI[ MJHaOE�

6QoO TuDDeTTJWe reEuDUJoOT of UIe brJEHJOH 
ligand, the intramolecular magnetic interactions 
are TUroOHMy aɭeDUeE� 8IJMe UIe OeuUraM forN of 
UQI[ NeEJaUeT a XeaL aOUJferroNaHOeUJD 	"F
 
eYDIaOHe beUXeeO MT-$o	**
 	MT� MoX-TQJO� S � ��2
 
or NJ	**
 	S � �

 UIe oODe-reEuDeE raEJDaM forN
 
UQI[•-
 TUabJMJTeT eJUIer Wery TUroOH "F DouQMJOHT 
between the S � ��2 orHaOJD TQJO aOE UIe UXo 
IT-$o	**
 	IT� IJHI-TQJO� S � ��2

 or TUroOH 
ferroNaHOeUJD 	F
 DouQMJOHT XJUI NJ	**
 TQJOT� 
5Ie reTuMUJOH IJHI-TQJO DoNQMeYeT QoTTeTT 
a well isolated S5 � ��2 HrouOE TUaUe UIaU JT
 
reNarLabMy
 UIe oOMy UIerNaMMy QoQuMaUeE TUaUe 
aU aNbJeOU UeNQeraUure for UIe $o TyTUeN� 
ReEuDJOH UIe brJEHJOH MJHaOE UXJDe aɭorET XeaL 
NJoNJ JOUeraDUJoOT
 JO NarLeE DoOUraTU Uo UIe 
$o	**
 aOaMoHue
 for XIJDI a TurQrJTJOHMy TUroOH 
"F DouQMJOH XaT obTerWeE
 EeTQJUe UIe forNaM 
EJaNaHOeUJD TUaUe of UIe UQI[2- ligand [1]� *O UIJT 
case, the strong magnetic interaction is induced 
by a large spin delocalisation arising from an 
eɮDJeOU orbJUaM NJYJOH of UIe UQI[2- π system 
aOE oOe of UIe $o	**
 TJOHMy oDDuQJeE E orbJUaMT�

.oTU JNQorUaOUMy
 UIJT eYQerJNeOUaM DoNQaraUJWe 
TUuEy beUXeeO $o	**
 aOE NJ	**
 aOaMoHueT
 
supported by a careful examination of the 
JOWoMWeE orbJUaMT
 QroWJEeT a DMear uOEerTUaOEJOH 
of UIe faDUorT UIaU HoWerO UIe TUreOHUI aOE TJHO 
of the magnetic exchange through an aromatic 
brJEHJOH MJHaOE� 5Ie DoODMuTJoOT of UIe XorL
 aT 
well as the synthetic approach, should be easily 
transposed to systems with higher nuclearities 
and dimensionalities, for which strong magnetic 
exchanges could be fully exploited to design 
IJHI-UeNQeraUure NoMeDuMe-baTeE NaHOeUT�

Fig. 109: XAS and 
XMCD spectra at Ni 
K-edge for the three 
NJ	**
 DoNQMeYeT� *OTeU� 
NaHOJmDaUJoO of UIe 
NJ , Qre-eEHe reHJoO�

5Ie eMeDUroOJD TUruDUure of UIe aDUJWe TJUeT JO 
oxyhemoglobin (HbO2
 aOE oYyNyoHMobJO 
has been the subject of study and debate for 
EeDaEeT� 5Ie JroO oYyHeO-bJOEJOH QroUeJOT 

contain an S=0 {FeO2}8 aDUJWe TJUe
 EeOoUJOH 
eJHIU WaMeODe eMeDUroOT EeMoDaMJTeE aNoOH 
the Fe 3d (6 e-
 aOE 02 π� 	2 e-
 orbJUaMT� 5Iree 
eMeDUroOJD TUruDUure NoEeMT IaWe beeO QroQoTeE 
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by PauMJOH 	MoX-TQJO Fe	**
 XJUI TJOHMeU 02

 
8eJTT 	MoX-TQJO Fe	***
 aOUJferroNaHOeUJDaMMy-
coupled to doublet O2

-

 aOE .D$Mure
 )arDourU
 
aOE (oEEarE 	S�� Fe	**
 aOUJferroNaHOeUJDaMMy-
coupled to triplet O2
 aMTo LOoXO aT UIe Ao[oOe� 
NoEeM
� .uDI DoNQuUaUJoOaM XorL IaT beeO 
done, with all three models supported by 
EJɭereOU DaMDuMaUJoOT� )oXeWer
 UIere IaT beeO 
a dearth of experimental data to directly probe 
UIe eMeDUroOJD TUruDUure� *O QarUJDuMar
 UIe JOUeOTe 
porphyrin πŲπ� UraOTJUJoOT of UIe IeNe NaLe 
JU EJɮDuMU Uo Qrobe UIe IJHIMy DoWaMeOU Fe XJUI 
UraEJUJoOaM TQeDUroTDoQJD NeUIoET�

9-ray abTorQUJoO TQeDUroTDoQy 	9"S
 JT 
a TJUe-TQeDJmD UeDIOJRue UIaU QroWJEeT a 
EJreDU Qrobe of UIe NeUaM DeOUre� --eEHe 
XAS measures the electric dipole-
aMMoXeE NeUaM 2QŲ�E UraOTJUJoOT
 
where the integrated intensity is 
proportional to the total amount of 
NeUaM �E DIaraDUer JO UIe WaMeODe 
orbJUaMT� 2uaOUJUaUJWe DoWaMeODy 
information can be extracted through 
modeling of the L-edge XAS spectra 
uTJOH a WaMeODe boOE DoOmHuraUJoO 
JOUeraDUJoO 	7#$*
 NuMUJQMeU NoEeM� 5IJT 
methodology has been applied to iron 
DoNQMeYeT Uo eYUraDU UIe EJɭereOUJaM 
orbJUaM DoWaMeODy 	%0$

 XIJDI aMMoXT 
for RuaOUJmDaUJoO of MJHaOE σ and π 
donation and metal π baDL-boOEJOH
 
JODMuEJOH JO IeNe TyTUeNT�

One major limitation of iron L-edge 
9"S JT UIaU JU oDDurT JO UIe Toù 9-ray 
reHJNe 	_��0 e7

 XIJDI reRuJreT 
uMUraIJHI WaDuuN aOE JT TUroOHMy 
abTorbeE by oYyHeO aUoNT JO XaUer� 
5IJT MJNJUT UIe NeaTureNeOU of QroUeJO 
or ToMuUJoO TaNQMeT� 5o NeaTure 
the protein samples, hard X-rays 
	_��00 e7

 aT uTeE for JroO ,-eEHe 
9"S
 are reRuJreE� )oXeWer
 Uo obUaJO 
A--eEHe MJLe� JOforNaUJoO XJUI IarE 
X-rays, K-edge XAS is extended to 1s2p 
resonant inelastic X-ray scattering 
	R*9S
� �T2Q R*9S JOWoMWeT a UXo-TUeQ 
process, where a hard X-ray incident 
QIoUoO DauTeT a �TŲ�E UraOTJUJoO
 
foMMoXeE by 2QŲ�T EeDay
 reMeaTJOH a 
QIoUoO� 5Ie reTuMUJOH 2Q�3dn+1 mOaM 
TUaUe DoOmHuraUJoO JT UIe TaNe aT 
for L-edge XAS and can be simulated 
XJUIJO UIe 7#$* NuMUJQMeU NoEeM 
Uo eYUraDU UIe %0$ aOE QroWJEe a 
RuaOUJUaUJWe boOEJOH EeTDrJQUJoO�

5IJT TUuEy uUJMJTeT Fe ,-eEHe 9"S aOE 
1s2p RIXS to determine the electronic 
structure of oxyhemoglobin and its 
most studied heme {FeO2}8 model 
DoNQouOE
 [	QfQ
Fe	�-.e*N
	02
> 

Fig. 111: a) 1s2p RIXS plane of pfpO2� b) �T2Q R*9S QMaOe of oYyIeNoHMobJO� c) Constant 
JODJEeOU eOerHy A--eEHe MJLe� QMoUT for QfQ02 	EaTIeE
 aOE oYyIeNoHMobJO 	ToMJE
�  

ReE aOE HreeO QMoUT DorreTQoOE Uo reTQeDUJWe WerUJDaM MJOeT JO UIe R*9S QMaOeT� d) Constant 
emission energy plots for pfpO2 	oraOHe
 aOE oYyIeNoHMobJO 	bMue

 DorreTQoOEJOH Uo UIe 

XIJUe EJaHoOaM MJOe JO UIe R*9S QMaOeT� 6OMJLe QfQ02
 oYyIeNoHMobJO TIoXT UXo QeaLT�

Fig. 110: Structures of pfpO2 	Meù
 aOE UIe oYyIeNoHMobJO aDUJWe TJUe 	rJHIU
� 
	Fe � oraOHe
 $ � HreeO
 ) � bMaDL
 0 � reE
 N � bMue


(pfpO2
 	Figure 110

 XIJDI XaT QreWJouTMy 
aOaMyTeE uTJOH --eEHe 9"S� R*9S eYQerJNeOUT 
were performed at beamlines ID26 at ESRF 
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Charge density waves (CDWs) are a ubiquitous phenomenon in underdoped high-Tc cuprate superconductors. In 
this work, resonant inelastic X-ray scattering (RIXS) is employed to reveal their formation mechanism and their 
correlation with other electronic and spin orders.
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aOE �-2 aU SSR-
 6S"� 5Ie ,-eEHe 9"S aOE 
RIXS data of pfpO2 and oxyhemoglobin show 
TUarL EJɭereODeT 	Figure 111
� QfQ02 is similar 
Uo Fe	**

 XIJMe oYyIeNoHMobJO JT RuaMJUaUJWeMy 
TJNJMar Uo Fe	***

 buU XJUI TJHOJmDaOU RuaOUJUaUJWe 
EJɭereODeT� %F5 DaMDuMaUJoOT TIoX UIaU UIe 
EJɭereODe beUXeeO QfQ02 and oxyhemoglobin 
is due to the combined contributions of a distal 
histidine H-bond to O2 and the less hydrophobic 

eOWJroONeOU JO UIe QroUeJO
 boUI eOIaODJOH 
baDL-boOEJOH JOUo UIe 02� 5Ie 7#$* NuMUJQMeU 
model used to analyse the RIXS data shows 
that pfpO2 JT EoNJOaOUMy Fe	**
 XJUI �-�� Fe	***
 
DIaraDUer
 XIJMe oYyIeNoHMobJO IaT a Wery 
NJYeE XaWe fuODUJoO UIaU IaT �0-��� Fe	***
 
character and a partially polarised Fe-O2 π boOE� 
5IeTe R*9S eYQerJNeOUT are OoX beJOH eYUeOEeE 
Uo oYyHeO JOUerNeEJaUeT JO IeNe eO[yNeT�

EMeDUroOJD orEer JO NaUerJaMT arJTeT WJa 
TQoOUaOeouT TyNNeUry breaLJOH aOE HJWeT rJTe 
Uo DoMMeDUJWe eYDJUaUJoOT DarryJOH UIe orEer�T 
mOHerQrJOU� *O UIe QaTU feX yearT
 DIarHe EeOTJUy 
XaWeT 	$%8T
 IaWe beeO eTUabMJTIeE aT a 
ubiquitous phenomenon in underdoped high-Tc 
cuprate superconductors [1,2]� 5IeJr forNaUJoO 
mechanism and their correlation with other 
eMeDUroOJD aOE TQJO orEerT
 IoXeWer
 reNaJOeE 
uOreToMWeE
 MarHeMy Eue Uo UIe abTeODe of EJreDU 
NeaTureNeOUT of JOeMaTUJD $%8 eYDJUaUJoOT� 

6TJOH R*9S aU beaNMJOe ID32, the temperature- 
aOE EoQJOH-EeQeOEeOU $%8 eYDJUaUJoOT JO TUrJQe-

ordered La2-xBaxCuO4 Xere uODoWereE� *U XaT 
fouOE UIaU UIe $%8 EeWeMoQT JO UXo TUaHeT XJUI 
EeDreaTJOH UeNQeraUure� " QreDurTor $%8 XJUI 
RuaTJ-DoNNeOTuraUe XaWe WeDUor eNerHeT mrTU 
aU IJHI-UeNQeraUure� 5IJT EoQJOH-JOEeQeOEeOU 
QreDurTor $%8 DorreMaUJoO orJHJOaUeT froN 
UIe $%8 QIaTe NoEe DouQMeE XJUI a QIoOoO 
eYDJUaUJoO aOE ATeeET� UIe MoX-UeNQeraUure 
$%8 XJUI a TUroOHMy EoQJOH-EeQeOEeOU XaWe 
WeDUor� 0bTerWaUJoOT reWeaM UIe QreDurTor 
$%8 aOE JUT QIaTe NoEe aT UIe DoNNoO 
thread of underdoped cuprates with important 
implications for the highly intertwined electronic 
HrouOE TUaUe� 5IeTe reTuMUT UIuT QroWJEe a WJUaM 
new characterisation of the electronic state 
froN XIJDI IJHI-UeNQeraUure TuQerDoOEuDUJWJUy 
eNerHeT�

Figure 112 shows the principle of RIXS 
NeaTureNeOUT of $%8 DorreMaUJoOT JO DuQraUeT� 
A photon energy that resonances with a 
$u 2Q Ų �E Dore MeWeM UraOTJUJoO XaT DIoTeO 
JO orEer Uo eOIaODe TDaUUerJOH froN WaMeODe 
eMeDUroOT� 5Ie R*9S JOUeOTJUy NaQ 	WerUJDaM 
aYJT� eOerHy MoTT
 IorJ[oOUaM aYJT� JO-QMaOe 
momentum transfer Q��
 JT obUaJOeE by roUaUJOH 

Fig. 112: SDIeNaUJD QMoU of UIe --eEHe R*9S QroDeTT aOE eYQerJNeOUaM TeU-uQ� ]J�
 
]O�
 aOE ]f� reQreTeOU JOJUJaM
 JOUerNeEJaUe
 aOE mOaM TUaUeT
 reTQeDUJWeMy� SoMJE aOE 
eNQUy DJrDMeT reQreTeOU oDDuQJeE aOE uOoDDuQJeE TUaUeT
 reTQeDUJWeMy� 5Ie JOUeOTJUy 
plots correspond to RIXS spectra of La2¦YBaxCuO4 	Y�0���
 beMoX aOE aboWe Tstr�



Formation of Incommensurate Charge 
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samples about the θ or χ aYeT� 6TJOH UIe IJHI 
energy resolution of the RIXS spectrometer, 
$%8 eYDJUaUJoOT aOE UIeJr UeNQeraUure- aOE 
EoQJOH-EeQeOEeOU eWoMuUJoO Xere obTerWeE� "U 
IJHI UeNQeraUure
 aboWe UIe TUrJQe-orEer QIaTe 
transition temperature Tstr, the RIXS spectra 
beMoX �00 Ne7 are EoNJOaUeE by a EJTQerTJWe 
DIarHe eYDJUaUJoO
 XIoTe JOUeOTJUy RuJDLMy faEeT 
aXay beMoX ]Q��] ∼ 0�2 reDJQroDaM MaUUJDe uOJUT 
	r�M�u�
� 5IJT eYDJUaUJoO aMTo yJeMET a broaE RuaTJ-
eMaTUJD QeaL
 DorreTQoOEJOH Uo UIe QreDurTor 
$%8 DorreMaUJoO [3,4]� %urJOH DooMJOH beMoX 
Tstr
 a OarroXer eMaTUJD QeaL eNerHeT oO UoQ of 
UIe broaE EJTQerTJWe feaUure DorreTQoOEJOH Uo 
UIe MoX-UeNQeraUure $%8� 5IeTe eYQerJNeOUaM 
obTerWaUJoOT are XeMM reQroEuDeE by UIeoreUJDaM 
calculations of a phenomenological model, where 
UIe EJTQerTJWe $%8 eYDJUaUJoOT orJHJOaUe froN 
UIe $%8 QIaTe NoEe DouQMeE XJUI QIoOoOT� 

Figure 113 shows the experimentally 
EeUerNJOeE $%8 XaWe WeDUorT aT a fuODUJoO of 
EoQJOH aOE UeNQeraUure� .oTU reNarLabMy
 JU JT 
fouOE UIaU XIJMe UIe MoX-UeNQeraUure $%8 XaWe 
WeDUorT are TUroOHMy EoQJOH-EeQeOEeOU aOE 
consistent with the stripe picture, the precursor 
$%8 XaWe WeDUorT are EoQJOH JOEeQeOEeOU 

Fig. 113: 5eNQeraUure-
EeQeOEeOU $%8 XaWe 
WeDUorT� 5Ie TIaEeE 
yellow, blue, and purple 
DurWeT are HuJEeT Uo UIe 
eye for La2¦YBaxCuO4 
XJUI Y � 0����
 0��2� 
aOE 0����
 reTQeDUJWeMy� 
*O UIe QreDurTor $%8 
QIaTe
 UIe XaWe 
WeDUorT are EoQJOH-
JOEeQeOEeOU�

aOE broaEMy QeaLeE aU QQ$%8 � 0�24 r�M�u� 5Ie 
extracted correlation length, xQ$%8, is similar 
Uo UIe reaM-TQaDe $%8 QerJoE λQ$%8 ∼16 Å and 
suggests the existence of locally commensurate 
DorreMaUJoOT XJUIouU eYUeOEeE QIaTe DoIereODe� 
5IeTe reTuMUT eTUabMJTI UIe QreDurTor $%8 
correlation together with its phase mode as the 
basic foundation that underpins the emergence 
of $%8 orEer JO UIe DuQraUeT�

8)ERE *S 5)E (0-% 
Nanometre-sized silver clusters have unique properties that can be tuned by adding a small amount of gold 
– on average 1 gold atom per particle. In this study, the position of the gold atom is determined using element-
selective X-ray spectroscopy in combination with calculations.

Ligand-protected noble metal clusters are 
OaOoQarUJDMeT DoOTJTUJOH of TeWeraM IuOEreE 
aUoNT or MeTT 	arouOE � ON
� 5Iey IaWe 
unique properties – such as discrete energy 
MeWeMT
 MuNJOeTDeODe aOE
 QoUeOUJaMMy
 aUoNJD 
monodispersity – that are not found in larger 
QarUJDMeT� 5IJT NaLeT UIeN JOUereTUJOH for 
applications such as catalysis, sensing and bio-
imaging [1]� 5Ie QroQerUJeT of UIeTe DMuTUerT 
EeQeOE oO UIeJr eYaDU TJ[e aOE DoNQoTJUJoO 
(i.e., the number and type of metal atoms, the 
number and type of ligands, and the structure 

of UIe DMuTUer
� #y uTJOH UXo EJɭereOU NeUaMT 
instead of one, a wider range of clusters with 
EJɭereOU QroQerUJeT DaO be obUaJOeE�

"u aOE "H are oùeO uTeE aT NeUaMT beDauTe UIey 
IaWe TJNJMar eMeDUroOJD QroQerUJeT aOE TJNJMar 
TJ[e
 To UIaU "u DaO eaTJMy be JOUroEuDeE JOUo "H 
DMuTUerT
 aOE WJDe WerTa� *O UIJT Xay
 bJNeUaMMJD 
WarJaOUT of NoOoNeUaMMJD MJHaOE-QroUeDUeE 
clusters such as Ag44, Au2� and Au38 IaWe beeO 
prepared [1,2]� *O UIJT XorL
 MJHaOE-QroUeDUeE 
Ag2� DMuTUerT EoQeE XJUI "u Xere JOWeTUJHaUeE� 
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5Ie MuNJOeTDeODe RuaOUuN yJeME of UIe "H2� 
clusters increased by a factor three when doped 
XJUI a feX QerDeOU "u� 5Ie DMuTUerT Xere TIoXO 
to mostly consist of Au1Ag28 TQeDJeT� *EeaMMy
 Uo 
rationalise changes in cluster properties upon 
doping with another metal, the exact location 
of UIe EoQaOUT XouME be EeUerNJOeE� )oXeWer
 
UIJT JT DIaMMeOHJOH� 5Ie EoQaOU Nay be raOEoNMy 
EJTUrJbuUeE JO UIe DMuTUer
 eɭeDUJWeMy HJWJOH 
NaOy EJɭereOU TQeDJeT XJUI UIe TaNe oWeraMM 
DoNQoTJUJoO� 5Ie TUabJMJUJeT of UIeTe TQeDJeT 
Nay be EJɭereOU To UIaU
 EeQeOEJOH oO aOaMyTJT 
technique, only a subpopulation of the clusters 
JT QrobeE� 

*O UIJT XorL
 UIe QoTJUJoO of "u JO "u1Ag28 
clusters was determined using Au L3-edge X-ray 
abTorQUJoO TQeDUroTDoQy 	9"S
 aU beaNMJOe 
ID26� #oUI UIe eYUeOEeE 9-ray abTorQUJoO mOe 
TUruDUure 	E9"FS
 aOE 9-ray abTorQUJoO Oear 
eEHe TUruDUure 	9"NES
 reHJoOT of UIe TQeDUruN 
Xere uTeE� 9"S JT eMeNeOU-TeMeDUJWe aOE DaO 
be used to obtain information about the local 
HeoNeUry of aO aUoN� "O aEWaOUaHe of 9"S JT 
UIaU UIe TaNQMeT Eo OoU IaWe Uo be DryTUaMMJOe 
buU DaO be EJTorEereE ToMJET or MJRuJET� 5Ie 
clusters were prepared in aqueous solution 
and the sample was used as-synthesised, 
XJUIouU aOy QurJmDaUJoO or DoODeOUraUJoO UIaU 
DouME aɭeDU UIe TUabJMJUy of UIe DMuTUer TQeDJeT� 
Consequently, the sample was dilute, containing 
arouOE 0�0� N. "u
 UIe eMeNeOU of JOUereTU
 JO 
aEEJUJoO Uo � N. "H�

5Ie MoX "u DoODeOUraUJoO NaEe JU EJɮDuMU 
to measure reliable EXAFS, because EXAFS 
reRuJreT IJHI TJHOaM-Uo-OoJTe TQeDUra� 
RaEJaUJoO EaNaHe XaT aMTo obTerWeE aùer 
MoOH NeaTureNeOU UJNeT� NeWerUIeMeTT
 "uo"H 
boOET Xere NoTUMy obTerWeE XJUI oOMy a TNaMM 
aNouOU of "u-MJHaOE boOEJOH� 5IJT JOEJDaUeT 
a preferential dopant location in the centre of 
UIe DMuTUer� 5Ie DMuTUerT Xere furUIer TUuEJeE 
with XANES with high-energy resolution 
nuoreTDeODe EeUeDUJoO 	)ERF%

 XIJDI reTuMUT 
in a sharpening of the spectral features 
compared to XAS recorded in transmission 
NoEe or uTJOH TUaOEarE nuoreTDeODe EeUeDUJoO� 
8IJMe 9"NES JT MeTT RuaOUJUaUJWe UIaO E9"FS
 
a TQeDUruN DouME be reDorEeE JO ���0 of UIe 
UJNe JU UooL Uo reDorE E9"FS� *U JT UIerefore 
NuDI MeTT TuTDeQUJbMe Uo raEJaUJoO EaNaHe� 
5Ie TQeDUruN XaT DoNQareE Uo mrTU QrJODJQMeT 
calculations with the FDMNES code [3] of Au at 
EJɭereOU QoTJUJoOT JO UIe DMuTUer� 5Ie aOaMyTJT 
showed that the Au atom preferentially 
occupies the centre of the cluster (Figure 114
� 

In conclusion, HERFD-XANES was combined 
XJUI RuaOUuN DIeNJDaM DaMDuMaUJoOT
 NaLJOH 
it possible to determine the dopant location 
in bimetallic clusters where an EXAFS analysis 
XaT OoU DoODMuTJWe� 5Ie JODreaTeE TQeDUraM 
resolution and sophisticated theoretical codes 
QroWJEe QoXerfuM UooMT for aUoNJD TUruDUuraM 
aOaMyTJT�

Fig. 114: a) Bimetallic clusters 
are made by doping Ag2� with 

a TNaMM aNouOU of "u� 
b) HERFD-XANES combined 

with calculations shows the Au 
atom preferentially occupies 

UIe DeOUre of UIe DMuTUer�
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Deep eutectic solvent (DES)–water mixtures are emerging as one of the most promising sustainable alternatives 
to the carcinogenic Cr(VI) electroplating process. This work aims to resolve the poorly understood coordination 
chemistry and its link with important physicochemical properties for the further optimisation and upscaling of 
these green electrolytes.
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0Wer UIe QaTU feX EeDaEeT
 DoODerOT abouU UIe 
UoYJDJUy aOE DarDJOoHeOJDJUy of $r	7*
 IaWe beeO 
JODreaTJOH� 5Ierefore
 HoWerONeOUT XorMEXJEe 
are banning the use of this harmful metal ion 
JO WarJouT JOEuTUrJeT� )eODe
 OuNerouT reTearDI 
DeOUreT JO aDaEeNJa aOE JOEuTUry are MooLJOH 
for WJabMe aMUerOaUJWeT Uo UIe DoNNoOMy uTeE 
$r	7*
-baTeE eMeDUroQMaUJOH QroDeTT� " QroNJTJOH 
DaOEJEaUe JT UrJWaMeOU DIroNJuN
 XIJDI JT 
TeWeraM orEerT of NaHOJUuEe MeTT UoYJD DoNQareE 
Uo JUT IeYaWaMeOU DouOUerQarU� )oXeWer
 TeWeraM 
aspects impede the electrodeposition of 
fuODUJoOaM IarE DIroNe DoaUJOHT froN $r	***
 
aqueous electrolytes, such as the presence of 
UIe LJOeUJDaMMy JOerU [$r	)20
6]3+ complex, its 
oMJHoNerJD QroEuDUT
 aOE UIe MoX eɮDJeODy Eue 
Uo IyEroHeO forNaUJoO� 5o reToMWe UIeTe JTTueT
 
JoOJD MJRuJET aOE %EST IaWe beeO QroQoTeE aT 
aMUerOaUJWe eMeDUroMyUeT� %eTQJUe UIe QroNJTJOH 
electrochemical properties of these green 
ToMWeOUT aOE UIeJr NJYUureT XJUI XaUer
 Wery 
MJUUMe JT LOoXO abouU UIe DIeNJDaM beIaWJour of 
$r	***
 JO UIeTe MJRuJET aOE IoX UIJT JT reMaUeE Uo 
UIe eMeDUroQMaUJOH QroDeTT� 5IJT TUuEy UIerefore 
foDuTeE oO UIe eMuDJEaUJoO of UIe 	DoorEJOaUJoO
 
DIeNJTUry of a EeeQ euUeDUJD ToMWeOU baTeE oO 
chromium chloride, choline chloride, and its 
mixtures with water (xCrCl3•6H20�y$I$M�zH20
�

PreWJouT XorL DoNQareE UIe DoorEJOaUJoO 
DIeNJTUry of $r	***
 JO WarJouT ToMWeOUT by 
DoNbJOJOH 67�7JT TQeDUroTDoQy aOE eYUeOEeE 
9-ray abTorQUJoO mOe TUruDUure 	E9"FS
 
experiments [1]� #aTeE oO UIeTe reTuMUT
 
an equation was constructed to predict the 
coordination chemistry of [CrClx(H20
6-x]3-x 
by UIe XaWeMeOHUI QoTJUJoO of oOe of UIe 
67�7JT abTorQUJoO baOET� *O UIe DurreOU 
XorL
 UIJT eRuaUJoO XaT uTeE UoHeUIer XJUI 
67�7JT aOE E9"FS eYQerJNeOUT 	Figure 115
 
to study the coordination chemistry in 
xCrCl3•6H20�y$I$M�zH20� *U XaT TIoXO UIaU 
it is possible to change the complexes from 
[Cr(H20
6]3+ to [CrCl���(H20
2��]0��- 	aWeraHe 
of UIe DoNQMeYeT JO ToMuUJoO
 by WaryJOH UIeJr 
DoNQoTJUJoO�

5IeTe reTuMUT Xere DoNbJOeE XJUI EeOTJUy 
NeaTureNeOUT Uo QroWJEe EeUaJMeE JOTJHIU JOUo 
UIe DoODeOUraUJoO QromMeT of WarJouT JoOT aOE 
NoMeDuMeT JO UIeTe NJYUureT� "EEJUJoOaMMy
 
JU XaT QoTTJbMe Uo EJɭereOUJaUe beUXeeO UIe 

DoODeOUraUJoOT of AUoUaM�
 ADoorEJOaUeE�
 aOE Afree� 
NoJeUJeT� 5IJT yJeMET WaMuabMe JOforNaUJoO abouU 
UIe EJɭereOU TQeDJeT
 JODMuEJOH IoX UIey beIaWe 
JO UIe OeX ToMWeOUT aOE IoX UIey DaO JOnueODe 
UIe eWeOUuaM eMeDUroQMaUJOH� *O UIJT reTQeDU
 UIe 
reMaUJoO of UIe DoODeOUraUJoO QromMeT Uo oUIer 
important properties of the electrolytes was 
TUuEJeE� FroN UIJT
 UIe beIaWJour of UIe XaUer 
molecules in the DES–water mixtures could 
be MJOLeE XJUI UIe DoOEuDUJWJUy of UIe MJRuJET 
(Figure 116
� For %EST XJUI Wery MJUUMe XaUer 

Fig. 115: 5Ie E9"FS 
oscillations and their 
corresponding Fourier 
transform spectra 
clearly show that the 
reMaUJWe DoOUrJbuUJoOT of 
the oxygen and chlorine 
shells depend on the 
composition of the  
%ESoXaUer NJYUureT�

Fig. 116: a) 5Ie DoOEuDUJWJUy HreaUMy EeQeOET oO UIe aNouOU of aEEeE XaUer� 
b) 5IJT UreOE JT aMTo DorreMaUeE XJUI UIe DoorEJOaUJoO DIeNJTUry aOE UIe 

UeOEeODy of XaUer MJHaOET Uo be JODorQoraUeE JOUo DerUaJO TQeDJeT�
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This study followed the evolution of palladium nanoparticles during the selective catalytic oxidation of ammonia 
o BO JNQPSUBOU FYIBVTU BùFS�USFBUNFOU UFDIOPMPHZ GPS EJFTFM WFIJDMFT� 5IF XPSL XBT BCMF UP JEFOUJGZ B QSFWJPVTMZ 
unreported Pd nitride structure that was present during catalysis and showed how further evolution of the 
DBUBMZTU TUSVDUVSF BɭFDUFE JUT QFSGPSNBODF�
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inside, the dominant species is [CrCl3(H20
3]0� 
5Ie MoX DoOEuDUJWJUy of UIeTe NJYUureT JT Eue 
Uo UIe DoNbJOeE eɭeDU of UIe MoX aNouOU of 
independent charge carriers, low amount of 
Afree� XaUer aOE MoX WJTDoTJUy� 6QoO aEEJUJoO of 
water, the hygroscopic and highly chlorinated 
complexes will absorb the majority of the water 
NoMeDuMeT aT MJHaOET
 aOE UIe DoOEuDUJWJUy 
XJMM TUay MoX� FroN UIe NoNeOU UIaU NoTU of 
the complexes are present as [CrCl2(H20
4]+, a 
considerable number of the water molecules will 
be free Uo NoWe JO UIe MJRuJE
 XIJDI reTuMUT JO a 
MoXer WJTDoTJUy aOE IJHIer JoO NobJMJUy�

5Ie reTuMUT of UIe DoorEJOaUJoO DIeNJTUry aOE UIe 
beIaWJour of UIe EJɭereOU NoJeUJeT JO ToMuUJoO 

were based on EXAFS experiments performed at 
beamline BM26 (Figure 115
� "DDuraUe NeUaM-
ligand distances were combined with estimates 
of the coordination numbers in each complex to 
TuQQorU UIe 67�7JT eYQerJNeOUT aOE Uo obUaJO 
UIe DoODeOUraUJoO QromMeT aOE MJOLT EJTDuTTeE 
aboWe� 5IeTe reTuMUT Xere aMTo uTeE Uo DoOTUruDU 
an analysis tool to monitor concentrations of the 
AUoUaM�
 ADoorEJOaUJOH� aOE Afree� NoMeDuMeT aOE 
JoOT JO UIe %ES-XaUer NJYUureT� 5IJT JOforNaUJoO 
can be obtained by using three characteristic 
WaMueT of a TJOHMe 67�7JT TQeDUruN aT JOQuU for 
UIe aOaMyTJT UooM� $oOTeRueOUMy
 UIeTe JOTJHIUT 
are Wery WaMuabMe for UIe furUIer oQUJNJTaUJoO
 
uOEerTUaOEJOH aOE NoOJUorJOH of UIJT JOOoWaUJWe 
aOE TuTUaJOabMe eMeDUroQMaUJOH QroDeTT�

5Ie IarNfuM OaUure of N0x emissions from 
auUoNoUJWe WeIJDMeT JT XeMM eTUabMJTIeE aOE 
MeHJTMaUJoO oO UIe RuaOUJUJeT of QerNJTTJbMe MeWeMT 
of NOx XJUIJO eYIauTU TUreaNT JT beDoNJOH eWer 
UJHIUer� $urreOU Ee-N0x technologies utilise NH3 
to reduce NOx Uo UIe eOWJroONeOUaMMy beOJHO 

N2 (NH3-S$R
� 5Ie DurreOU ErJWe Uo reEuDe N0x 
emissions has led to de-NOx technologies using 
greater amounts of NH3� )oXeWer
 UIJT IaT 
MeE Uo JODreaTeE MeWeMT of uOreaDUeE UoYJD N)3 
JO UIeTe eYIauTU TUreaNT� 5o reNeEJaUe UIJT 
JTTue
 a TeMeDUJWe N)3 oxidation step (NH3-S$0
 
downstream of the NH3-SCR process has been 
JOUroEuDeE� UIe TeMeDUJWJUy NuTU be UoXarET 
N2 aT oWer-oYJEaUJoO XJMM HJWe rJTe Uo Nore 
unwanted NOx� SuQQorUeE PE OaOoQarUJDMeT 
IaWe QroWeE IJHIMy aDUJWe for N)3-S$0
 IoXeWer
 
there is a strong temperature dependence 
oO UIe TeMeDUJWJUy of UIe QroDeTT� 5IJT XorL 
describes operando spectroscopic studies during 
NH3-S$0 aOE NaLeT EJreDU DorreMaUJoOT beUXeeO 
UIe eWoMWJOH TUruDUureT of PE OaOoQarUJDMeT 	NPT
 
aOE UIe TeMeDUJWJUy UoXarET EJɭereOU QroEuDUT� 

"O JOJUJaM DoNbJOeE UJNe-reToMWeE PE ,-eEHe 
eYUeOEeE 9-ray abTorQUJoO mOe TUruDUure 
	E9"FS
 aOE EJɭuTe reneDUaODe JOfrareE FourJer 

Fig. 117:  
$aUaMyUJD aDUJWJUy of 
��� XU� PE�γ-Al2O3 

for NH3 oxidation 
at increasing 

UeNQeraUureT� 
Reactant gas feed: 

0��� N)3
 2��� 02, 
��� )e�



SUruDUuraM TeMeDUJWJUy of TuQQorUeE PE 
nanoparticles for catalytic NH3 oxidation 
reToMWeE uTJOH DoNbJOeE oQeraOEo 
spectroscopy, E� ,� %aOO 	a
b
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D
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E
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UraOTforN 	%R*F5
 TQeDUroTDoQy TUuEy XaT 
performed under NH3-SCO conditions at SLS, 
SXJU[erMaOE 	Figure 117
� "TTeTTJOH UIe HaT 
composition as a function of temperature, three 
EJTUJODU QIaTeT are obTerWeE
 aOE UIe E9"FS aOE 
%R*F5S EaUa MeaE Uo UIe foMMoXJOH DoODMuTJoOT� 
	J
 "O JOUerTUJUJaM PE TQeDJeT JT forNeE EurJOH UIe 
MoX-UeNQeraUure reHJNe 	�00¡$ ƃ 51 ƃ 200¡$

 
where the main product of NH3 oxidation is N2; 
	JJ
 PE NPT XJUI a buML NeUaMMJD TUruDUure aOE a 
surface oxide are formed in the mid-temperature 
reHJNe 	240¡$ � 52 � �00¡$

 XIere aO JODreaTJOH 
amount of NH3 is oxidised to N20
 aOE 	JJJ
 
buML PE0 NPT are forNeE aU IJHI UeNQeraUure 
	53 � �00¡$

 aOE are MJOLeE Uo UIe QroEuDUJoO of 
N0� 

*OUerTUJUJaM PE IyErJEeT aOE DarbJEeT are oùeO 
determined through Pd K-edge X-ray absorption 
Oear eEHe TUruDUure 	9"NES
 TUuEJeT
 XIere 
UIe NaYJNuN of UIe TeDoOE 9"NES QeaL 
EeDreaTeT JO JOUeOTJUy aOE TIJùT Uo MoXer eOerHy� 
)oXeWer
 JO UIJT XorL
 UIe oOMy UXo JOUerTUJUJaM 
structure types possible were Pd hydride and 
PE OJUrJEe� $oOTJEerJOH UIe QroDeTT DoOEJUJoOT 
(i.e.
 � �00¡$
 aOE UIe TUabJMJUy of PE IyErJEeT aU 
these temperatures, it was hypothesised that an 
JOUerTUJUJaM OJUrJEe XaT UIe NoTU MJLeMy TUruDUure o 
ToNeUIJOH UIaU IaE OoU beeO QreWJouTMy reQorUeE� 
"O uOaNbJHuouT NeUIoE of EJɭereOUJaUJOH 
beUXeeO UIeTe UXo TUruDUureT XaT OeeEeE� 5o 
this end, operando NH3 oxidation studies at the 
Pd L3 edge were performed at beamline BM28� 

Fig. 118: In-situ  
Pd L3-edge XANES of 
PE�γ-Al2O3 JO EJɭereOU 
HaT eOWJroONeOUT�  
9"NES DoMMeDUeE aùer 
in-situ reduction in H2 at 
200°C, then exposure to  
a) inert He at 100°C 
	bMaDL

 b) �0� )2 at 
room temperature 
	NaHeOUa
 aOE  
c) 0��� N)3�2��� 02�)e 
aU �00¡$ 	HreeO
�

PE IyErJEe TUruDUureT IaWe a DMear TJHOaUure JO 
the post-edge region of the Pd L3 XANES, which 
XaT abTeOU EurJOH UIeTe JOWeTUJHaUJoOT� 5IJT 
made it possible to exclude PdHx as a possible 
structure type (Figure 118
� 

5IJT TUuEy EeNoOTUraUeT UIe TUruDUureofuODUJoO 
aDUJWJUy reMaUJoOTIJQT UIaU arJTe EurJOH N)3 
oYJEaUJoO XJUI TuQQorUeE PE OaOoQarUJDMeT� 
FurUIerNore
 JU IaT JEeOUJmeE a QreWJouTMy 
unreported PdNx structure that forms during 
catalysis and is responsible for the desired 
TeMeDUJWJUy UoXarET N2� 5IJT JT a Ley mOEJOH
 
not only for NH3 oxidation, but also in terms of 
JEeOUJmDaUJoO of UIe PENx structure, which could 
IaWe broaEer aQQMJDabJMJUy Uo oUIer areaT JO 
DaUaMyTJT�

*."(*N( 5)E $"R#0N *N F0SS*-S 8*5) )"R% 9źR":S
Carbon is the essential building block of life on Earth. Its complex speciation drives the functions and properties of 
all life forms and organic matter. X-ray Raman spectroscopy is combined with tomography to obtain a 3D image 
of the carbon speciation in a 53-million-year-old ant fossil enclosed in amber.

5Ie NeUIoET aWaJMabMe for UIe JEeOUJmDaUJoO 
of orHaOJD DoNQouOET Tuɭer froN TeWere 
DoOTUraJOUT XIeO aQQMJeE Uo aODJeOU NaUerJaMT� 
*OWaTJWe ATeQaraUJWe� NeUIoET
 NoTUMy baTeE 
on chromatography, allow high-precision 

JEeOUJmDaUJoO of aODJeOU NoMeDuMeT JO 
NJDro-TaNQMeT buU are EeTUruDUJWe� FourJer-
transform infrared spectroscopy, optical 
Raman microspectroscopy, and secondary ion 
NaTT TQeDUroTDoQy IaWe MJNJUaUJoOT Eue Uo 
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nuoreTDeODe baDLHrouOE 	RaNaO
 aOE TNaMM 
QeOeUraUJoO EeQUIT� 9-rayT IaWe eOouHI eOerHy 
to eject core electrons from an atom whose 
bJOEJOH eOerHJeT uOJRueMy JEeOUJfy eaDI eMeNeOU� 

X-ray absorption near-edge spectroscopy 
	9"NES
 QrobeT UIe eOerHy MeWeMT of eNQUy 
orbitals near an absorption edge, which contain 
DIeNJDaM boOEJOH JOforNaUJoO� 9"NES JT UIerefore 
uTeE Uo RuaOUJUaUJWeMy JEeOUJfy UIe DIeNJDaM 
forms in which a selected element is found in a 
TaNQMe� $arboO IaT aO 9-ray abTorQUJoO eEHe aU 
2�0-�20 e7 JO UIe Toù 9-ray reHJNe� 5Ie TUroOH 
absorption and corresponding short penetration 
depth of X-rays in this energy range impose 
experimental constraints on the sample and 
JUT eOWJroONeOU� 5o oWerDoNe UIJT MJNJUaUJoO
 
deeper penetrating hard X-rays can be used with 
aO aQQroaDI LOoXO aT 9-ray RaNaO TDaUUerJOH 
	9RS
� *O 9RS
 9-rayT are TDaUUereE JOeMaTUJDaMMy
 
HJWJOH uQ a TNaMM fraDUJoO of UIeJr eOerHy 	UIe 
eOerHy MoTT
 Uo QroNoUe UIe DarboO �T eMeDUroO 
JOUo uOoDDuQJeE orbJUaMT� 9RS TQeDUroNeUerT 
are able to obtain absorption spectra of low-Z 
eMeNeOUT
 MJLe DarboO
 uTJOH IarE 9-rayT JO UIe 
� Uo �0 Le7 raOHe� "U UIeTe eOerHJeT
 9-rayT 
DaO QaTT UIrouHI uQ Uo TeWeraM NJMMJNeUreT of 
NaUUer Uo TUuEy UIe buML DIeNJDaM TQeDJaUJoO 
of aMUereE aODJeOU NaUerJaMT� ReTuMUJOH TQeDUra 
DaO be aOaMyTeE Uo JEeOUJfy UIe EJɭereOU DarboO-
containing chemical groups in the sample from 
UIeJr DIaraDUerJTUJD abTorQUJoOT�

�% 9RS-baTeE JNaHJOH XaT eNQMoyeE Uo WJTuaMJTe 
UIe DIeNJDaM DoNQoTJUJoO of a ��-NJMMJoO-year-
oME aOU QreTerWeE JO aNber 	Figure 119a

 
using the direct tomography set-up at ID20� 
5Ie DoMMeDUJoO of TuDDeTTJWe TeDUJoOT by raTUer 

scanning the object made it possible to construct 
a �% UoNoHraQIJD WoMuNe XIere UIe DoOUraTU 
JT HoWerOeE by UIe JOeMaTUJD TDaUUerJOH TJHOaM 
(Figure 119b
� 5Ie DoMMeDUeE IyQerTQeDUraM 
EaUaTeU MeE Uo EJreDU obTerWaUJoO of UIe foTTJM 
morphology (Figure 120a
� $oOUraTUT obTerWeE 
JO UIe TQeDJNeO JOEJDaUe UIe QreTeODe of EJɭereOU 
DIeNJDaM DoNQouOET� 5Ie 9RS TQeDUruN I	ƎE, X
 
aU a HJWeO WoYeM of DoorEJOaUeT
 X = (x,y,z

 JT a 
MJOear DoNbJOaUJoO of UIe TQeDUra of UIe EJɭereOU 
DoNQouOET QreTeOU aOE a baDLHrouOE TJHOaM 
froN WaMeODe eMeDUroO baDLHrouOE aOE $oNQUoO 
scattering:

I	ƎE, X
 �
 

N
∑ An(X
Inref,norm 	ƎE
 � $1(X
 � $2(X
 ƎE

 n=1

5Ie mU of eaDI eYQerJNeOUaM 9RS TQeDUruN XaT 
QerforNeE uTJOH a OoO-MJOear MeaTU-TRuare mUUJOH 
procedure, where the initial reference spectrum 
Iref,norm	ƎE

 XaT UIe aWeraHeE aNber TQeDUruN� 
As shown on the map of the quadratic error of 
UIe mU
 UIe TQeDUraM EaUa EJɭer DoOTJEerabMy froN 
the amber for a 1-pixel-wide line at the location 
of UIe JOTeDU�T forNer DuUJDMe 	Figure 120b
� 

5Ie arUIroQoE DuUJDMe JT a IJerarDIJDaMMy 
structured material composed of an external 
thin epicuticle layer, rich in lipids and proteins, 
and the exocuticle and endocuticle composed 
NaJOMy of DIJUJO-QroUeJO DoNQMeYeT� $IJUJO 
((C8H13O�N
n

 a MJOear QoMyNer of β-�
4oMJOLeE 
N-aDeUyM HMuDoTaNJOe
 uOMJLe NoTU DarboIyEraUe 
DoNQouOET
 JT OoU XaUer ToMubMe aOE JT LOoXO 
Uo be RuJUe EeDay reTJTUaOU� " DIJUJO refereODe 
TQeDUruN XaT UIerefore aEEeE Uo UIe mUUJOH 
NoEeM� 5Ie reTuMUT IJHIMJHIU UIe QreTeODe 
of UXo EJTUJODU DIeNJDaM mOHerQrJOUT JO UIe 

Fig. 119: a) 0QUJDaM QIoUoHraQI of UIe TQeDJNeO� 
b) �% reOEerJOH of UIe aOU DuUJDMe 	broXO
 WoYeMT 
baTeE oO UIe UoUaM TJHOaM JOUeOTJUy� c) Clustering 
of UIe aOU DuUJDMe WoYeMT 	broXO WoYeMT TIoXO JO 

(b)
 NaLeT JU QoTTJbMe Uo EJTUJOHuJTI beUXeeO UXo 
classes of chemical signatures, corresponding to 

UIe aMJQIaUJD DarboO 	bMue
 aOE DIJUJO 	reE
�

Fig. 120: a) 5oUaM JOUeOTJUy WJrUuaM DroTT-
TeDUJoOaM JNaHe� b) Spatial distribution of 

the quadratic error showing the distinct 
chemical regions of the sample when 
QerforNJOH a mU baTeE oO UIe aNber 

refereODe�



Carbon speciation in organic fossils using 
2D to 3D x-ray Raman multispectral 
JNaHJOH
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The way the structure and dynamics of amorphous materials relate to their metastability is one of the current 
challenges for understanding glass transition. A link between stability and elastic properties of glasses was 
revealed by applying X-ray methods to a glassy amber dated back to 110 million years ago.

13*/$*1"- 16#-*$"5*0/ "/% "65)034

121HIGHLIGHTS 2019

aOU�T eYoTLeMeUoO� UIe mrTU beJOH a NoMeDuMar 
signature typical of polysaccharides such as 
DIJUJO 	WeOUraM TurfaDe
 o UIe NaJO TUruDUuraM 
DoNQoOeOU of UIe JOTeDU�T eYoTLeMeUoO
 aOE 
UIe TeDoOE aMJQIaUJD DarboOT 	EorTaM TurfaDe

 
a product of burial diagenetic transformation 
of the original chemistry of the organism 

(Figure 119c
� 5IeTe mOEJOHT EeNoOTUraUe UIe 
QoUeOUJaM for �% 9RS JNaHJOH aT a buML TeOTJUJWe 
probe of chemical speciation in a carbonaceous 
foTTJM� 5IJT aQQroaDI XJMM IeMQ QaMeoOUoMoHJTUT Uo 
MearO abouU TQeDJNeOT� bJoDIeNJTUry
 NoMeDuMar 
eWoMuUJoO
 aOE DIeNJDaM JOUeraDUJoOT beUXeeO 
orHaOJTNT aOE UIeJr EeQoTJUJoOaM TeUUJOH�

(MaTTeT are JO aO ouU-of-eRuJMJbrJuN 
state, such that their structure 
DoOUJOuouTMy eWoMWeT Uo reaDI 
eOerHeUJDaMMy faWourabMe
 Nore 
TUabMe NJDroTDoQJD DoOmHuraUJoOT� 
Consequently, their physical 
QroQerUJeT are OoU uOJRueMy EemOeE 
buU EeQeOE oO UIeJr UIerNaM IJTUory� 
During the last decade, great interest 
IaT beeO foDuTeE oO JOWeTUJHaUJOH 
UIe EeQeOEeODe of UIe WJbraUJoOaM 
properties of glasses on the ageing 
EyOaNJDT ErJWJOH UIeJr TUabJMJTaUJoO� 
5Ie WJbraUJoOaM QroQerUJeT DaO HJWe aO 
JOTJHIU JOUo UIe TIaQe of UIe reMaUJWe 
minima of the potential energy 
landscape that the glass explores 
in the stabilisation [1]� .oreoWer
 
UIey are QarUJDuMarMy reMeWaOU
 
beJOH reTQoOTJbMe for uOJWerTaM 
thermodynamic anomalies with 
reTQeDU Uo DryTUaMMJOe ToMJET� 5IeTe 
aOoNaMJeT IaWe beeO reMaUeE Uo a 
DIaraDUerJTUJD eYDeTT JO WJbraUJoOaM 
EeOTJUy of TUaUeT 	7%0S
 oWer UIe 
%ebye MeWeM
 OaNeE boToO QeaL�

FroN aO eYQerJNeOUaM QoJOU of WJeX
 oOe of UIe 
NaKor IurEMeT for aEEreTTJOH aHeJOH eɭeDUT 
is the limited stability range accessible on 
MaboraUory UJNeTDaMeT� SJODe TQoOUaOeouT 

(MaTTeT are JO aO ouU-of-eRuJMJbrJuN 
state, such that their structure 
DoOUJOuouTMy eWoMWeT Uo reaDI 
eOerHeUJDaMMy faWourabMe
 Nore 
TUabMe NJDroTDoQJD DoOmHuraUJoOT� 
Consequently, their physical 
QroQerUJeT are OoU uOJRueMy EemOeE 
buU EeQeOE oO UIeJr UIerNaM IJTUory� 

IaT beeO foDuTeE oO JOWeTUJHaUJOH 
UIe EeQeOEeODe of UIe WJbraUJoOaM 

EyOaNJDT ErJWJOH UIeJr TUabJMJTaUJoO� 
5Ie WJbraUJoOaM QroQerUJeT DaO HJWe aO 
JOTJHIU JOUo UIe TIaQe of UIe reMaUJWe 
minima of the potential energy 
landscape that the glass explores 

� .oreoWer
 
UIey are QarUJDuMarMy reMeWaOU
 
beJOH reTQoOTJbMe for uOJWerTaM 
thermodynamic anomalies with 
reTQeDU Uo DryTUaMMJOe ToMJET� 5IeTe 

Fig. 121: $oNQarJToO of QrJTUJOe 	bMue EoU aOE MJOeT
 aOE reKuWeOaUeE 	bMaDL EoU 
aOE MJOeT
 aNberT� (a) TQeDJmD IeaU� (b) reEuDeE 7%0S H	E
�E2 aOE mU baTeE oO FE5 
in the inset; (c) acoustic attenuation; (d) aQQareOU TouOE WeMoDJUy
 TJOuToJEaM mUT 

aOE MoX freRueODy MJNJU 	arroXT
 froN [2]�

TUabJMJTaUJoO JT uOfeaTJbMy TMoX
 UIe DoOWeOUJoOaM 
Xay of obUaJOJOH HMaTTeT of EJɭereOU TUabJMJUJeT 
is by tuning the quenching rate while cooling 
UIe MJRuJE� SQeDJmDaMMy
 TMoXer raUeT DorreTQoOE 



5raDLJOH UIe $oOOeDUJoO beUXeeO %JTorEer 
aOE EOerHy -aOETDaQe JO (MaTTeT 6TJOH 
(eoMoHJDaMMy )yQeraHeE "Nber
  
E� "� "� PoHOa 	a

 "� *� $IuNaLoW 	b

  
$� FerraOUe 	D

 .� "� RaNoT 	E
 aOE  
5� SDoQJHOo 	D
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to states with lower potential energy and 
UIuT IJHIer TUabJMJUy� )oXeWer
 UIe TUabJMJUy 
raOHe DoWereE JT MJNJUeE� uQXarET by UIerNaM 
DoOEuDUJWJUy aOE aOOeaMJOH UeDIOoMoHy
 aOE 
EoXOXarET by UIe oDDurreODe of DryTUaMMJTaUJoO� 
5IJT TUuEy DJrDuNWeOUeE UIeTe MJNJUaUJoOT by 
eYQMoJUJOH UIe uOJRue oQQorUuOJUy oɭereE by 
a glass that has experienced extreme natural 
stabilisation: fossil amber extracted from the 
outcrop of El Soplao, Spain, dated to 110 million 
yearT aHo� 

5o DoNQare HMaTTeT TIarJOH UIe TaNe DIeNJDaM 
DoNQoTJUJoO buU XJUI Wery EJɭereOU aHeT
 UIe 
QrJTUJOe aNber XaT AreKuWeOaUeE�
 XJUI aO 
annealing to the supercooled liquid phase to 
erase its geological thermal history, followed 
by a DooMJOH aU TUaOEarE raUeT� 5Ie EJɭereOU 
TUabJMJUy JT UeTUJmeE by UIe eOEoUIerNJD KuNQ 
JO TQeDJmD IeaU 	Figure 121a
 aOE RuaOUJmeE 
by �� MoXer mDUJWe UeNQeraUure 5f for pristine 
aNber 	UIe MoXer 5f
 UIe Nore TUabMe UIe HMaTT
� 
By applying a combination of X-ray scattering 
UeDIOJRueT
 UIe TUruDUuraM aOE WJbraUJoOaM 
properties of the two ambers were compared in 
UIe 5)[ raOHe aU DIaraDUerJTUJD freRueODJeT of 
UIe boToO QeaL� SQeDJmDaMMy
 UIe reEuDeE 7%0S 
H	E
�E2, was measured by performing inelastic 
9-ray TDaUUerJOH 	*9S
 eYQerJNeOUT XJUI OuDMear 
resonance analysis at beamline ID18, exploiting 
the high energy resolution and the possibility 

of JOUeHraUJOH UIe TDaUUereE JOUeOTJUy oWer a 
MarHe NoNeOUuN UraOTfer raOHe� 5Ie DoMMeDUJWe 
eYDJUaUJoOT DoOUrJbuUJOH Uo UIe boToO QeaL Xere 
examined measuring phonon dispersion and 
NoEe aUUeOuaUJoO by NoNeOUuN-reToMWeE *9S 
at beamline ID28� 

*OUereTUJOHMy
 JU XaT fouOE UIaU UIe boToO QeaL
 
ubiquitously present in standard glasses, persists 
in pristine amber but appears less pronounced, 
bMue-TIJùeE
 aOE broaEer 	Figure 121b
 UIaO 
JO UIe reKuWeOaUeE HMaTT� *O UIe IyQer-aHeE 
amber, the attenuation is slightly reduced 
(Figure 121c

 XIJMe UIe aDouTUJD NoEeT are 
TUJɭer aOE eYIJbJU QoTJUJWe EJTQerTJoO 	i.e., excess 
JO aQQareOU WeMoDJUy 	Figure 121d
 reMaUJWe Uo 
the low frequency limit measured by Brillouin 
Light Scattering [2], indicating increased 
reMaYaUJoO UJNe
� $rJUJDaMMy
 UIe NoEJmDaUJoOT 
to the microscopic structure accompanying 
UIe DIaOHeT JO UIe WJbraUJoOaM QroQerUJeT Xere 
JOWeTUJHaUeE by XJEe-aOHMe 9-ray EJɭraDUJoO 
aU beaNMJOe *%2�� PrJTUJOe aNber aQQeareE 
IoNoHeOeouTMy EeOTJmeE JO a Xay QeDuMJar Uo 
OaUuraM TUabJMJTaUJoO aOE EJɭereOU froN UIaU 
DauTeE by IyEroTUaUJD DoNQreTTJoO� "MM UIe 
eYQerJNeOUaM eWJEeODe XaT raUJoOaMJTeE XJUIJO 
UIe FMuDUuaUJOH EMaTUJDJUy 5Ieory 	FE5
 UIaU 
accounts for disorder in terms of microscopic 
raOEoN TQaUJaM nuDUuaUJoOT of UIe eMaTUJD 
DoOTUaOUT� 5IJT NaLeT JU QoTTJbMe Uo eTUabMJTI 
a RuaOUJUaUJWe MJOL beUXeeO HMaTT TUabJMJUy
 or 
eRuJWaMeOUMy
 IeJHIU oO UIe eOerHy MaOETDaQe
 
and the dynamic disorder encoded in the boson 
QeaL 	Figure 122
� 

In conclusion, these results show that 
approaching the bottom of the potential 
eOerHy MaOETDaQe oWer aO uOQreDeEeOUeEMy MoOH 
spontaneous stabilisation, the elastic matrix of 
the glass becomes increasingly less disordered 
(with sharper elastic constant distribution and 
longer correlation length ε

 UIouHI UIe HMaTT 
reUaJOT JUT DIaraDUerJTUJD WJbraUJoOaM aOoNaMJeT�

Fig. 122: SLeUDI of UIe QoUeOUJaM eOerHy 
MaOETDaQe 	Hrey MJOe
 TaNQMeE XJUI QrJTUJOe 
	bMue EoU aOE MJOeT
 aOE reKuWeOaUeE 	bMaDL 
EoU aOE MJOeT
 aNberT aOE UIe obTerWeE 
NoEJmDaUJoOT JO UIe WJbraUJoOaM QroQerUJeT�
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mineralogical and physico-chemical characterisation of the AS powders to gain insight into the possible 
pathogenetic processes.
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AS is a composite material manufactured 
by assembling powders, and occasionally 
fraHNeOUT
 of OaUuraM TUoOeT XJUI a bJOEer� 
A widespread and appreciated AS employs 
unsaturated polyester resins as binder, and 
DryTUaMMJOe TJMJDa aT TUoOe� FoMMoXJOH UIe uTe of 
AS in large-scale production, numerous diseases 
aNoOH "S XorLerT 	"S8

 oùeO DIaraDUerJTeE 
by TIorU MaUeODy aOE IJHI TeWerJUy
 Xere 
described [1]� SuDI reTQoOTeT
 IoXeWer
 
DaOOoU be fuMMy eYQMaJOeE by RuaOUJUaUJWe 
reMaUJoOTIJQT XJUI eYQoTure� "NoOH UIe faDUorT 
NaJOMy aɭeDUJOH UIe QoUeOUJaM UoYJDJUy of TuDI 
systems, the presence of transition metal ions 
	NaJOMy Fe
 aOE raEJDaMT oO UIe "S TurfaDe 
NuTU be UaLeO JOUo aDDouOU
 JO aEEJUJoO Uo 
possible alterations resulting from mechanical 
UreaUNeOUT� EYQerJNeOUaM TUuEJeT oO "S 
powders [2] pointed out the peculiar interaction 
between respirable crystalline silica and the 
reTJO
 QroWJEJOH a mMN DoaUJOH oWer UIe NJOeraM 
TurfaDeT EurJOH UIe DouOUerUoQ mOJTIJOH 
QroDeEureT� "O eYQerJNeOUaM DIaraDUerJTaUJoO 
TUuEy XaT uOEerUaLeO oO JOEuTUrJaM "S TaNQMeT 
to highlight the chemical and physico-chemical 
changes that can occur during industrial 
QroDeTTJOH� RaX aOE QroDeTTeE 	uOEer XeU 
aOE Ery QoMJTIJOH
 JOEuTUrJaM "S XaT aOaMyTeE 
by means of scanning electron microscopy 
	SE.

 QoXEer 9-ray EJɭraDUJoO 	P9R%

 
9-ray nuoreTDeODe 	9RF

 9-ray abTorQUJoO 
TQeDUroTDoQy 	9"S
 aU beaNMJOe -*S" 	BM08
 
aOE DoOUJOuouT XaWe 	DX
 aOE QuMTeE eMeDUroO 
QaraNaHOeUJD reToOaODe 	EPR
 TQeDUroTDoQy� 

5Ie NaJO aDIJeWeNeOUT of UIJT DIaraDUerJTaUJoO 
resulted in the description of the mineralogical 
DoNQoTJUJoO of UIe QoXEerT� 5Ie QoXEerT are 
always constituted by crystalline silica, with 
eJUIer RuarU[ 	R[
 or DrJTUobaMJUe 	Db
 aT NaKor 
components, and only minor mineralogical 
QIaTeT beMoOHJOH Uo UIe raX forNuMaUJoOT� 
5Ie DIeNJDaM DoNQoTJUJoO 	eYUreNeMy WarJabMe 
due to the intrinsically heterogeneous nature 
of UIe "S NaUerJaMT
 EoeT OoU reWeaM DIeNJDaM 
mOHerQrJOUT aTToDJaUeE Uo R[- or Db-bearJOH 
TaNQMeT� $oOWerTeMy
 a DMear DIaOHe 	WerJmeE by 
means of a detailed statistical analysis, aimed 
Uo aTDerUaJO OaUuraM DIeNJDaM aTToDJaUJoOT
 JO 
UIe DIeNJDaM mOHerQrJOU EJTDrJNJOaUeT raX froN 
processed samples, and wet from dry processed 
TaNQMeT� *O aHreeNeOU XJUI DIeNJDaM reTuMUT
 
eYUeOEeE 9-ray abTorQUJoO mOe TUruDUure 
	E9"FS
 aOaMyTeT TIoX UIaU JO boUI XeU aOE Ery 

QroDeTTJOH
 DoOUaNJOaUJoO by NeUaMMJD Fe 	MJLeMy 
QroWJEeE by XorLJOH UooMT
 oDDurT 	Figure 123
� 

.oreoWer
 JU JT fouOE UIaU UIe NoEJmDaUJoOT 
induced by mechanical treatments extend 
to all the detected Fe forms by modifying Fe 
DoorEJOaUJoO aOE�or Fe oYJEaUJoO TUaUe� 5Ie DX 
aOE QuMTeE EPR TurWey of UIe TaNQMeT NaEe JU 
possible to assess apparent changes in the radical 
TQeDJaUJoO� SQeDJmDaMMy
 aEEJUJoOaM raEJDaMT Xere 
obTerWeE JO boUI UIe Ery- aOE XeU-QroDeTTeE 
samples (Figure 124
� No DIaOHeT aTToDJaUeE 
with the type of processing were found, whereas 
distinct additional radical species (mainly of the 
Si• UyQe
 Xere JEeOUJmeE JO R[- aOE Db-bearJOH 
TaNQMeT� "DDorEJOH Uo UIe reTuMUT
 JU JT OoUeE 
UIaU� 	J
 TQeDJmD DIeNJDaM DoOUaNJOaUJoO of UIe 
parent AS occurs depending on the wet or dry 
QroDeTTJOH
 aOE 	JJ
 QroDeTTJOH of "S reTuMUT JO 
EeUeDUabMe DIaOHeT of UIe Fe TQeDJaUJoO�

5Ie aDUJWe NeDIaOJTNT of EuTU DoOUaNJOaUJoO 
are IJHIMy reMeWaOU for UoYJDJUy TUuEJeT
 TJODe reEoY 
aOE UoYJD TQeDJeT are JOWoMWeE [2]� .oreoWer
 a 
EemOJUe DIaOHe JO raEJDaM TQeDJaUJoO JT oQeraUeE 
by "S QroDeTTJOH� *OEeeE
 a Wery QeDuMJar HeOeraM 
beIaWJour of UIeTe NaUerJaMT DaO be JOferreE
 
XIere DIeNJDaM DoOUaNJOaUJoO aOE JrreWerTJbMe 

Fig. 123: Ratio between 
metallic and total Fe 
content (Fe0�Fetot
 
eWaMuaUeE froN E9"FS 
EaUa aOaMyTJT�

Fig. 124: EPR spectrum of a 
sample where the additional 
radical species is highlighted 
JO reE�
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DOPED CARBON

Electrochemical reduction of CO2, using water as the proton source, is a sustainable solution for CO2 abatement. 
Iron cations inserted into nitrogen-doped carbon have emerged as a promising family of electrocatalysts for this 
reaction. In this study, several X-ray spectroscopy techniques were applied to unravel the local order of such 
atomically dispersed iron.

$IeNJDaM WarJabJMJUy of arUJmDJaM TUoOe 
QoXEerT JO reMaUJoO Uo UIeJr IeaMUI eɭeDUT
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thermo-mechanical processes modify the 
chemical and physico-chemical features of the 
QareOU NaUerJaMT
 MeaEJOH Uo EJɭereOUJaUeE UyQeT 
of eYQoTure for "S XorLerT oQeraUJOH UIe Ery or 

UIe XeU QoMJTIJOH� " MaTU reMeWaOU DMaJN EeaMT 
XJUI UIe QreTeODe of uOuTuaMMy IJHI MeWeMT of 
cristobalite, a contaminant whose toxicity is 
DoOTJEereE eWeO IJHIer UIaO UIaU of RuarU[�

Hydrogenating CO2 JOUo WaMuabMe feeETUoDLT 
uTJOH HreeO IyEroHeO oɭerT UIe QoTTJbJMJUy of 
directly sequestering this greenhouse gas into 
IJHIMy EeNaOEeE uUJMJUy DIeNJDaMT� )ereby
 
the electrochemical CO2 reduction reaction is 
beJOH JODreaTJOHMy JOWeTUJHaUeE oWer EJɭereOU 
electrodes for the production of CO, HCOOH, 
CH30) aOE oUIerT� 5Ie QoTTJbJMJUy Uo eOIaODe 
the production of one particular chemical 
reMJeT oO a LJOeUJDaMMy DoOUroMMeE reaDUJoO XIJDI 
depends itself on the energetics of adsorption 
of UIe EJɭereOU reaDUJoO JOUerNeEJaUeT� 5o UIJT 
end, emerging atomically dispersed metal 
DaUaMyTUT XJUI beUUer-EemOeE TUruDUure aT 
aDUJWe TJUeT
 oɭer a uOJRue oQQorUuOJUy Uo 
eYQMore TUruDUureoaDUJWJUy reMaUJoOTIJQT ErJWJOH 
UIe TeMeDUJWJUy� )ereJO
 a faDJMe aQQroaDI Uo 
prepare mesoporous nitrogen-doped carbons 
with atomically dispersed iron sites through a 

NeUaM orHaOJD fraNeXorL-NeEJaUeE TyOUIeTJT 
is reported [1]� 5Ie DurreOU NeUIoE DoOTJTUT 
of 	J
 IyEroMyTJT of UeUraNeUIyM orUIoTJMJDaUe 
	5.0S
 JO UIe TUruDUure of aO JroO-DoOUaJOJOH 
;*F-� NaUerJaM 	;*F-�-Fe

 	JJ
 IJHI-UeNQeraUure 
QyroMyTJT aOE 	JJJ
 SJ02 UeNQMaUe MeaDIJOH� 5Ie 
SiO2-aTTJTUeE aQQroaDI JT WJUaM for JOIJbJUJOH UIe 
formation of iron nanoparticles, preferentially 
generating atomically dispersed iron sites, and 
creating high surface area and mesoporosity in 
the carbon matrix (Figure 125
� 

5Ie NaUerJaM XaT UeTUeE JO UIe eMeDUroDaUaMyUJD 
reduction of CO2 and displayed high CO Faradaic 
eɮDJeODy 	��0 �

 IJHI $0 DurreOU EeOTJUy 
aOE HooE TUabJMJUy� %ue Uo UIe OoODryTUaMMJOe 
OaUure of UIe JroO aDUJWe QIaTe
 9-ray abTorQUJoO 
aOE eNJTTJoO TQeDUroTDoQJeT 	9"S�9ES
 Xere 
aQQMJeE Uo uOraWeM UIe DIeNJDaM eOWJroONeOU 

Fig. 125: Schematic 
illustration of the 

synthesis of the 
mesoporous nitrogen-

doped carbon with 
atomically dispersed 

JroO TJUeT�



SUruDUure-aDUJWJUy reMaUJoOTIJQT JO NeUaM 
orHaOJD fraNeXorL EerJWeE NeToQorouT 
nitrogen-doped carbon containing 
atomically dispersed iron sites for CO2 
eMeDUroDIeNJDaM reEuDUJoO
 9� SuO 	a

  

R� 8aOH 	a

 S� 0uME-$IJLI 	b

  
%� 0TaEDIJJ	a

 (� -J	a

 "� "HuJMar 	D

  
+--� )a[eNaOO 	D

 F� ,aQUeJKO	a
 aOE 
+� (aTDoO 	b
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on beamline BM16� 9-ray abTorQUJoO Oear-
eEHe TUruDUure 	9"NES
 aOE eYUeOEeE 9-ray 
abTorQUJoO mOe TUruDUure 	E9"FS
 TQeDUroTDoQJeT 
eYDMuEeE UIe TRuare-QMaOar DoOmHuraUJoO of 
a TJNQMe QorQIyrJOJD NoJeUy aOE DoOmrNeE a 
IJHI EJTQerTJoO of aUoNJD JroO JO JUT UrJWaMeOU 
TUaUe� 

(JWeO UIe oOHoJOH EebaUe oO UIe TUruDUure 
of JroO aDUJWe TJUeT JNNobJMJTeE oO OJUroHeO-
doped graphene and the limits of the 
aboWe DIaraDUerJTaUJoO
 WaMeODe-Uo-Dore 	75$
 
X-ray emission and high-energy-resolution 
nuoreTDeODe-EeUeDUeE 9"NES 	)ERF%-9"NES
 
spectroscopies coupled to density functional 
UIeory 	%F5
 DaMDuMaUJoOT Xere DoOEuDUeE 
Uo furUIer remOe a TUruDUuraM NoEeM [2]� 5Ie 
JOJUJaM NoUJWaUJoO for UIe 9ES TUuEy XaT Uo 
oWerDoNe UIe MJNJUaUJoO of E9"FS DoODerOJOH 
the discrimination between oxygen and 
OJUroHeO aUoNT JO UIe mrTU DoorEJOaUJoO TIeMM 
by eWaMuaUJOH UIe eOerHy QoTJUJoO of UIe ,β” 
TaUeMMJUe� 5Ie eYQerJNeOUaM 75$-,β spectrum of 
the Fe electrocatalyst is shown in Figure 126. 
6OeYQeDUeEMy
 UIe 75$-,β spectrum presents 
oOMy a broaE QeaL DeOUreE aU ��0� e7 JO 
the Kβ2
� reHJoO XJUI Oo DMear QeaL JO UIe 
Kβ�� reHJoO� 5Ie eYQMaOaUJoO of UIe faJOU ,β�� 
JOUeOTJUy JOWoMWeE a DoOKuHaUeE TyTUeN arouOE 
UIe JroO DeOUre� 8JUI TuDI DoorEJOaUJoO
 UIe 
MJHaOET� aUoNJD orbJUaMT DoOUrJbuUe TJHOJmDaOUMy 
through sp2 hybridisation to the π-system, 

JOeWJUabMy EeDreaTJOH UIeJr QarUJDJQaUJoO JO UIe 
σ-fraNeXorL� 

FroN UIJT JEea
 TeWeO DoOKuHaUeE NoEeMT Xere 
calculated that were thought to potentially 
NaUDI UIe eYQerJNeOUaM 75$-,β spectrum 
	0R$"

 UoHeUIer XJUI UIe )ERF%-9"NES 
TQeDUruN 	F%.NES
� "T aO JMMuTUraUJoO
 oOe of 
the studied models is shown in Figure 126, 
together with its theoretical XANES and XES 
TQeDUra� 5Ie NoTU faWourabMe aHreeNeOU XJUI 
UIeory XaT obTerWeE for NoEeMT UIaU IaE JO 
DoNNoO a QorQIyrJOJD eOWJroONeOU arouOE 
iron, completed by the coordination of the 
XaUer NoMeDuMeT aOE�or IyEroYyM HrouQ� 5Ie 
low intensity of the Kβ�� XaT furUIer eYQMaJOeE 
by UIJT NuMUJUuEe of DoOmHuraUJoOT� "ùerXarET
 
UIe IJHI TeMeDUJWJUy Uo $0 obTerWeE EurJOH UIe 
electrocatalytic reduction of CO2 was explained 
by aEEJUJoOaM %F5 DaMDuMaUJoOT uTJOH UIe 
molecular models hinted at by XAS and XES 
TQeDUroTDoQJeT� *U XaT fouOE UIaU UIe JroO DaUJoOT 
UraQQeE JO TuDI a QorQIyrJOJD eOWJroONeOU 
EeDreaTe UIe free eOerHy barrJerT of �$00) 
forNaUJoO aOE EeTUabJMJTe UIe aETorQUJoO of �)
 
QreWeOUJOH TubTeRueOU IyEroHeOaUJoO TUeQT� 

5IeTe reTuMUT EeNoOTUraUe UIaU )ERF%-
9"NES aOE 75$-,β spectroscopies combined 
with theory are a powerful tool to explore the 
DoorEJOaUJoO eOWJroONeOU JO UIeTe aOE oUIer 
aUoNJDaMMy EJTQerTeE DaUaMyTUT�

Fig. 126: Comparison of 
experiments and theory for 
HERFD-XANES and 
75$-,β spectroscopies for 
one molecular model, 
shown in (a)� 
b) HERFD-XANES spectrum 
of the Fe electrocatalyst 
compared against FDMNES 
DaMDuMaUJoOT� 
c) 5Xo TeMeDUeE EoOor 
orbitals corresponding to 
the assigned regions of the 
Kβ�� aOE ,β2
� QeaLT� 
d) 75$-,β spectrum of the 
Fe electrocatalyst compared 
aHaJOTU 0R$" DaMDuMaUJoOT�
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Underground radioactive waste repositories are characterised by strongly reducing conditions, rendering most 
radionuclides into their least soluble form. However, under these conditions, plutonium converts into a trivalent 
aquo-complex, which could leach into groundwater. X-ray absorption spectroscopy is used to show that this risk 
is not as high as previously assumed, since two competing chemical retention mechanisms are able to retain 
aqueous plutonium.
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RaEJoaDUJWe XaTUe reQoTJUorJeT OeeE Uo reUaJO 
UIe NoTU MoOH-MJWeE raEJoOuDMJEeT oWer IuOEreET 
of UIouTaOET of yearT� 5IJT reMJeT TUroOHMy oO 
accurate predictions of chemical processes 
aDroTT TuDI UJNe TDaMeT� For JOTUaODe
 XaTUe 
DoOUaJOerT
 eWeO XIeO NaEe froN UIe NoTU 
durable stainless steel, will corrode and hence 
may no longer present a physical barrier between 
UIe raEJoaDUJWe XaTUe aOE UIe eWeOUuaMMy 
JOmMUraUJOH HrouOEXaUer� 5Ie NoTU JNQorUaOU 
DorroTJoO QroEuDU JT NaHOeUJUe
 a Fe	**
�Fe	***
-
DoOUaJOJOH TQJOeM QIaTe of IJHI EurabJMJUy� 0Oe 
of UIe NoTU raEJoUoYJD eMeNeOUT JT QMuUoOJuN� 
If plutonium could not only be sorbed at the 
TurfaDe of NaHOeUJUe
 aT QreWJouTMy TIoXO [1], 
but could also be incorporated by this mineral, 
UIJT XouME QreTeOU aO eWeO beUUer QroUeDUJoO 
against leaching, especially when the chemistry 
of the groundwater changes, for instance by the 
NeMUJOH HMaDJerT aùer aOoUIer JDe aHe�

PreWJouT reTearDI IaT TuHHeTUeE UIaU UrJWaMeOU 
lanthanides, which are chemically similar 
Uo UrJWaMeOU QMuUoOJuN
 are TUruDUuraMMy 
incorporated by magnetite, hence it was 
EeDJEeE Uo JOWeTUJHaUe Jf UIJT QroDeTT aMTo UaLeT 
QMaDe for QMuUoOJuN� (JWeO UIe eYQeDUeE MoX 
plutonium solubility in magnetite, only X-ray 
abTorQUJoO mOe TUruDUure 	9"FS
 TQeDUroTDoQy 
JT abMe Uo eMuDJEaUe UIJT aU UIe NoMeDuMar TDaMe� 
5Ierefore
 QMuUoOJuN-EoQeE NaHOeUJUe TaNQMeT 
Xere JOWeTUJHaUeE aU beaNMJOe BM20, which 
has all necessary safety features to handle 
TuDI raEJoUoYJD TaNQMeT� Figure 127 shows 
the obtained spectra of fresh Pu-magnetite 
coprecipitates (samples Pu-Mag-1300 and Pu-
.aH-4400
 aT XeMM aT TaNQMeT aùer aO Fe	**
-
induced recrystallisation procedure (Pu-Mag-
��00-reD aOE Pu-.aH-4400-reD
� " DoNQarJToO 
of the X-ray absorption near-edge structure 
	9"NES
 EaUa 	Figure 127a
 XJUI TeMeDUeE 

Fig. 127: Pu L3-edge XAFS spectra 
of magnetite coprecipitation 

TaNQMeT aOE TeMeDUeE refereODeT� 
a) 9"NES TQeDUra� 

b) L3-XeJHIUeE E9"FS TQeDUra� 
c) Corresponding Fourier 

UraOTforN NaHOJUuEeT� For 
(b) and (c)
 bMaDL MJOeT are 

experimental data, and blue lines 
are *5F"-EerJWeE reQroEuDUJoOT by 

UXo DoNQoOeOUT�



Plutonium retention mechanisms by 
magnetite under anoxic conditions: 
EOUraQNeOU WerTuT TorQUJoO
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references shows that all Pu-magnetites contain 
QMuUoOJuN JO JUT UrJWaMeOU oYJEaUJoO TUaUe� 5Ie 
corresponding EXAFS spectra (Figure 127b
 
reWeaM UIaU UIe reDryTUaMMJTeE TaNQMeT DoOUaJO 
QMuUoOJuN QreWaMeOUMy aT UIe UrJEeOUaUe TorQUJoO 
DoNQMeY QreWJouTMy EeUeDUeE [1]� #efore UIe 
reDryTUaMMJTaUJoO
 IoXeWer
 UIe TQeDUra Xere 
JNQoTTJbMe Uo aOaMyTe by TIeMM mUUJOH
 aOE 
a subsequent principal component analysis 
showed why: these spectra consisted of two 
EJɭereOU QMuUoOJuN TQeDJeT JO abouU eRuaM 
aNouOUT� 5Ie TQeDUruN of UIe mrTU XaT JEeOUJDaM 
Uo UIe TorQUJoO DoNQMeY 	Pu-.aH-TorbeE
� baTeE 
on this information, the spectrum of the second 
QMuUoOJuN TQeDJeT 	DoNQ� � JO Figure 127c
 
DouME be eYUraDUeE� "OaMyTJT by TIeMM mUUJOH of 
component 1 showed that plutonium did not 
simply substitute for iron in magnetite, where 
JU XouME OeeE aO oDUaIeEraM eOWJroONeOU 	TJY 
OeareTU oYyHeO OeJHIbourT

 buU aEoQUeE a TQMJU 
eJHIU-foME DoorEJOaUJoO Uo oYyHeO� 

5IJT QeDuMJar DoorEJOaUJoO eOWJroONeOU
 aMoOH 
with the distances of the nearest Fe atoms, 
TuHHeTUeE UIaU Pu DreaUeT a QyroDIMore-MJLe 
eOWJroONeOU JO JUT OeJHIbourIooE
 ouU Uo a 
raEJaM EJTUaODe of ���� ¯
 XIJMe Pu-Fe EJTUaODeT 
beyond were commensurate with the longer-
raOHe NaHOeUJUe TUruDUure� PyroDIMoreT are 
notorious host phases for lanthanides, hence it 
is not surprising that Pu, with its similar large 
JoOJD raEJuT of � ¯
 mUUeE beUUer JO TuDI aO 
eOWJroONeOU� 2uJeU TurQrJTJOH JT
 IoXeWer
 UIaU 
pyrochlore did not form as a separate phase, but 
rather as tiny islands within the already small 
	� ON
 NaHOeUJUe OaOoQarUJDMeT� 

5Ie aEoQUJoO of a QyroDIMore-MJLe MoDaM 
eOWJroONeOU XJUIJO UIe NaHOeUJUe MoOH-raOHe 
TUruDUure JT NoTU MJLeMy JOEuDeE by UIe raQJE 
coprecipitation procedure, a process named 
LJOeUJD eOUraQNeOU 	Figure 128
� 5IeTe TNaMM 
QyroDIMore JTMaOET are
 IoXeWer
 TUruDUuraMMy 
incompatible with the magnetite structure and 
may present only a metastable thermodynamic 
TUaUe� aùer UIe Fe	**
-JOEuDeE reDryTUaMMJTaUJoO 
of the Pu-doped samples, the amount of 
incorporated plutonium decreased to about 
�0�
 XIJMe UIe reMeaTeE QMuUoOJuN XaT re-

aETorbeE aU UIe NaHOeUJUe TurfaDe� 5Ierefore
 
reaDUJWe UraOTQorU NoEeMT DoOEuDUeE for UIe rJTL 
aTTeTTNeOU of raEJoaDUJWe XaTUe reQoTJUorJeT 
IaWe Uo UaLe JOUo aDDouOU reUeOUJoO by UIe 
sorption process, while structural incorporation 
JT NoTU MJLeMy oOMy a UeNQorary QroDeTT OoU Wery 
reMeWaOU for QreEJDUJOH QMuUoOJuN NJHraUJoO 
aDroTT HeoMoHJD UJNeTDaMeT�

Fig. 128: Plutonium retention mechanisms by magnetite, a steel corrosion 
product, deciphered: structural incorporation proceeds through formation of 

QyroDIMore-MJLe JTMaOET
 buU reDryTUaMMJTaUJoO of NaHOeUJUe DauTeT aO eYQuMTJoO 
of this structural plutonium, which is subsequently re-adsorbed at the most 

QreWaMeOU \���^ faDeT DoOTUJUuUJOH UIe TurfaDe of oDUaIeEraM NaHOeUJUe 
OaOoQarUJDMeT�
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Molecules and materials incorporating actinide ions possess fascinating magnetic properties, but the 
understanding of their microscopic origin is masked by the complicated electronic structure of the actinide ions. 
X-ray spectroscopy experiments have now aided the disentanglement of the spin and orbital contributions to the 
magnetic moment in a chemically isolated, molecular uranium complex.

ELECTRONIC STRUCTURE, MAGNETISM AND DYNAMICS
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5Ie JOUereTU JO aDUJOJEe-DoOUaJOJOH NoMeDuMeT 
IaT beeO reJOWJHoraUeE by reDeOU Ley mOEJOHT of 
their unique catalytic and magnetic properties 
[1]� 5Ie NaHOeUJD QroQerUJeT of TuDI DoNQMeYeT 
are QarUJDuMarMy EJɮDuMU Uo uOEerTUaOE Eue Uo UIe 
exceedingly complicated electronic structure of 
aDUJOJEe JoOT
 reTuMUJOH froN TJNJMar-TJ[eE aOE 
DoNQeUJOH eɭeDUT of UIe DIeNJDaM TurrouOEJOHT 
aOE reMaUJWJTUJD eɭeDUT JOUrJOTJD Uo TuDI IeaWy 
eMeNeOUT� *O UIJT XorL
 9-ray NaHOeUJD DJrDuMar 
EJDIroJTN 	9.$%
 TQeDUroTDoQy XaT eNQMoyeE 
to elucidate the microscopic origin of the 
magnetism in a uranium-based molecular 

DoNQMeY� 5Ie eMuTJWe [6F6]2– ion was synthetised 
as a spatially isolated complex through the 
employment of large organic counter-ions 
(Figure 129
� 5Ie MarHe EJTUaODe beUXeeO [6F6]2– 
ions in the solid, combined with an especially 
XeMM-EemOeE oYJEaUJoO TUaUe of uraOJuN of �*7 
JO UIe nuorJEe-baTeE DoorEJOaUJoO eOWJroONeOU
 
Meù UIJT TyTUeN JEeaM for a fuOEaNeOUaM TUuEy of 
UIe JOUrJOTJD NaHOeUJD QroQerUJeT of a uraOJuN	*7
 
complex in the absence of unwanted magnetic 
JOUeraDUJoOT beUXeeO DoOTUJUueOU JoOT� 

5Ie NaHOeUJD QroQerUJeT of [6F6]2– are
 aU mrTU 
TJHIU
 uOeYDeQUJoOaM aOE reneDU a OoO-NaHOeUJD 
HrouOE TUaUe� NoOeUIeMeTT
 uraOJuN	*7
 QoTTeTTeT 
UXo uOQaJreE �f eMeDUroOT o a TJUuaUJoO UIaU a 
priori XouME OoU reTuMU JO a WaOJTIJOH NaHOeUJD 
NoNeOU� EYQerJNeOUT QerforNeE aU beaNMJOe 
ID12 QroWJEe uOQreDeEeOUeE JOTJHIU JOUo UIe 
NaHOeUJD QroQerUJeT of JToMaUeE uraOJuN	*7
 
JoOT� 9-ray abTorQUJoO TQeDUroTDoQy 	9"S
 aOE 
9.$% TQeDUra of [6F6]2– were obtained at the 
M4
� absorption edges (corresponding mainly 
to 3d → �f UraOTJUJoOT
� "U boUI eEHeT
 a DMear 
9.$% TJHOaM XaT obTerWeE
 XIJDI XaT MarHeMy 
TeOTJUJWe Uo UIe eYaDU OuNber of �f eMeDUroOT 
and the chemical surroundings (Figure 130
� 
$oNbJOJOH UIe RuaOUJUaUJWe aOaMyTJT of UIe 9"S 
aOE 9.$% TQeDUra aMMoXT for a EeDoOWoMuUJoO 
of the contributions to the magnetic moment 
of UIe [6F6]2– complex; the spin and orbital 
NaHOeUJD NoNeOUT� #oUI UIeTe NoNeOUT Xere 
fouOE Uo be TJ[eabMe aOE of TJNJMar NaHOJUuEe 
(Mspin � o0�4� mB and Morbital � 0�4� mB

 buU 
oQQoTJUe JO TJHO� 5IuT
 UIe [6F6]2– complex gains 
JUT WJrUuaMMy OoO-NaHOeUJD eMeDUroOJD HrouOE 
state from an almost perfect cancellation of the 
aOUJQaraMMeM TQJO aOE orbJUaM NaHOeUJD NoNeOUT� 
5IJT QeDuMJar TJUuaUJoO QaraMMeMT UIaU of ToNe 
transition element systems such as [OsF6]2– 
[2], but with the spin and orbital magnetic 
moments being approximately one order of 
NaHOJUuEe MarHer JO UIe uraOJuN DaTe� %eTQJUe 
the common non-magnetic ground state of 
6	*7

 UIe obTerWaUJoO of JOEJWJEuaMMy MarHe TQJO 
aOE orbJUaM NaHOeUJD NoNeOUT TIouME IaWe a 
EeDJTJWe JNQaDU oO UIe uOEerTUaOEJOH of 6	*7
-
based materials, especially those displaying 
complicated magnetic orders [3]� 

5Ie aOaMyTJT of UIe XeMM-reToMWeE eYQerJNeOUaM 
9.$% TQeDUra DoOTUJUuUeT UIe mrTU EeNoOTUraUJoO 

Fig. 129: Chemical 
structure of the 

TQaUJaMMy JToMaUeE [6F6]2– 
complex, showing the 

magnetically insulating 
layer generated by the 

organic counter-ions 
and co-crystallised 

XaUer NoMeDuMeT� 
6� QJOL� F� HreeO� 0� reE� 

)� Hrey�

Fig. 130: EYQerJNeOUaM 9"S 	Hrey MJOeT
 aOE 9.$% 	bMaDL MJOeT
 
TQeDUra of [6F6]2– at the M4
� eEHeT obUaJOeE JO a NaHOeUJD meME of 

H � �� 5 aU 4 ,� 5Ie UIeoreUJDaM 9.$% TQeDUra for boUI UIe �f2 
	reE UraDe
 aOE �f3 	bMue UraDe
 DoOmHuraUJoOT Xere obUaJOeE 

from multiplet calculations using results extracted from ab initio 
DaMDuMaUJoOT oO UIe eYQerJNeOUaM TUruDUure of [6F6]2–�



[6F6]2–� " .oMeDuMar )eYanuorJEo 
"DUJOJEe	*7
 $oNQMeY XJUI $oNQeOTaUJOH 
Spin and Orbital Magnetic Moments, 
,� S� PeEerTeO 	a
b

 ,� R� .eJIauT 	D

 
"� RoHaMeW 	E

 F� 8JMIeMN 	E

 
%� "raWeOa 	e

 .� "No[a 	f

 E� RuJ[ 	f

 
+� R� -oOH 	H
I

 +� #eOEJY 	J
 aOE R� $MÏraD 
	a

 Angew. Chem. Int. Ed� 58	44

 ����0-
����4 	20��
� 
EoJ� �0��002�aOJe�20��0�0���
(a) Université de Bordeaux, CNRS, Centre de 

Recherche Paul Pascal, UMR 5031 (France)
(b) Department of Chemistry, Technical 
University of Denmark (Denmark)
(c) Department of Chemistry, University of 
California, Berkeley (USA)
(e) ESRF
(f) Departamento de Química de los 
Materiales Facultad de Química y Biología, 
Universidad de Santiago de Chile (USACH) 
(Chile)
(g) Departament de Química Inorgànica i 

Orgànica and Institut de Química Teòrica i 
Computacional, Universitat de Barcelona 
(Spain)
(h) Materials Sciences Division, Lawrence 
Berkeley National Laboratory, California 
(USA)
(i) Department of Chemical and 
Biomolecular Engineering, University of 
California, Berkeley (USA)
(j) Department of Chemistry, University of 
Copenhagen (Denmark)

[�> S� 5� -JEEMe
 Angew. Chem. Int. Ed. 54
 ��04 	20��
�
[2> ,� S� PeEerTeO et al., Chem. Eur. J. 23
 ��244 	20��
�
[�> 7� 7� ,MeQoW et al�
 J. Am. Chem. Soc. 141
 ���� 	20��
�

13*/$*1"- 16#-*$"5*0/ "/% "65)034

REFERENCES

129HIGHLIGHTS 2019

of the applicability of XMCD spectroscopy to 
study magnetic properties of actinide-based 
NoMeDuMeT� 5IeTe reTuMUT QaWe UIe Xay for a OeX 

approach to acquiring a deeper understanding 
of the single-ion magnetism of actinide ions in 
boUI NoMeDuMeT aOE ToMJE-TUaUe NaUerJaMT�



At the time of writing, electrons have 
CFFO TUPSFE GPS UIF mSTU UJNF JO UIF OFX 
Extremely Brilliant Source (EBS) storage 
ring. During the shutdown, the Structure 
of Materials (SOM) beamlines have been 
preparing for the brighter source. In 
BEEJUJPO UP UIF JODSFBTFE nVY BOE TNBMMFS 
CFBN TJ[FT
 PVS VTFST XJMM CFOFmU GSPN UIF 
new beamline control system, BLISS, which 
will allow faster data collection, continuous 
scans along trajectories, and many other 
new features.

FoMMoXJOH TeWeraM yearT of EeWeMoQNeOU [1,2], 
the hard X-ray microscope on ID06 will accept 
QubMJD uTerT aU UIe reTUarU of uTer oQeraUJoO� 
%arL meME 9-ray NJDroTDoQy uTeT fuMM-meME 
JMMuNJOaUJoO of UIe TaNQMe aOE QroWJEeT 
mapping of microstructure and lattice strain 
in crystalline matter with spatial resolution 
EoXO Uo �00 ON� *U JT aOaMoHouT Uo EarL-meME 
eMeDUroO NJDroTDoQy JO UIaU aO obKeDUJWe MeOT 
NaHOJmeT EJɭraDUJOH feaUureT of UIe TaNQMe� 
5Ie uTe of IJHI-eOerHy 9-rayT NeaOT UIaU UIeTe 
feaUureT DaO be MarHe aOE EeeQMy eNbeEEeE� 
5Ie JOTUruNeOU furUIerNore aMMoXT Qre-
characterisation of samples at larger length 
TDaMeT uTJOH �% 9-ray EJɭraDUJoO or EJɭraDUJoO 
DoOUraTU UoNoHraQIy� " XorLTIoQ EeEJDaUeE 
Uo UIe IarE 9-ray NJDroTDoQe aOE JUT eWoMuUJoO 
into a fully dedicated beamline will be held at 
UIe ESRF oO "QrJM �� o ��
 2020�

Materials science beamline ID11 hosts many 
experimental techniques, from microstructure 
JNaHJOH Uo UIe ToMuUJoO aOE remOeNeOU of 
DryTUaM TUruDUureT� SoNe of UIe mrTU QubMJTIeE 
results from the new nanofocusing end-station 
IaWe DoNe froN DIeNJDaM DryTUaMMoHraQIy� 5Ie 
EeUaJMeE aUoNJD TUruDUure of a OoWeM DaUJoOJD Pb 
dumbbell in Pb2Si�N8 XaT uODoWereE by #JeMeD 
et al. (page 132
 uTJOH a UJOy NJDroDryTUaM� 5Ie 
use of high X-ray energies allowed PDF data 
to be collected up to the Curie temperature for 
magnetite, Fe3O4 	PerWerTJ et al�
 page 140

 
where the signature of local structure distortions 
DouME be RuaOUJmeE� 20�� IaT beeO a buTy 
year for *%�� TUaɭ XJUI NuDI of UIe beaNMJOe 
beJOH EJTNaOUMeE Eue Uo roaE XorLT aOE a MarHe 
OuNber of NaJOUeOaODe oQeraUJoOT� *%�� XJMM 
IaWe aMM JOTUruNeOUaUJoO baDL JO QMaDe reaEy 
Uo eYQMoJU UIe E#S TourDe aOE Xe are MooLJOH 
forXarE Uo UIe EeMJWery of a OeX $E5e QIoUoO-
DouOUJOH QJYeM EeUeDUor�

ID15A is optimised for performing high-speed 
NuMUJEJNeOTJoOaM TUuEJeT of XorLJOH DIeNJDaM 
systems under operando DoOEJUJoOT
 Wery faTU 

UJNe-reToMWeE TUuEJeT
 aOE IJHI-QreDJTJoO 
UoUaM TDaUUerJOH eYQerJNeOUT� 5Ie NaKorJUy of 
experiments are from the chemical (catalysis, 
ToMJE-TUaUe reaDUJoOT
 aOE eOerHy 	baUUerJeT
 fueM 
aOE ToMar DeMMT
 UIerNoeMeDUrJDT aOE ferroJDT
 
meMET
 XJUI HroXJOH aQQMJDaUJoOT DoNJOH froN 
areaT aT EJWerTe aT HeoQIyTJDT aOE DuMUuraM 
IerJUaHe� FoMMoXJOH UIe E#S uQHraEe
 UIe 
NeUIoET EeWeMoQeE oO UIe beaNMJOe
 TuDI aT 
mWe-EJNeOTJoOaM 9-ray EJɭraDUJoO JNaHJOH 
aOE IJHI-eOerHy TUroboTDoQJD 9-ray EJɭraDUJoO 
aOE S"9S-8"9S UoNoHraQIy
 XJMM be aWaJMabMe 
XJUI uOQreDeEeOUeE UeNQoraM aOE�or TQaUJaM 
reToMuUJoO� 

5Ie DoOTUruDUJoO of beaNMJOe BM18 (EBSL3: 
IJHI-UIrouHIQuU
 MarHe-meME
 QIaTe-DoOUraTU 
UoNoHraQIy
 JT QroHreTTJOH raQJEMy� 5Ie 
eYUerOaM buJMEJOH aOE UuOOeM XJMM be EeMJWereE JO 
earMy 2020� 5IJT QIaTe XJMM be foMMoXeE by UIe 
eYQerJNeOUaM IuUDI JOTUaMMaUJoO� 5Ie raEJaUJoO 
UeTU of UIe mrTU oQUJDT IuUDI 	0)�
 XaT DarrJeE ouU 
at the end of 2018 and the radiation test for the 
experimental hutch is scheduled for September 
2020� 5Ierefore
 aMM UIe oQUJDaM eMeNeOUT
 XIJDI 
are currently being manufactured, can be 
JOTUaMMeE JO 0)�� -ayJOH ouU UIe MarHe NarbMe 
noor JO UIe eYQerJNeOUaM IuUDI aOE JOTUaMMaUJoO 
of the sample and detector stages will start in 
SeQUeNber 2020� 5Ie DoNNJTTJoOJOH QIaTe 
will begin in February 2021, with the start of 
uTer oQeraUJoO eYQeDUeE JO SeQUeNber 202��

5Ie year of UIe TIuUEoXO XaT uTeE Uo TIaQe 
microtomography beamline ID19 for the 
new EBS source: new primary slits are under 
installation to handle the heat load from 
UIe foreTeeO JO-WaDuuN uOEuMaUor� "ùer 
commissioning of the beam enlarger system, 
it was dismantled and transferred to the optics 
IuUDI of #.��� SeWeraM NeDIaOJDaM eMeNeOUT 
of UIe UrJ-NoEaM NoOoDIroNaUor IaWe beeO 
rebuJMU Uo JODreaTe UIeJr TUJɭOeTT
 reTuMUJOH JO 
beUUer TUabJMJUy aHaJOTU WJbraUJoOT� *O aEEJUJoO 
to the selected articles in this chapter of the 
ESRF Highlights, the paper by Kingston et 
al. [3] abouU UIe mrTU EeNoOTUraUJoO of HIoTU 
UoNoHraQIy XJUI IarE 9-rayT TIouME be OoUeE�

5Ie IJHI-reToMuUJoO QoXEer EJɭraDUJoO beaNMJOe 
ID22 XJMM UaLe EeMJWery of a $E5e EJHer 2. 
detector in June 2020 to replace the scintillation 
DouOUerT beIJOE UIe aOaMyTer DryTUaMT� 5IJT XJMM 
MeaE Uo JNQroWeNeOUT JO aOHuMar reToMuUJoO
 
aOE TUaUJTUJDaM RuaMJUy aU IJHI aOHMeT� 5Ie JEeaT 
beIJOE UIJT EeWeMoQNeOU Xere UeTUeE JO 20�� 
and 2018 [4]� 5Ie EJHer EeUeDUor DaO aMTo be 
used without analyser crystals, replacing some 
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of UIe fuODUJoOaMJUy of UIe PerLJO EMNer NeEJDaM 
imaging detector that is currently used for 
faTU P%F aOaMyTJT� " OeX MJRuJE-IeMJuN-DooMeE 
cryostat with a large opening window has been 
EeMJWereE by UIe ESRF TaNQMe-eOWJroONeOU 
HrouQ aOE XJMM be QuU JOUo TerWJDe EurJOH 2020
 
allowing PDF measurements below 100 K to be 
DarrJeE ouU Nore eaTJMy�

5Ie reEuDeE UeaN EurJOH UIe TIuUEoXO of UIe 
high-energy beamline for buried interface 
structures and materials processing, ID31, 
EeWoUeE 20�� Uo EaUa-QroDeTTJOH EeWeMoQNeOUT
 
data analysis and to producing articles for 
QubMJDaUJoO� SJODe UIe beaNMJOe IaE aMreaEy 
been optimised for EBS during its construction, 
there were no major EBS preparation projects 
UIJT year� "T XJUI aMM oME-MaUUJDe MoX-β beamlines, 
Xe eYQeDU a ��-foME JODreaTe JO UIe JODJEeOU nuY 
XJUI IaMf UIe IorJ[oOUaMMy foDuTeE beaN TJ[e� 

A unique new team for topography and 
NJDroUoNoHraQIy TerWJDeT IaT beeO DreaUeE 
to coordinate and carry out commercial 
aDUJWJUJeT oO S0. beaNMJOeT� 5IJT XJMM IeMQ 
capture opportunities to share resources, 
aOE EeWeMoQ auUoNaUJoO aDroTT TeWeraM 
beaNMJOeT
 JO QarUJDuMar for NJDroUoNoHraQIy� 
5eDIOJRueT TuDI aT XIJUe-beaN UoQoHraQIy
 
NoOoDIroNaUJD roDLJOH DurWe JNaHJOH aOE 
EeQUI-reToMWeE TeDUJoOaM UoQoHraQIy XJUI 
auUoNaUJD TaNQMe aOE mMN DIaOHer aMMoX 
RuaMJUaUJWe aOE RuaOUJUaUJWe JOforNaUJoO Uo 
be obUaJOeE oO EefeDUT JO TJOHMe DryTUaMT� "O 
aEWaODeE TaNQMe DIaOHer for UoNoHraQIy 
IaT beeO EeWeMoQeE
 aOE auUoNaUJD TaNQMe 
DeOUrJOH uTJOH WJTJbMe MJHIU UoNoHraQIy JT 
uOEer EeWeMoQNeOU Uo JODreaTe UIe UIrouHIQuU 
furUIer� 5Ie fuMM TerWJDe QroWJEeE by UIJT UeaN
 
from experiment design to measurement to 
reQorUJOH
 HJWeT JOEuTUry RuJDL aOE eaTy aDDeTT 
to exceptional tomography and topography 
measurements, exploiting the high data-quality 
of ESRF beaNMJOeT�
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-E"%ŴN*5R0(EN $0.P06N%S� $"5*0N*$ Pb2 
%6.##E--S *N 5)E N*5R*%0S*-*$"5E Pb2Si�N8

As known from the primary explosive lead azide, Pb(N3)2, Pb–N compounds easily decompose into the elements 
due to internal redox reactions. Incorporating Pb2+ into the pre-built nitridosilicate network [Si5N8]4¦ BɭPSET 
Pb2Si5N8
 XIJDI JT TUBCMF VQ UP 1���¡$ BOE FYIJCJUT UIF mSTU DBUJPOJD PC2 dumbbells.
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NJUrJEoTJMJDaUeT mOE broaE aQQMJDaUJoO aT 
MuNJOeTDeOU NaUerJaMT JO WarJouT -E% EeWJDeT 
XIeO EoQeE XJUI aDUJWaUor JoOT MJLe Eu2+ or 
Ce3+� *O aEEJUJoO Uo UIe reNarLabMe rJHJEJUy of 
IJHIMy DoOEeOTeE SJoN OeUXorLT
 OJUrJEoTJMJDaUeT 
JOUrJOTJDaMMy feaUure IJHI TUruDUuraM WarJabJMJUy� 
Not only can one N-atom interact with up to four 
Si-atoms, two SiN4-tetrahedra may also connect 
by common edges and not only by common 
WerUJDeT� )eODe
 a NuMUJUuEe of UIeoreUJDaM 

TUruDUureT oQeOT uQ� $oOTeRueOUMy
 NaOy 
EJɭereOU OJUrJEoTJMJDaUeT XJUI WarJouT TUruDUureT 
aOE QroQerUJeT IaWe aMreaEy beeO EJTDoWereE [1]�

As a further challenge, the expansion of elemental 
WarJeUy JO M–Si–N compounds is a fundamental 
JTTue� %ue Uo UIe DoNQaraUJWeMy MoX oYJEaUJWe 
force of nitrogen, nitride chemistry in general, 
and nitridosilicate chemistry in particular, 
beDoNeT DIaMMeOHJOH XIeO OoU XorLJOH XJUI 
IJHIMy reEuDUJWe eMeNeOUT TuDI aT aMLaMJOe
 
aMLaMJOe earUI or rare-earUI NeUaMT� 5IuT
 a 
OoWeM TyOUIeTJT TUraUeHy for OJUrJEoTJMJDaUeT XaT 
reDeOUMy EeWeMoQeE [2,3]
 HJWeO JO UIe foMMoXJOH 
equation (M=metal and Ae�aMLaMJOe earUI 
NeUaM
 � Ae2Si�N8 + MCl2 Ų M2Si�N8 + AeCl2� 
 
5IJT rouUe JT QarUJDuMarMy aEWaOUaHeouT TJODe 
aMM DoWaMeOU boOET XJUIJO UIe SJoN OeUXorL 
TUay uOUouDIeE JO UIe reaDUJoO� 5Ierefore
 
this approach has been successfully applied 
(Ae=Sr and M�Pb
 for QreQarJOH UIe mrTU MeaE-
nitridosilicate Pb2Si�N8 aU �20¡$� %ue Uo UIe 
enormous stability of the [Si�N8]4¦ OeUXorL
 Oo 
internal redox reaction between Pb2+ and N�¦ 
UooL QMaDe� .oreoWer
 Pb2Si�N8 (Figure 131a
 JT 
stable against air, moisture, concentrated nitric 
acid, and temperatures up to 1000°C (in N2
�

#eDauTe of Wery TNaMM DryTUaMMJUeT JO Pb2Si�N8 
samples, which are an intrinsic consequence 
of the ion exchange approach, the crystal 
TUruDUure DouME OoU be TuɮDJeOUMy EeUerNJOeE 
by DoOWeOUJoOaM 9-ray EJɭraDUJoO� 5IuT
 a UJOy 
DryTUaM 	�¨�¨� ɦN3, Figure 131b
 XaT JEeOUJmeE 
by UraOTNJTTJoO eMeDUroO NJDroTDoQy 	5E.
 aOE 
X-ray spectroscopy and subsequently analysed 
at beamline ID11 with microfocused X-rays [4], 
reWeaMJOH a faTDJOaUJOH TUruDUuraM aOE boOEJOH 
TJUuaUJoO� 

First, as depicted in Figure 131c, the distribution 
of EJTUaODeT for PboN TJHOJmDaOUMy EeWJaUeT 
froN LOoXO DoNQouOET M2Si�N8 (M�Sr
 #a
� *O 
contrast to the distances M–N (M�Sr
 #a

 XIJDI 
indicate highly ionic interactions between M and 
N, some Pb–N distances are shorter than Sr–N 
XIJMe oUIerT are TJHOJmDaOUMy MoOHer UIaO #aoN 
EJTUaODeT
 XIJDI aMMuEeT Uo TJHOJmDaOU aNouOUT 
of DoWaMeODy� 5IeoreUJDaM JOWeTUJHaUJoOT of UIe 
boOEJOH TJUuaUJoO DMearMy DoOmrNeE UIe IJHI 
EeHree of DoWaMeODy OoU oOMy for SJoN buU aMTo 
for Pb–N interactions [5]�

Fig. 131: a) 
Photograph of a 

Pb2Si�N8 TaNQMe� 
b) #rJHIU-meME-

5E. JNaHe of UIe 
crystal measured 
at beamline ID11. 
c) Distribution of 
distances M–N in 

M2Si�N8 (M=Sr, 
#a
 Pb
�

Fig. 132: a) 
EOWJroONeOU of 

the Pb2 dumbbells 
in Pb2Si�N8 and 
(b) comparison 

between 
calculated density 

of phonon states 
and a Raman 

TQeDUruN�



Cationic Pb2 %uNbbeMMT SUabJMJ[eE JO 
UIe )JHIMy $oWaMeOU -eaE NJUrJEoTJMJDaUe 
Pb2Si�N8
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A complex Ni-Pd/CeO2-ZrO2/Al2O3 TPMJE DBUBMZTU XBT JOWFTUJHBUFE GPS UIF mSTU UJNF XJUI �% 9�SBZ EJɭSBDUJPO 
DPNQVUFE UPNPHSBQIZ 	93%�$5
 VOEFS WBSJPVT PQFSBUJOH DPOEJUJPOT� 5IJT mSTU 5% operando tomographic 
EJɭSBDUJPO JNBHJOH FYQFSJNFOU BMMPXFE UIF FWPMWJOH TPMJE�TUBUF DIFNJTUSZ PG B DBUBMZTU CFE UP CF USBDLFE BOE 
rationalised.
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SeDoOE
 aOE eWeO Nore Qu[[MJOHMy
 UIe EJTUaODe 
between the Pb cations (Figure 132a
 JT 
much too short when compared with other 
M2Si�N8 DoNQouOET� 5IJT mOEJOH
 IoXeWer
 
is elucidated from density functional theory 
	%F5
 DaMDuMaUJoOT
 XIJDI reWeaM UIaU UIe 
aboWe mOEJOH JT OoU oOMy Eue Uo a reEuDeE 
eɭeDUJWe DaUJoOJD DIarHe buU aMTo Uo a DoWaMeOU 
bonding between the formal Pb2+� ForNaMMy
 a 
(Pb2+
2 resembles the unstable He2 in terms of 

electron count but extreme sp mixing on Pb2+ 
aT a fuODUJoO of IJHIMy DoWaMeOU PboN boOET 
aMTo aMMoXT for PboPb DoWaMeOU boOE forNaUJoO� 
FJOaMMy
 mrTU-QrJODJQMeT QIoOoO DaMDuMaUJoOT 
help to clearly identify the Raman signal at 
117 cm¦� (Figure 132b
 aT UIe DorreTQoOEJOH 
PboPb TUreUDIJOH WJbraUJoO
 UIereby mOaMMy 
corroborating the cationic Pb2 dumbbells in 
UIe mrTU DryTUaMMoHraQIJDaMMy DIaraDUerJTeE MeaE 
OJUrJEe�

Heterogeneous functional materials and 
EeWJDeT
 TuDI aT DaUaMyUJD ToMJET
 baUUerJeT aOE 
fuel cells, tend to possess complex structures 
XIere UIe �% TQaUJaM EJTUrJbuUJoO of UIe WarJouT 
DoNQoOeOUT JT rareMy uOJforN� SuDI NaUerJaMT 
are LOoXO Uo DIaOHe XJUI UJNe uOEer oQeraUJOH 
DoOEJUJoOT� 5Ierefore
 JU JT IJHIMy EeTJrabMe 
to study them in situ XJUI TQaUJaMMy reToMWeE 
techniques to gain an insight into the structure-
function relationships [1]� 

SyODIroUroO 9-ray EJɭraDUJoO DoNQuUeE 
UoNoHraQIy 	9R%-$5
 DaO be uTeE Uo TUuEy 
complex materials systems in 3D and under 
reaM QroDeTT DoOEJUJoOT� 5IJT JT EeNoOTUraUeE 
by UIe JOWeTUJHaUJoO EeTDrJbeE Iere of a DoNQMeY 
NuMUJ-DoNQoOeOU NJ-PE�$e02-ZrO2�"M2O3 solid 
DaUaMyTU uOEer EJɭereOU oQeraUJOH DoOEJUJoOT� 
5IJT DaUaMyTU beMoOHT Uo a faNJMy of DaUaMyTUT 
used for methane reforming reactions to 
produce CO and H2
 a NJYUure aMTo LOoXO aT 
ATyOUIeTJT HaT� aOE uTeE JO HaT-Uo-MJRuJE 	(5-
 
JOEuTUrJaM QMaOUT Uo QroEuDe TyOUIeUJD fueMT�

As shown in Figure 133
 9R%-$5 JT abMe Uo 
EJTDrJNJOaUe beUXeeO EJɭereOU DryTUaMMJOe 

phases present in this multi-component sample 
aOE UIe RJeUWeME aOaMyTJT of UIe obUaJOeE 
EJɭraDUJoO EaUa aMMoXT UIe EJTUrJbuUJoO of 
UIeTe QIaTeT Uo be NaQQeE� 5IeTe reTuMUT are 
EerJWeE froN a IJHI-reToMuUJoO 9R%-$5 EaUaTeU 
of a single catalyst particle collected at ID15A 
	� ɦN QJYeM TJ[e� �0 NT Qer QoJOU aDRuJTJUJoO 
UJNe� 9-ray eOerHy of �0 Le7
�

5IeTe IeUeroHeOeJUJeT DouME aMTo be DaQUureE 
aU UIe reaDUor MeWeM XJUI �%-9R%-$5
 aT TIoXO 

Fig. 133: Phase 
distribution 
maps of Al2O3, 
CeO2, ZrO2, 
NJ0 aOE PE0� 
5Ie NaQT Xere 
EerJWeE froN 
UIe RJeUWeME 
analysis of the 
single catalyst 
QarUJDMe 9R%-$5 
EaUa� 5Ie TDaMe 
bar corresponds 
Uo 0�� NN�



�% UoNoHraQIJD oQeraOEo EJɭraDUJoO 
imaging of a catalyst bed,  
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The coelacanth Latimeria JT BO JDPOJD BOE NZTUFSJPVT EFFQ�TFB mTI DMPTFMZ SFMBUFE UP MBOE�EXFMMJOH WFSUFCSBUFT 
UIF UFUSBQPET� 5IF NPTU VOVTVBM UIJOH BCPVU UIJT mTI JT JUT WFSZ UJOZ CSBJO MZJOH XJUIJO B IJOHFE CSBJODBTF� 5IJT 
TUVEZ JMMVNJOBUFT GPS UIF mSTU UJNF UIF EFWFMPQNFOU PG Latimeria’s brain and skull.
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in Figure 134� *U TIouME be eNQIaTJTeE UIaU 
TuDI TQaUJaMMy reToMWeE DIeNJDaM JOforNaUJoO 
DaOOoU be obUaJOeE XJUI DoOWeOUJoOaM NaUerJaM 
characterisation techniques such as X-ray 
abTorQUJoO-DoOUraTU $5 	aMTo LOoXO aT NJDro-
$5
 or buML 9R%� 5IeTe EaUa Xere DoMMeDUeE aU 
ID31
 XIere UIe beIaWJour of UIJT DaUaMyTU beE 
XaT JOWeTUJHaUeE uOEer EJɭereOU oQeraUJOH 
DoOEJUJoOT�

#y aQQMyJOH UIe 9R%-$5 UeDIOJRue
 a OoO-
EeTUruDUJWe UeDIOJRue UIaU aMMoXT JOUaDU reaDUorT 
to be studied, it was possible to follow the 

eWoMWJOH ToMJE-TUaUe DIeNJTUry JO UIJT DoNQMeY 
TyTUeN aOE reMaUe UIeTe DIaOHeT Uo UIe WarJouT 
aQQMJeE DIeNJDaM eOWJroONeOUT� For eYaNQMe
 JU 
was shown that the Ni-containing species, the 
NaJO aDUJWe DaUaMyTU DoNQoOeOUT
 DaO UaLe UIe 
form of NiO, NiAl2O4 or metallic Ni, depending on 
UIe oQeraUJOH UeNQeraUure aOE HaT eOWJroONeOU� 

5IeTe reTuMUT TIoX UIaU reaM-UJNe �% DIeNJDaM 
JNaHJOH DaO QroWJEe a beUUer uOEerTUaOEJOH 
of IoX UIe DaUaMyTU beE beIaWeT uOEer reaM 
process conditions and indeed of the complex 
TUruDUure-fuODUJoO reMaUJoOTIJQT� $IeNJDaM 
tomography techniques are set to be further 
JNQroWeE XJUI UIe DoOUJOuouT aEWaODeNeOUT JO 
synchrotron brightness, detector performance, 
TaNQMe eOWJroONeOU 	OeX reaDUor DeMMT
 aOE EaUa 
aOaMyTJT� SuDI UeDIOJRueT IaWe UIe QoUeOUJaM 
Uo QroWJEe JOTJHIU JOUo ToNe of UIe UeDIOJDaM 
challenges concerning functional materials and 
EeWJDe QerforNaODe JO meMET TuDI aT DaUaMyTJT
 
eOerHy TUoraHe aOE UraOTQorU�

Fig. 134: �% NaQT obUaJOeE froN UIe RJeUWeME aOaMyTJT 
of UIe �%-9R%-$5 EaUa DoMMeDUeE aU rooN UeNQeraUure� 
7oMuNe reOEerJOH of UIe OorNaMJTeE TDaMe faDUorT EaUa 
WoMuNe 	QIaTe EJTUrJbuUJoO WoMuNeT
� 5Ie WaMueT JO UIe 
DoMour bar aYeT IaWe beeO DIoTeO Uo aDIJeWe UIe beTU 
QoTTJbMe DoOUraTU�

5Ie DoeMaDaOUI Latimeria has attracted 
DoOTJEerabMe aUUeOUJoO eWer TJODe a MJWJOH 
TQeDJNeO XaT DaQUureE JO ����� 6OUJM UIeO
 
DoeMaDaOUIT Xere UIouHIU Uo IaWe beeO eYUJODU 
for �0 NJMMJoO yearT� $oeMaDaOUIT IoME a QJWoUaM 
QoTJUJoO JO UIe WerUebraUe faNJMy Uree� 5Iey 
are
 UoHeUIer XJUI MuOHmTIeT
 UIe oOMy MJWJOH 
eYaNQMeT of Mobe-mOOeE mTIeT
 aOE are DMoTeMy 
reMaUeE Uo UeUraQoET
 UIe four-MeHHeE WerUebraUeT 

(Figure 135a
� 5Ierefore
 Latimeria is critical for 
our understanding of the origin of tetrapods and 
UIe eWoMuUJoO of UIeJr DMoTeTU mTI-reMaUJWeT�

5Ie TLuMM of Latimeria is completely split in 
IaMf by a KoJOU DaMMeE UIe AJOUraDraOJaM KoJOU� 
(Figure 135b
� 5IJT KoJOU JT a Wery QrJNJUJWe 
feature that is otherwise found only in many 
eYUJODU Mobe-mOOeE mTIeT� 5Ie rear of UIe TLuMM 
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of Latimeria aOE eYUJODU Mobe-mOOeE mTIeT 
also straddles a surprisingly huge notochord, a 
tube that spans along the body length in early 
stages of life and later degenerates in most 
WerUebraUeT� *O DoOUraTU XJUI oUIer WerUebraUeT
 
the brain of Latimeria is also extremely small 
	��
 DoNQareE XJUI UIe DaWJUy UIaU IouTeT JU� 
Although Latimeria IaT beeO eYUeOTJWeMy TUuEJeE 
for �0 yearT
 NoTU aTQeDUT of JUT EeWeMoQNeOU 
reNaJO WJrUuaMMy uOLOoXO� 5Ie RueTUJoO of IoX 
UIe TLuMM aOE braJO EeWeMoQ aOE XIaU JU NeaOT Uo 
WerUebraUe eWoMuUJoO UrJHHereE UIe TUuEy�

Latimeria JT oWoWJWJQarouT� eHHT EeWeMoQ JO UIe 
oWJEuDU of UIe feNaMe
 XIJDI UIeO HJWeT bJrUI Uo 
MJWe youOH� :eU
 TUuEyJOH UIe EeWeMoQNeOU of UIJT 
mTI XaT OoU eaTy� Latimeria cannot be bred in 
an aquarium, so embryos and fetuses cannot 
be eaTJMy obUaJOeE� .oreoWer
 DoeMaDaOUIT 
cannot be captured in the wild as they are 
QroUeDUeE� SQeDJNeOT aU EJɭereOU EeWeMoQNeOUaM 
stages were therefore acquired from natural 
IJTUory DoMMeDUJoOT JO FraODe 	.uTÏuN OaUJoOaM 
E�)JTUoJre OaUureMMe

 (erNaOy 	#aWarJaO SUaUe 
$oMMeDUJoO of ;ooMoHy
 aOE SouUI "frJDa 	SouUI 

"frJDaO *OTUJUuUe for "RuaUJD #JoEJWerTJUy
� 5IeTe 
EeWeMoQNeOUaM TUaHeT are eYUreNeMy TDarDe aT 
they came from the rare captures of pregnant 
feNaMeT� For a MoOH UJNe
 TDJeOUJTUT UIuT DouME 
not dissect these precious specimens to study 
UIeJr JOUerOaM aOaUoNy� 

Long-distance phase contrast synchrotron X-ray 
NJDroUoNoHraQIy 	PP$-SRɦ$5
 XaT QerforNeE 
at beamline ID19 to digitalise three prenatal 
TUaHeT o JODMuEJOH a � DN-MoOH feUuT
 XIJDI 
reQreTeOUT UIe earMJeTU LOoXO EeWeMoQNeOUaM 
stage of Latimeria� 7ery QoXerfuM .R* XaT aMTo 
carried out at the Brain and Spine Institute in Paris 
aMoOH XJUI DoOWeOUJoOaM 9-ray NJDroUoNoHraQIy 
Uo JNaHe UXo oUIer TQeDJNeOT� "T far aT JT 
LOoXO
 UIe TQeDJNeOT JNaHeE reQreTeOU UIe 
NoTU DoNQMeUe HroXUI TerJeT DurreOUMy aWaJMabMe 
for UIJT TQeDJeT�

6TJOH UIe IJHI-reToMuUJoO TDaOT
 JU XaT QoTTJbMe 
Uo NaLe EeUaJMeE �% NoEeMT of UIe TLuMM aU 
eaDI EeWeMoQNeOUaM TUaHe 	Figure 136

 
demonstrating how the form and the position 
of EJɭereOU TUruDUureT of UIe IeaE DIaOHe 

Fig. 135: a) SJNQMJmeE 
eWoMuUJoOary reMaUJoOTIJQT 
of boOy mTIeT 
	oTUeJDIUIyaOT
� 
b) �% WJrUuaM 
reconstruction of the 
DoeMaDaOUI TLuMM JO rJHIU 
MaUeraM WJeX� -eù� 0WeraMM 
WJeX of UIe TLuMM� RJHIU� 
the braincase isolated and 
WJrUuaMMy DuU oQeO aMoOH 
the midline to show the 
braJO 	yeMMoX
 aOE UIe 
OoUoDIorE 	HreeO
� 5Ie 
brain represents about 
�� of UIe WoMuNe of UIe 
DaWJUy UIaU IouTeT JU�
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EurJOH EeWeMoQNeOU� %urJOH EeWeMoQNeOU
 
UIe braJO beDoNeT Wery TNaMM XJUI reTQeDU Uo 
UIe braJODaTe
 aOE JT QroHreTTJWeMy EJTQMaDeE 
beIJOE UIe JOUraDraOJaM KoJOU� 5Ie NaHOJUuEe of 
UIe NJTNaUDI beUXeeO UIe braJO aOE JUT DaWJUy 
obTerWeE JO Latimeria is totally unequalled 

Fig. 136: 5Ie braJO 	yeMMoX
 aOE eOEoDraOJaM 
DaWJUy 	bMue
 aU EJɭereOU EeWeMoQNeOUaM 
stages of Latimeria� NoUe UIe EeDreaTe 
JO UIe reMaUJWe TJ[e of UIe braJO
 aOE JUT 
displacement towards the rear of the 
braJODaTe EurJOH EeWeMoQNeOU�

aNoOH MJWJOH WerUebraUeT� 5Ie OoUoDIorE 	oOe 
of UIe mrTU TUruDUureT Uo forN JO UIe eNbryo
 
expands considerably to become much bigger 
UIaO UIe braJO JO UIe aEuMU� 5IJT JT uOJRue
 aT 
the notochord usually degenerates in the early 
EeWeMoQNeOU of NoTU WerUebraUeT� *U JT UIouHIU 
that the notochord causes the formation of 
the intracranial joint during the early stages of 
UIe EeWeMoQNeOU� *O aEEJUJoO
 UIe TQaDe mMMeE 
by UIe OoUoDIorE MJLeMy DoOTUraJOT UIe TJ[e aOE 
TIaQe of UIe braJO Uo ToNe eYUeOU� 5Ierefore
 JU 
JT TuHHeTUeE UIaU UIe uOJRue EeWeMoQNeOU of UIe 
notochord has a profound impact on the shaping 
of UIe IeaE JO DoeMaDaOUIT� 

5IeTe reTuMUT JMMuNJOaUe
 for UIe mrTU UJNe
 UIe 
EeWeMoQNeOU of UIe IeaE of oOe of our NoTU 
iconic cousins, and, together with the study of 
foTTJM mTIeT DMoTeMy reMaUeE Uo DoeMaDaOUIT
 XJMM 
DoOUrJbuUe Uo beUUer uOEerTUaOEJOH UIe eWoMuUJoO 
of UIe IeaE�
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For years, only three crystalline polymorphs of calcium carbonate, as well as two hydrated crystal phases, were 
known to exist at ambient conditions. While investigating the crystallisation of amorphous calcium carbonate, 
a new hydrated crystalline phase was discovered. It may have important implications in biomineralisation, 
geology, and even the cement industry.
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Calcium carbonate, CaCO3, is one of the most 
abundant minerals on Earth, comprising 
OearMy 4� of UIe EarUI�T DruTU� *U JT QroEuDeE 
NaJOMy by UIe TeEJNeOUaUJoO of TLeMeUaM 
remains of marine organisms accumulated 
oWer NJMMJoOT of yearT JO UIe forN of DIaML
 
MJNeTUoOe
 or NarbMe 	JO NeUaNorQIJD roDLT
� 
$aMDJuN DarboOaUe NJOeraMT are JOWoMWeE JO UIe 
HMobaM DarboO DyDMe aOE IaWe beeO JOUeOTJWeMy 
JOWeTUJHaUeE beDauTe of UIeJr JNQorUaODe 
for paleoclimate reconstructions, ocean 
aDJEJmDaUJoO
 bJoNJOeraMJTaUJoO aOE ToNe 
industrial processes utilising the hydration 
of CaCO3� For Nore UIaO a DeOUury
 oOMy UIree 
anhydrous crystalline polymorphs of CaCO3 
IaWe beeO EoDuNeOUeE o rIoNboIeEraM 
calcite, orthorhombic aragonite and hexagonal 
WaUerJUe o aT XeMM aT UXo IyEraUeE DryTUaMMJOe 
QIaTeT
 IeYaHoOaM NoOoIyEroDaMDJUe 	.)$
 
(CaCO3•1H20
 aOE NoOoDMJOJD JLaJUe 
(CaCO3•6H20
� )yEraUeE aNorQIouT DaMDJuN 
DarboOaUe 	"$$
 aMTo eYJTUT
 aOE QMayT a WJUaM 
role in controlling the formation of CaCO3-
biominerals [1]�

8IeO JOWeTUJHaUJOH UIe DryTUaMMJTaUJoO QaUIXayT 
of "$$
 a IJUIerUo uOLOoXO IyEraUeE DryTUaMMJOe 
calcium carbonate compound, CaCO3•½H2O, 
i.e.
 DaMDJuN DarboOaUe IeNJIyEraUe 	$$))

 
XaT fouOE� *UT XaUer DoOUeOU XaT EerJWeE froN 
5(" NeaTureNeOUT� $$)) EeWeMoQT froN 
ACC in solution in the presence of Mg2+ ions 
XJUI a .H�$a NoMar raUJo of _���
 buU .H JT 
not incorporated into the lattice of CCHH in 
NeaTurabMe aNouOUT� *O a NoJTU eOWJroONeOU
 
CCHH slowly transforms into MHC, but is stable 
beJOH TUoreE JO EeTJDDaUor� $$)) aQQearT JO 
ToMuUJoO aT OeeEMe-MJLe DryTUaMT XJUI a EJaNeUer 
of ~200 nm and a length of few microns 
(Figure 137a

 XIJDI JO UurO are DoNQoTeE of 
well-aligned nanocrystals with a diameter of 
~30 nm (Figure 137b
� 5Ie freRueODJeT of UIe 
JOfrareE 	*R
 aOE RaNaO TQeDUraM MJOeT of $$)) 
(Figures 137c and 137d
 EJɭer TubTUaOUJaMMy 
froN UIoTe LOoXO for oUIer DaMDJuN DarboOaUe 
QIaTeT
 yeU UIe obTerWeE freRueODy baOET 
JO $$)) reneDU OorNaM WJbraUJoOaM NoEeT of 
DarboOaUe JoOT�

Fig. 137: 
Characterisation of 
CCHH by (a) SEM, 
(b) 5E.
 (c) IR and (d) 
Raman spectroscopies, 
and (e) synchrotron 
)R9RP%� 5Ie JOTeUT 
in (d) and (e) show, 
reTQeDUJWeMy
 a 
comparison of Raman 
spectra and HRXRD 
patterns of CCHH with 
those of other calcium 
DarboOaUe QIaTeT�



508"R%S " PERFE$5 $)E.*$"- RE"$50R
A perfect chemical reactor would provide separated, pure products and would overcome the chemical equilibrium 
limitations of reversible reactions. Research involving beamline ID22 shows how such a reactor could be made.

A hydrated crystalline calcium carbonate 
phase: Calcium carbonate hemihydrate,  
;� ;ou 	a

 8� )abraLeO 	a

 (� .aUWeeWa 	b

  
"� +eOTeO 	a

 -� #erUJOeUUJ 	a

 .� )ooE 	a

 
$� SuO 	D
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#� PoLroy 	E
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f
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 S� #eUUe 	J

  
R� %JOOebJer 	J

 6� ,oMb 	b
K
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For structural analysis, high-resolution X-ray 
QoXEer EJɭraDUJoO 	)R9RP%
 NeaTureNeOUT 
were carried out at beamline ID22� 5Ie DoMMeDUeE 
EJɭraDUJoO QaUUerO 	Figure 137e
 EJE OoU NaUDI 
aOy of UIe LOoXO DaMDJuN DarboOaUe QIaTeT� 
Similar conclusions were drawn when analysing 
9-ray abTorQUJoO Oear-eEHe TUruDUure 	9"NES
 
TQeDUra
 UaLeO aU UIe 0 ,-eEHe aOE $a ,- aOE 
--eEHeT�

5Ie TUruDUuraM EeUerNJOaUJoO of $$)) XaT 
QerIaQT UIe NoTU EJɮDuMU UaTL beDauTe of 
complications related to the presence of 
TUruDUuraM XaUer� $$)) DryTUaMT Xere Uoo TNaMM 
for TJOHMe-DryTUaM 9-ray EJɭraDUJoO aOE OoU 
stable under the electron beam in transmission 
eMeDUroO NJDroTDoQy 	5E.
� 5Ierefore
 
auUoNaUeE eMeDUroO EJɭraDUJoO UoNoHraQIy 
	"%5
 XaT uTeE Uo ToMWe UIe $$)) TUruDUure 
[2], yielding a monoclinic unit cell with space 
group P21�c� 5Ie TUruDUure ToMuUJoO
 obUaJOeE 
uTJOH UIe EJreDU NeUIoE aQQroaDI
 QroWJEeE 
the atomic positions of calcium and carbonate 
ions, as well as the positions of the additional 
oxygen from water molecules (see Figure 138, 
in which the structures of CCHH and MHC are 
DoNQareE
� 5Ie TJNuMaUeE )R9RP% QaUUerO 
mUUeE UIe NeaTureE TyODIroUroO EJɭraDUJoO 
QaUUerO XeMM
 oɭerJOH UIe remOeE MaUUJDe 
parameters: a � ����20 ¯
 b � �0�4��� ¯
 
c � ����24 ¯
 α � �0¡
 β � �0��0��¡
 γ � �0¡�

5Ie roMe of $$)) JO OaUure JT OoU DMear yeU
 buU 
JU Nay MJLeMy be JOWoMWeE aT aO JOUerNeEJaUe 
phase in some biomineralisation processes or 
JO DeNeOUT� "U UIJT TUaHe
 UIe reMeWaOU UeYUbooLT 
NuTU JODMuEe $$)) aT a OoWeM DryTUaMMJOe forN of 
DaMDJuN DarboOaUe�

Fig. 138: Comparison of layered motifs in the crystal structures of 
CCHH (a) and (c) and MHC (b) and (d)� %JɭereOU UyQeT of aUoNT are 
coloured as follows: Ca - blue; carbonate groups - green; oxygen from 
XaUer - reE� aOE IyEroHeO - Hrey�

Hydrogen production is an important large-scale 
chemical process that could underpin any future 
MoX-DarboO eOerHy eDoOoNy� *U JT UIerefore 
JNQorUaOU Uo EeWeMoQ OeX
 Nore eɮDJeOU 
aQQroaDIeT� ,ey Uo IyEroHeO QroEuDUJoO JT UIe 
XaUer-HaT TIJù 	8(S
 reaDUJoO�

H2O + CO D H2 + CO2

*O DoOWeOUJoOaM IyEroHeO QroEuDUJoO QroDeTTeT
 
UIe 8(S reaDUJoO JT eRuJMJbrJuN-MJNJUeE aOE 
reRuJreT UXo reaDUorT oQeraUJOH aU QroHreTTJWeMy 
MoXer UeNQeraUureT Uo aDIJeWe IJHI DoOWerTJoO 
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while H2 and CO2 must then be separated 
(Figure 139a
� 5IJT TUuEy aJNT Uo EeNoOTUraUe 
a QerfeDU DIeNJDaM reaDUor UIaU DaO oWerDoNe 
equilibrium limitations and produce pure, 
separated hydrogen using an approach call 
chemical looping [1]�

5o QerforN UIe 8(S reaDUJoO JO DIeNJDaM MooQJOH 
	$-
 NoEe
 )20 	IJHI oYJEJTJOH QoUeOUJaM
 
JT QaTTeE oWer a ToMJE-QIaTe oYyHeO DarrJer 
NaUerJaM 	0$.
 UIaU aDDeQUT oYyHeO
 TQMJUT )2O 
and produces H2, as illustrated in Figure 139c� 
*O a TeDoOE TUeQ
 $0 	MoX oYJEJTJOH QoUeOUJaM
 JT 
QaTTeE oWer UIe 0$.
 reNoWJOH UIe oYyHeO aOE 
simultaneously producing CO2 (Figure 139d
� 
5Ie UIerNoEyOaNJD aEWaOUaHe of UIJT JT UIaU UIe 
reactants H20 aOE $0 are OoU NJYeE� )oXeWer
 JO 
QraDUJDe UIJT aEWaOUaHe JT OoU reaMJTeE beDauTe 
DoOWeOUJoOaM 0$.T TuDI aT NeUaM-NeUaM oYJEe 
TyTUeNT fuODUJoO by EoOaUJOH aOE reDeJWJOH 
oYyHeO aU oOe mYeE oYyHeO DIeNJDaM QoUeOUJaM 
(Figure 139b
� Figures 139c and 139d show 
UIaU a DoOWeOUJoOaM NeUaM-NeUaM oYJEe 0$. 
DaOOoU DoOWerU )2O fully to H2 or CO to CO2� 

5Ie JEea QreTeOUeE Iere JOWoMWeT uTJOH aO oYJEe 
of WarJabMe OoO-TUoJDIJoNeUry abMe Uo EoOaUe 
aOE reDeJWe oYyHeO oWer a raOHe of DoOEJUJoOT� 
5Ie oYJEe uTeE XaT -a0��Sr0�4FeO3-δ
 a QeroWTLJUe 
oYJEe� #eDauTe UIJT JT OoO-TUoJDIJoNeUrJD 	Tee 
Figure 139f

 JU DaO eYJTU JO NaOy EJɭereOU 
states of δ and thus better accommodate both 
IaMf DyDMeT�

If this reactor operates as designed, it should, 
oO DyDMJOH
 EeWeMoQ aO oYJEJTeE MoX-δ end to the 
reactor (the H20-feeE eOE
 aOE a reEuDeE IJHI-δ 
eOE Uo UIe reaDUor 	UIe $0 feeE eOE
� 5Iere TIouME 
be a range of δ WaMueT JO UIe beE beUXeeO UIeTe 
eYUreNeT� #eaNMJOe ID22 was used to probe 
experimentally δ JO a XorLJOH reaDUor 	XorLJOH 
at 817°C for the chemistry to function and 
beDauTe UIe eRuJMJbrJuN DoOTUaOU of UIe 8(S 
reaDUJoO JT uOJUy aU UIJT UeNQeraUure
� 8IeO 
non-stoichiometric oxides lose oxygen they 
expand slightly, therefore, an indication of the 
MoDaM WaMue for δ can be obtained from the lattice 
QaraNeUer EeQeOEeODe uTJOH 9-ray EJɭraDUJoO 
	9R%
� 5Ie aEWaOUaHe of uTJOH a TyODIroUroO JT 
rapidity: data can be collected much faster than 

Fig. 139: 
5IerNoEyOaNJD 
reWerTJbJMJUy JO a 
8(S reaDUor� $oMour 
coding: red to blue for 
oYJEJTJOH Uo reEuDJOH� 
a) $oOWeOUJoOaM 8(S 
reactor producing a 
mixture of reactants 
aOE QroEuDUT� 
b) Equilibrium 
relationship for a 
metal-metal oxide 
showing solid-phase 
oYyHeO DoOUeOU WerTuT 
oxygen chemical 
potential of the gas 
QIaTe� c) 5Ie uTe of 
metal-metal oxide 
OCM for H2 production 
in a chemical looping 
cycle where water is 
feE oWer UIe NeUaM� 5Ie 
phase transition is not 
TuɮDJeOUMy reEuDJOH Uo 
produce a high mole 
fraction of H2� 
d) Reduction of the 
metal oxide cannot 
produce a high mole 
fraction of CO2� 
e) Mode of operation of 
UIe NeNory reaDUor� 
f) Equilibrium 
relationship for a non-
stoichiometric oxide 
showing solid-phase 
oYyHeO DoOUeOU WerTuT 
gas phase oxygen 
DIeNJDaM QoUeOUJaM� 
g) A H2O feed is 
DoOWerUeE aMNoTU 
entirely to H2 as H2 exits 
oWer UIe reEuDeE eOE of 
the bed before switching 
UIe EJreDUJoO of noX 
(h) aOE DoOWerUJOH $0 
almost entirely to CO2 
as the CO2 eYJUT oWer UIe 
oYJEJTeE eOE of UIe beE�



0WerDoNJOH DIeNJDaM eRuJMJbrJuN 
limitations using a thermodynamically 
reWerTJbMe DIeNJDaM reaDUor
 *� S� .eUDaMfe 	a
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$� Ee -eeuXe 	a
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F� R� (arDÓa-(arDÓa 	D
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This work shows that local structural distortions in the original magnetic mineral magnetite emerge below the 
magnetic ordering transition at TC ƅ 85� ,� 'MVDUVBUJPOT JO 'Fo'F CPOEJOH BSJTJOH GSPN NBHOFUJD PSEFS BSF UIVT 
JEFOUJmFE BT UIF QSJNBSZ FMFDUSPOJD JOTUBCJMJUZ BOE BSF IFODF UIF PSJHJO PG UIF GBNPVT 7FSXFZ USBOTJUJPO
 XIFSF 
long-range-order electronic ordering occurs at TV ƅ 1�5 ,�
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UIe UJNe DoOTUaOUT UIaU HoWerO UIe reaDUor 	UIe 
time between switching from one feed to the 
oUIer
� 7ery HooE aOHuMar reToMuUJoO QerNJUUeE 
small changes in lattice parameters to be 
measured, and high-energy X-rays were able to 
QaTT UIrouHI a fuMMy fuODUJoOJOH NoEeM reaDUor� 
Figure 140 shows an example of the results, 
demonstrating that oxidising and reducing ends 
Uo UIe beE IaWe beeO EeWeMoQeE�

*O TuNNary
 UIe reaDUor HJWeT NuDI IJHIer 
DoOWerTJoOT UIaO QreEJDUeE by eRuJMJbrJuN
 JT 
�00 UJNeT Nore eɭeDUJWe UIaO a DoOWeOUJoOaM 
approach (using a suitable measure of reactor 
QerforNaODe
 aOE QroEuDeT Qure )2 at one end 
and pure CO2 at the other, eliminating the need 
for DoNQMeY QroEuDU TeQaraUJoO�

Fig. 140: a) Operando XRD scans 
from the H2O-feed end of the reactor 
beE aùer UIe $0 feeE aOE UIe )2O 
feed showing the lower 2θ QeaL 
positions and thus larger cubic lattice 
QaraNeUer aùer $0 feeE DoNQareE 
to H20 feeE� b) Local oxygen content 
of the non-stoichiometric solid 
(La0��Sr0�4FeO3-δ

 �-δ
 reMaUJWe Uo UIe 
local oxygen content of the reactor 
bed in the absence of chemical 
reaction, 3-δ�
 WerTuT reaDUor QoTJUJoO 
JNNeEJaUeMy aùer oYJEaUJoO aOE 
reEuDUJoO�

5Ie OaUure of UIe 7erXey UraOTJUJoO JO UIe TQJOeM 
magnetite (Fe3O4
 IaT beeO aO ouUTUaOEJOH 
QrobMeN TJODe JU XaT reQorUeE JO ���� [1]� 
5Ie DoNQMeY TuQerTUruDUure forNeE beMoX T7 
was originally attributed to Fe2+�Fe3+ charge 
ordering but a full determination in 2012 

reWeaMeE a Nore DoNQMeY eMeDUroOJD orEer of 
three-atom trimeron groups [2]� 5rJNeroOT 
result from coupled Fe2+�Fe3+ charge ordering, 
Fe2+ orbJUaM orEerJOH
 aOE XeaL FeoFe boOEJOH 
eɭeDUT ErJWeO by ferroNaHOeUJTN XJUIJO UIree-
Fe atom units, as shown in Figure 141�



Co-emergence of magnetic order and 
TUruDUuraM nuDUuaUJoOT JO NaHOeUJUe
  
(� PerWerTJ 	a

 E� PaDIouE 	a

  
+� $uNby 	a
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" WarJeUy of NeaTureNeOUT TuDI aT EJɭuTe 
X-ray scattering [3] IaWe TIoXO UIaU TIorU-
raOHe TUruDUuraM DorreMaUJoOT QerTJTU aboWe 
UIe 7erXey UraOTJUJoO� 5Ie QreTeOU TUuEy 
IaT foMMoXeE UIe UIerNaM eWoMuUJoO of MoDaM 
structure by analysing the interatomic pair 
EJTUrJbuUJoO fuODUJoO 	P%F
 EerJWeE froN UoUaM 
9-ray TDaUUerJOH EaUa
 froN beMoX UIe 7erXey 
UraOTJUJoO Uo aboWe UIe $urJe 	NaHOeUJD orEerJOH
 
UeNQeraUure of NaHOeUJUe� %JɭraDUJoO EaUa 
were collected from a polycrystalline sample 
of highly pure magnetite, with preliminary 
experiments performed on beamline ID15B and 
full data collected at ID11� 

5Ie NoOoDMJOJD TuQerTUruDUure of NaHOeUJUe 
below T7 JT Wery DoNQMeY To UIe aUoNJD 
EJTQMaDeNeOUT IaWe beeO NoEuMaUeE by a TJOHMe 
A7erXey TIJù� QaraNeUer f7 to describe the 
MoDaM TUruDUure JO mUT Uo UIe P%FT� f7 RuaOUJmeT 
aO aWeraHeE MoDaM TUruDUuraM EJTUorUJoO Eue 
Uo eMeDUroOJD nuDUuaUJoOT TuDI UIaU f7 = 0 
corresponds to the cubic spinel structure without 
aOy MoDaM nuDUuaUJoOT
 aOE f7 = 1 describes the 
full magnitude of distortions in the monoclinic 
TuQerTUruDUure� " AboY Dar� mUUJOH Uo UIe P%F aU 
each temperature was performed in three regions 
corresponding approximately to distances from 
aUoNT Uo UIeJr OeJHIbourT JO UIe FJrTU 6OJU 
Cell (distances r � ���� ¯

 UIe SeDoOE 6OJU 
Cell (r � ���0-����� ¯
 aOE UIe 5IJrE 6OJU $eMM 
(r � ����0-24��0 Å
 raOHeT� 5IeTe DorreTQoOE Uo 
short-, medium-, and long-range orders of the 
TUruDUuraM nuDUuaUJoOT JO NaHOeUJUe� 

5Ie UeNQeraUure eWoMuUJoOT of UIe 7erXey 
TIJù QaraNeUer are TIoXO JO Figure 142� 5Ie 
WarJaUJoOT of f7 XIeO mUUeE Uo UIe SeDoOE aOE 
5IJrE 6OJU $eMM TeQaraUJoOT are aT eYQeDUeE for UIe 
mrTU-orEer 7erXey UraOTJUJoO
 XJUI a faMM UoXarET 
f7 = 0 on warming through T7� )oXeWer
 TIorU-
range structural correlations between atoms 
JO UIe FJrTU 6OJU $eMM raOHe TIoX a TUrJLJOHMy 
EJɭereOU beIaWJour� f7 falls a little on warming 
UIouHI UIe 7erXey UraOTJUJoO buU QerTJTUT Uo 
IJHIer UeNQeraUureT aOE EeDreaTeT Uo [ero 
close to the Curie transition at TC ƅ ��0 ,
 XJUI 
a TJNJMar WarJaUJoO Uo UIe buML NaHOeUJTaUJoO 
reported for a similar sample [4]� 

5IJT EJTDoWery EeNoOTUraUeT UIaU UIe TUruDUuraM 
nuDUuaUJoOT reTQoOTJbMe for UIe 7erXey 
transition in magnetite emerge directly with 
long-range magnetic order below the Curie 
UraOTJUJoO� 5Ie XeaL boOEJOH JOUeraDUJoOT 
that shorten Fe–Fe distances in the trimerons 
require ferromagnetic alignment of the three 
core S � ��2 TQJOT 	Figure 141

 IeODe UIe 
raQJE eNerHeODe of TUruDUuraM nuDUuaUJoOT JO 
proportion to magnetisation on cooling below TC 
shows that the Fe–Fe bonding interactions are the 
QrJNary ErJWer of UIe MoDaM EJTUorUJoOT� 5Ie raUJo 
of energy scales for formation (TC
 aOE MoOH-
range order (T7
 of UIe eMeDUroOJD EJTUorUJoOT
 
TC�T7 ƅ � JOEJDaUeT UIaU UIaU UIe eMeDUroOJD 
orEer JO NaHOeUJUe JT TUroOHMy fruTUraUeE�

Fig. 141: A trimeron unit spanning  
Fe3+–Fe2+–Fe3+ sites with parallel S = ��2 
TQJOT 	MarHe broXOoHreeO arroXT
� 
Charge and orbital order localises the 
additional, antiparallel spin, electron 
in one of the t2g orbitals at the central 
Fe2+ TJUe
 buU XeaL FeoFe boOEJOH 
interactions spread this onto the two 
OeJHIbourT 	HreeO eMMJQToJE

 XIJDI 
distorts local structure as indicated by 
UIe QurQMe arroXT�

Fig. 142: 5IerNaM WarJaUJoOT of UIe 7erXey TIJù f7 mUUeE Uo 
EJɭereOU JOUeraUoNJD EJTUaODe raOHeT� " TubTUaOUJaM MoDaM 
EJTUorUJoO JO UIe FJrTU 6OJU $eMM raOHe QerTJTUT uQ Uo TC and 

scales with reported magnetisation data [4]�
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$0.P0S*5E E-E$5R0%ES

Non-uniform activity in lithium-ion battery electrodes is one of the primary mechanisms that limit electrode 
QFSGPSNBODF BOE MFBE UP EFHSBEBUJPO EVSJOH PQFSBUJPO� )JHI�SFTPMVUJPO
 IJHI�TQFFE 9�SBZ EJɭSBDUJPO DPNQVUFE 
tomography (XRD-CT) was used to map the distribution of performance across a next-generation electrode, 
providing new insight to guide battery design.
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Lithium-ion batteries are a critical technology 
JO our ToDJeUy
 QroWJEJOH aO eOerHy TourDe for 
applications spanning portable electronics, 
TaUeMMJUeT
 aOE eMeDUrJD WeIJDMeT
 XIere UIe EeNaOE 
for JODreaTeE eOerHy EeOTJUy JT UreNeOEouT� 
SJMJDoO 	SJ
 JT a QroNJTJOH aMUerOaUJWe OeHaUJWe 
electrode material for high energy density cells 
[1]
 buU TuɭerT TeWere EeHraEaUJoO XIeO uUJMJTeE 
oO JUT oXO� $oNQoTJUe eMeDUroEeT of HraQIJUe 
NJYeE XJUI SJ IaWe beeO TIoXO Uo JODreaTe eOerHy 
EeOTJUy XIJMe aMTo aDIJeWJOH MoOH DyDMe MJWeT [2]� 
SJ aOE HraQIJUe IaWe EJɭereOU eMeDUroDIeNJDaM 
QroQerUJeT aOE reTQoOE EJɭereOUMy Uo aO aQQMJeE 
QoUeOUJaM aOE DurreOU� 5IJT DaO MeaE Uo JNbaMaODeT 
in the state of charge within the electrode where, 
for example, one material lithiates faster than, 
aOE EeWJaUeT froN UIe eMeDUroDIeNJDaM QoUeOUJaM 
of
 UIe oUIer� $IarHe JNbaMaODe EurJOH oQeraUJoO 
DaO MeaE Uo QrefereOUJaM EeHraEaUJoO of oOe QIaTe� 
8IeO UIe DeMM TUoQT oQeraUJOH
 UIe JNbaMaODe of 
electrochemical potential between the materials 
DaO DoOUJOue Uo eRuJMJbraUe for ToNe UJNe�

5o uOEerTUaOE UIe EyOaNJD JOUeraDUJoO beUXeeO 
the two materials during operation, and reconcile 

the heterogeneous charge distribution spatially 
throughout the electrode, a fast operando 
NeUIoE UIaU JT TeOTJUJWe Uo UIe DryTUaMMoHraQIJD 
DIaOHeT XJUIJO UIe eMeDUroEe NaUerJaMT JT OeeEeE� 
*O UIJT XorL
 IJHI-eOerHy 9R%-$5 JO DoODerU XJUI 
high-speed XRD were used at beamline ID15A 
to map the spatial heterogeneities in state of 
charge within the electrode of a custom cell 
design (Figure 143a

 aOE NeaTure UIe eYUeOU of 
charge balancing that occurred when operation 
of UIe DeMM XaT TUoQQeE� 5Ie DeMM XaT JNaHeE 
uOEer 9R%-$5 in situ, capturing the spatial 
IeUeroHeOeJUJeT before aOE aùer EeMJUIJaUJoO 
of the electrode (Figure 144

 XIJMe operando 
IJHI-TQeeE 	�00 )[
 9R% reDorEeE UIe DIarHe-
baMaODJOH LJOeUJDT beUXeeO UIe SJ aOE HraQIJUe 
phases following the transition from operation 
to open circuit (Figures 143b-c
� 

During delithiation, substantial charge 
balancing occurred when the cell transitioned 
froN oQeraUJoO Uo oQeO DJrDuJU� %eQeOEJOH oO 
the state of charge, the graphite phase would 
either lithiate or further delithiate during 
the open circuit relaxation period, indicating 

Fig. 143: a) Cross-
sectioned illustration 
of the microcell 
showing an example 
of a EJɭraDUJoO QromMe 
on the detector and an 
9-ray $5 TMJDe of UIe 
JOUerOaM DeMM� 
b-c) Examples of times 
when operation of 
the cell was stopped, 
and charge-balancing 
aDUJWJUy DoOUJOueE� 
5Ie HreeO barT 
highlight periods when 
oQeraUJoO XaT TUoQQeE�



SQaUJaMMy ReToMWJOH -JUIJaUJoO JO SJMJDoOo
(raQIJUe $oNQoTJUe EMeDUroEeT WJa JO SJUu 
)JHI-EOerHy 9-ray %JɭraDUJoO $oNQuUeE 
5oNoHraQIy
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UIaU QoUeOUJaM EJɭereODe beUXeeO UIe SJ aOE 
HraQIJUe QIaTe DaO TXJUDI froN QoTJUJWe Uo 
OeHaUJWe EeQeOEJOH oO UIe oQeraUJOH DoOEJUJoOT 
aOE TUaUe of DIarHe� 5Ie eYJTUeODe of TuDI 
charge balancing highlights the importance 
of allowing relaxation periods for composite 
eMeDUroEeT Uo aWoJE oWerDIarHe of oOe QIaTe 
aOE QoUeOUJaMMy aDDeMeraUJOH EeHraEaUJoO� 6TJOH 
9R%-$5 Uo eYQMore UIe TQaUJaM
 DryTUaMMoHraQIJD 
IeUeroHeOeJUJeT before aOE aùer EJTDIarHe
 UIe 
EJɭereOU QIaTeT of MJUIJaUeE HraQIJUe
 MJUIJaUeE 
SJ aOE DryTUaMMJOe 	Qure
 SJ DouME be JEeOUJmeE 
aOE JOWeTUJHaUeE JO JToMaUJoO� *U XaT fouOE 
UIaU NoTU SJ QarUJDMeT uOEer � �N JO EJaNeUer 
underwent lithiation, whereas larger particles 
showed a distinct core-shell structure, where 
UIe TIeMM XaT MJUIJaUeE buU UIe Dore XaT OoU� 5Ie 

presence of pure Si cores showed that there was 
a TeWere uOEeruUJMJTaUJoO of UIe DeMM�T DaQaDJUy�

5IJT EeNoOTUraUJoO of in-situ RuaOUJmDaUJoO 
of intra- and inter-particle crystallographic 
heterogeneities as well as high-speed operando 
RuaOUJmDaUJoO of QIaTe DIaOHeT oQeOT a 
plethora of opportunities for furthering 
understanding of phenomena that lead to 
limitations and degradation of Li-ion cell 
QerforNaODe� .oreoWer
 UIJT EeNoOTUraUeT 
9R%-$5 aT a uOJRue UooM JO UIe arTeOaM 
of battery materials characterisation, 
QroWJEJOH DoNQMeNeOUary NorQIoMoHJDaM aOE 
crystallographic information and new insight to 
guide material synthesis, electrode fabrication 
aOE baUUery NaOaHeNeOU TyTUeN EeTJHO�

Fig. 144: a) 9R%-$5 TMJDe 
UaLeO aU UIe beHJOOJOH of UIe 
charge step showing a phase-
distribution map of LiC12 	reE

 
DryTUaMMJOe SJ 	HreeO

 aOE MJUIJuN 
silicides LixSJ 	bMue
� "DDorEJOH 
Uo aEEJUJWe DoMour NJYJOH
 UIe 
colour teal represents a mixture 
of HreeO 	SJ
 aOE bMue 	MJUIJaUeE 
SJ
� b) .aHOJmeE reHJoOT of 
interest showing large particles 
of LixSi phase with crystalline 
SJ DoreT 	�¦�
 aOE TNaMMer -JxSi 
QarUJDMeT 	4
 JOUerTQerTeE JO UIe 
HraQIJUe NaUrJY� 5Ie yeMMoX 
arroX IJHIMJHIUT XIaU MooLT Uo 
be eWJEeODe of EeMaNJOaUJoO 
froN UIe DryTUaMMJOe SJ Dore�

5)E P"5) 50 R6P56RE *N R0$,S
In the brittle portion of Earth’s crust, rocks are continuously deformed and driven to unstable failure. During the 
evolution of rock toward catastrophic failure, microfractures nucleate, grow and interact. Laboratory experiments 
using time-lapse X-ray microtomography enable the dynamics of these processes to be imaged, quantitatively 
characterised and better understood.

5Ie brJUUMe EeforNaUJoO aOE faJMure of roDLT
 
TUroOHMy JOnueODeE by IeUeroHeOeJUJeT
 DoOUroMT 
OaUuraM Ia[arET TuDI aT roDL faMMT
 MaOETMJEeT
 

earUIRuaLeT aOE WoMDaOJD eruQUJoOT
 aOE 
plays an important role in many geotechnical 
aQQMJDaUJoOT� 5Ierefore
 JU JT DrJUJDaM Uo JNQroWe 
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Fig. 146: Stress-strain 
DurWe of a DryTUaMMJOe roDL 

TaNQMe aOE EJHJUaM WoMuNe 
correlation calculations 
of the locations of large 
changes in compaction 

(a), dilation (b)
 Meù-
lateral shear strain (c) 
and right-lateral shear 

strain (d) when the 
EJɭereOUJaM XaT JODreaTeE 

froN 4� Uo �2� .Pa  
	UoQ roX
 aOE froN 204 Uo 

20� .Pa 	boUUoN roX
�

*O UIe XorL reQorUeE Iere
 UIe aYJaM TUreTT aDUJOH 
on a cylindrical specimen was increased in small 
TUeQT XJUI a DoOTUaOU DoOmOJOH QreTTure aOE 
UoNoHraNT Xere aDRuJreE aùer eaDI TUeQ� 5Ie 
study demonstrated how the coupling between 
microfracture growth, opening, coalescence and 
DMoTJOH
 aT XeMM aT DMoDLXJTe aOE aOUJ-DMoDLXJTe 
shear displacement along microfractures, leads 
to macroscopic brittle failure (Figure 145
� 
5Ie EaUa aOaMyTJT TIoXeE UIaU
 aU UIe oOTeU of 
failure, damage was almost entirely connected 
in three-dimensions, with most of the fracture 
QoroTJUy DoOUaJOeE JO a TJOHMe fraDUure OeUXorL 
UIaU TQaOOeE UIe eOUJre WoMuNe aOE eWoMWeE JOUo 
a geometrically complex three-dimensional fault 
[oOe� 

Analysis of in-situ dynamic X-ray tomographic 
EaUa UaLeO aU beaNMJOe ID19 reWeaMeE UIe 
spatial organisation of microfractures and 
damage increments characterising the path 
Uo DaUaTUroQIJD faJMure� FaJMure oDDurreE by 
UIe QroHreTTJWe EeWeMoQNeOU of EaNaHe JO UIe 
roDL WoMuNe� 5Ie eWoMuUJoO of NJDrofraDUureT 
was accompanied by the emergence of 
scaling relationships between microstructural 
QaraNeUerT
 JODMuEJOH UoUaM EaNaHe WoMuNe
 
JODreNeOUaM EaNaHe WoMuNe
 UIe MarHeTU 
connected microfracture, and the applied 
EJɭereOUJaM TUreTT 	UIe EJɭereODe beUXeeO UIe 
aYJaM TUreTT aOE UIe DoOmOJOH QreTTure
 [2]�

"T UIe EJɭereOUJaM TUreTT JODreaTeE aOE faJMure XaT 
aQQroaDIeE
 UIe WoMuNe of UIe MarHeTU DoOOeDUeE 
microfracture and the incremental damage 
EJWerHeE aT QoXerT of UIe EJɭereODe beUXeeO UIe 
EJɭereOUJaM TUreTT aU faJMure aOE JOTUaOUaOeouT 
EJɭereOUJaM TUreTT� 5IeTe DIaraDUerJTUJD feaUureT 
of brJUUMe faJMure JO DryTUaMMJOe roDL uOEer 
compression are consistent with theoretical 

Fig. 145: 8IeO MoaEeE uOEer DoNQreTTJoO
 roDLT JO EarUI�T DruTU EeforN UIrouHI 
UIe forNaUJoO of NJDrofraDUureT XIoTe TJ[eT aOE OuNber EeOTJUJeT JODreaTe aT 
faJMure JT aQQroaDIeE� FJOaM DaUaTUroQIJD ruQUure oDDurT by a DoNbJOaUJoO of 
WoMuNeUrJD eɭeDUT
 DoOUroMMeE by HroXJOH 	EJMaUJoO
 aOE DMoTJOH 	DoNQaDUJoO
 

NJDrofraDUureT
 aOE DMoDLXJTe aOE aOUJDMoDLXJTe TMJQ aMoOH NJDrofraDUureT�

the understanding of brittle deformation prior 
Uo NaDroTDoQJD JOTUabJMJUy� %eTUruDUJWe NeUIoET 
such the combination of cross-sectioning 
and microscopy allow only a single snapshot 
Uo be obUaJOeE� 5Ie oUIer DoNNoOMy uTeE 
eYQerJNeOUaM aQQroaDI
 JOWerTJoO of aDouTUJD 
emission data, does not directly measure 
strain, does not detect stable micro processes 
aOE IaT aEEJUJoOaM EJɮDuMUJeT
 QarUJDuMarMy for 
IeUeroHeOeouT aOE aOJToUroQJD NaUerJaMT� 5o 
aDDuraUeMy UraDL UIe NJDroTUruDUuraM DIaOHeT 
JO roDL TaNQMeT aT UIey are ErJWeO UoXarET 
faJMure
 a OoWeM eYQerJNeOUaM UeDIOJRue UIaU 
combines X-ray microtomography, a triaxial 
deformation apparatus, Hades [1], and digital 
WoMuNe DorreMaUJoO aOaMyTJT XaT EeWeMoQeE� 5IJT 
eOabMeE reTearDIerT Uo EoDuNeOU UIe eWoMuUJoO 
of microfracture opening, closing and shearing, 
XJUI uOQreDeEeOUeE aDDuraDy aOE reToMuUJoO� 



7oMuNeUrJD aOE TIear QroDeTTeT JO 
DryTUaMMJOe roDL aQQroaDIJOH fauMUJOH
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The ageing of hollow, bimetallic nanoparticles, a class of highly active and highly defective electrocatalysts for 
the oxygen reduction reaction, was investigated by a combination of microscopic methods and wide- and small-
angle X-ray scattering (WAXS/SAXS), providing operando insights into the degradation mechanisms at stake.
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NoEeMT UIaU DoOTJEer faJMure Uo be MJLe a 
continuous phase transition, with stress at failure 
aDUJOH aT a DrJUJDaM QoJOU� "MTo
 UIe EJTUrJbuUJoO 
of NJDrofraDUure WoMuNe JODreNeOUT eYIJbJUeE 
QoXer-MaX TUaUJTUJDT TJNJMar Uo UIe (uUeOberH-
RJDIUer MaX for earUIRuaLeT� $oOTeRueOUMy
 JU 
is concluded that the strain dissipation in the 
WoMuNe arouOE NaJO fauMUT Nay QarUJDJQaUe 
aDUJWeMy JO UIe QreQaraUJoO QroDeTT MeaEJOH Uo 
earUIRuaLeT�

Figure 146 shows where the incremental changes 
JO DoNQaDUJoO
 EJMaUJoO
 Meù-MaUeraM TIear TUraJO 

and right-lateral shear are largest (interpreted 
aT MoDaUJoOT of NJDrofraDUure DMoTJOH
 oQeOJOH�
HroXUI
 Meù-MaUeraM TIear EJTQMaDeNeOU aOE rJHIU-
MaUeraM TIear EJTQMaDeNeOU
 for UXo EJɭereOU 
EJɭereOUJaM TUreTT JODreNeOUT� 5Ie reTuMUT JOEJDaUe 
UIaU UIeTe four NoEeT of NJDrofraDUure eWoMuUJoO 
are TUroOHMy DorreMaUeE JO boUI TQaDe aOE UJNe� 
5IeTe DorreMaUJoOT
 XIJDI are yeU Uo be aOaMyTeE 
RuaOUJUaUJWeMy
 are aUUrJbuUeE Uo DouQMJOH beUXeeO 
UIeTe QroDeTTeT by eMaTUJDJUy aOE HoWerOJOH 
faJMure rIeoMoHy� 5Ie NJDrofraDUureT XeaLeO UIe 
roDL aOE EaNaHeE [oOeT are Nore TuTDeQUJbMe Uo 
aEEJUJoOaM EaNaHe�

One of the greatest challenges faced by proton-
eYDIaOHe NeNbraOe fueMT DeMMT 	PE.F$T
 MJeT 
in their electrocatalysts: the oxygen reduction 
reaction, which occurs at the PEMFC cathode, 
is a sluggish reaction occurring in harsh 
eOWJroONeOUaM DoOEJUJoOT
 JODMuEJOH MoX Q) 
aOE IJHI UeNQeraUure� "NoOH UIe EJɭereOU 
elements, platinum has always been the most 
QroNJTJOH
 UIaOLT Uo JUT Oear-JEeaM bJOEJOH 
properties toward oxygen intermediates and 
JUT OobMe OaUure� IoXeWer
 JUT QrJDe aOE TDarDJUy 
induce the need to design more complex 
OaOoTUruDUureT Uo JODreaTe UIe aDUJWJUy Qer 
QMaUJOuN aUoN� SuDI a feaU JT aDIJeWabMe by 
either modifying the nanostructures through 
aMMoyJOH XJUI rare-earUI eMeNeOUT��E-UraOTJUJoO 
metals or preferential crystallite orientation, 
which leads to the synthesis of shaped, 
bimetallic, nanoparticles (octahedral [1], for 
eYaNQMe

 or by JODreaTJOH UIe OaOoTUruDUure 
TUruDUuraM EefeDUJWeOeTT Uo oQUJNJTe UIe 
coordination number and interatomic distance 
of TQeDJmD aDUJWe TJUeT
 XIJDI eYIJbJU a HreaUMy 
eOIaODeE UurO-oWer freRueODy� " DoNbJOaUJoO 
of these two approaches can be found in 
hollow PtNi nanoparticles, which exhibit a  

Fig. 147: Scanning 
transmission 
electron microscopy 
and energy 
EJTQerTJWe 9-ray 
NaQQJOH 	S5E.�
E%9
 of UIe IoMMoX 
PtNi nanoparticles 
before (a) aOE aùer 
mild (b) and hard 
(c-d) aHeJOH�

TJY- Uo UeOfoME JODreaTe JO TQeDJmD aDUJWJUy for UIe 
oxygen reduction reaction [2] WT� DoOWeOUJoOaM 
solid Pt nanoparticles, due to the presence of 
OJDLeM
 XIJDI DoOUraDUT UIe MaUUJDe QaraNeUer 
aOE UIuT NoEJmeT UIe PU eMeDUroOJD TUruDUure 
aOE reaDUJWJUy
 aOE aMTo Uo UIeJr IJHIMy EefeDUJWe 
TUruDUure� 



Disentangling the Degradation Pathways of 
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Studying their morphological and compositional 
DIaOHeT JO DoOEJUJoOT NJNJDLJOH UIe QroUoO-
eYDIaOHe NeNbraOe fueM DeMM eOWJroONeOU 
QroWJEeT JOforNaUJoO oO UIeJr oWeraMM TUabJMJUy� 
Figure 147 and Figure 148 show hollow 
OaOoQarUJDMe eWoMuUJoO
 foMMoXeE by TDaOOJOH 
transmission electron microscopy and energy 
EJTQerTJWe 9-ray NaQQJOH 	S5E.�E%9

 aOE 
by 8"9S aOE S"9S QerforNeE aU beaNMJOe 
ID31
 EurJOH UXo EJɭereOU aHeJOH QroDeEureT 
	�000 DyDMeT beUXeeO 0��-��0 7 WT� R)E aOE 0��-
��� 7 WT� R)E

 Iere EemOeE aT NJME aOE IarTI
 
XIJDI are reQreTeOUaUJWe of UIe QoUeOUJaM raOHe 
at which the cathode is exposed during a PEMFC 
oQeraUJoO� 

SeWeraM DrJUJDaM mOEJOHT Xere QroWJEeE by 
this combination of ex-situ 	S5E.�E%9
 aOE 
operando 	S"9S�8"9S
 NeaTureNeOUT� 5Ie 
S5E.�E%9 	Tee Figure 147
 TIoXeE a EeDreaTe 
of UIe OJDLeM DoOUeOU EurJOH oQeraUJoO
 eTQeDJaMMy 
under harsher conditions such as cycling up to 
��� 7 WT� RHE, and also showed that nanoparticle 
polycrystallinity is maintained during the mild 
aHeJOH� 5IJT aDUT aT a HooE JOEJDaUor of UIe 
structural defect stability while cycling up to 
��0 7 WT� R)E� *O DoOUraTU
 UIe IarTI aHeJOH MeE 
to the formation of a bimodal electrocatalyst 
– hollow, polycrystalline nanoparticles and 
plain, monocrystalline nanoparticles, as shown 
in Figures 147c and 147d� 5Ie operando 
S"9S�8"9S 	Tee Figure 148
 JOEJDaUeT UIaU 
the relaxation of the lattice parameter is more 

important during the harsh ageing, while 
reaching a plateau at arouOE �� of MoTTeT 
for UIe NJME aHeJOH� *U aMTo TIoXT UIaU UIe 
microstrain (i.e.
 UIe WarJaUJoO of UIe MoDaM 
TUraJO WT� UIe aWeraHe TUraJO
 foMMoXT JEeOUJDaM 
UreOET
 JOEeQeOEeOUMy of UIe aHeJOH IarTIOeTT� 
5IJrEMy
 JU EeNoOTUraUeT UIaU UIe WarJaUJoO of UIe 
eMeDUroDaUaMyTU TQeDJmD TurfaDe aOE
 UIuT
 of UIe 
nanoparticle morphology, mainly occurs in the 
mrTU aHeJOH DyDMeT� For eYaNQMe
 aùer �0 NJOT
 
UIe eMeDUroDaUaMyTU TQeDJmD TurfaDe TUabJMJTeT
 
hinting toward a morphology stabilisation as 
XeMM� 

)eODe
 UIJT TUuEy QroWJEeT JOTJHIUT JOUo UIe 
QroDeTTeT reTQoOTJbMe for UIe aDUJWJUy MoTTeT 
obTerWeE EurJOH IoMMoX PUNJ OaOoQarUJDMe 
operation as an oxygen reduction reaction 
DaUaMyTU� *U aMTo TuHHeTUT a TuDDeTTfuM 
methodology for monitoring the structural 
changes in operando DoOEJUJoOT of WarJouT 
UyQeT of aEWaODeE eMeDUroDaUaMyTUT for PE.F$ 
DaUIoEeT� 8"9S HraOUT EJreDU JOTJHIU JOUo UIe 
OaOoTUruDUure NoEJmDaUJoO aU UIe aUoNJD MeWeM 
	NJDroTUraJO
 aMMoyJOH eMeNeOU

 XIJMe S"9S 
uOWeJMT UIe NorQIoMoHJDaM DIaOHeT aU UIe 
nanoparticle scale, along with the intermediate 
TUruDUureT forNeE EurJOH UIe aHeJOH QroDeTT� 
5oHeUIer
 UIeTe NeUIoET are DoNQMeNeOUary 
aOE QroWJEe a HMobaM QJDUure of UIe TUruDUuraM 
and chemical changes undergone by bimetallic 
OaOoQarUJDMeT EurJOH aHeJOH�

Fig. 148: EWoMuUJoO of 
(a) lattice parameter 
contraction, (b) the 
microstrain (measured 
by 8"9S
 aOE (c) 
UIe TQeDJmD TurfaDe 
determined from 
SAXS measurements 
and compared to 
UIe TQeDJmD TurfaDe 
measured by COads 
TUrJQQJOH�



"50.*$źS$"-E S5R6$56R"- $)"N(ES *N 
0$5")E%R"- PtNi N"N0P"R5*$-E $"5"-:S5S F0R 
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Octahedral PtNi nanoparticles are promising catalysts for the oxygen reduction reaction in fuel cell applications. 
The structural changes associated with Ni leaching during operation have been investigated by in-situ wide-angle 
X-ray scattering (WAXS). Atomic Ni losses, correlating to expansion of the crystal lattice parameters, largely 
BɭFDU UIF BDUJWJUZ�
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FueM DeMM eMeDUrJD WeIJDMeT 	F$E7T
 are a QroNJTJOH 
aOE DMeaO aMUerOaUJWe Uo DoNbuTUJoO eOHJOe 
WeIJDMeT baTeE oO foTTJM fueMT� *O F$E7T
 UIe 
energy stored in the chemical bonds of hydrogen 
JT DoOWerUeE JOUo eMeDUrJDJUy JO QroUoO-eYDIaOHe 
NeNbraOe fueM DeMMT 	PE.F$T
� *O UIJT QroDeTT
 
oYyHeO froN aJr JT reEuDeE Uo XaUer WJa UIe 
oYyHeO reEuDUJoO reaDUJoO 	0RR
� 5IJT reaDUJoO 
JT QarUJDuMarMy DIaMMeOHJOH aOE HJWeT rJTe Uo 
TJHOJmDaOU MoTTeT
 eWeO XJUI TUaUe-of-UIe-arU PU 
DaUaMyTUT� SurfaDe-EoQeE PUNJ aMMoy OaOoQarUJDMeT 
XJUI oDUaIeEraM NorQIoMoHy IaWe beeO TIoXO Uo 
possess among the highest Pt-mass-normalised 
0RR aDUJWJUJeT JO UIJO mMN roUaUJOH EJTL eMeDUroEe 
	5F-R%E
 TDreeOJOH TUuEJeT [1]� )oXeWer
 UIe 
translation of performance enhancement in 
reTQeDU Uo DoNNerDJaM PU DaUaMyTUT froN 5F-R%E 
Uo NeNbraOe eMeDUroEe aTTeNbMy 	.E"
-baTeE 
fuel cells is challenging [2]� FurUIerNore
 UIe 
structural stability of these catalysts in MEA and 
UIe fuOEaNeOUaM uOEerTUaOEJOH of UIe aDUJWJUy 
enhancement are not completely clear, mainly 
due to limited in-situ characterisation at the 
aUoNJD aOE NoMeDuMar MeWeM� 

5IJT XorL DoNbJOeE in-situ wide-angle X-ray 
TDaUUerJOH 	8"9S
 aOE ex-situ 9-ray nuoreTDeODe 
	9RF
 TQeDUroTDoQy Uo TIoX UIe DorreMaUJoO 

beUXeeO TUruDUuraM UraOTforNaUJoOT JOWoMWJOH NJ 
MeaDIJOH aOE UIe eWoMuUJoO of UIe 0RR aDUJWJUy 
during accelerated stability tests of octahedral 
.o-EoQeE PUNJ OaOoQarUJDMeT� 5Ie reTuMUT 
suggest that the Mo-doping treatment has a 
QoTJUJWe eɭeDU oO UIe eMeNeOUaM DoNQoTJUJoO of 
the Ni-rich domains and call for a strategy on 
IoX Uo JNQroWe UIe NJ reUeOUJoO Uo eYUeOE UIe 
TUabJMJUy of UIJT DMaTT of DaUaMyTUT�

8"9S XaT QerforNeE oO beaNMJOe ID31 using 
an in-situ electrochemical transmission set-up, 
To UIaU TUruDUuraM DIaOHeT DouME be JOWeTUJHaUeE 
uOEer reaDUJoO DoOEJUJoOT aOE EurJOH oQeraUJoO� 
5Xo TUabJMJUy QroUoDoMT Xere aQQMJeE JO UIe 8"9S 
experiments to carbon-supported octahedral 
PUNJ	.o
 aOE PUNJ OaOoQarUJDMeT JO a 0�� . )$M04 
electrolyte (Figure 149a
� 5Ie --TUabJMJUy 
protocol was designed to simulate lifetime 
operation (i.e., no exposure to high anodic 
QoUeOUJaMT
� *O DoOUraTU
 UIe )-TUabJMJUy QroUoDoM 
considers higher anodic potentials, which 
DaO be reaDIeE EurJOH TUarU-uQ�TIuU-EoXO� 
RJeUWeME aOaMyTJT XaT QerforNeE oO UIe 8"9S 
patterns (Figures 149b and 149c
 Uo EeUerNJOe 
structural changes (Figures 150a and 150b
� 
5Ie EaUa DoMMeDUeE EurJOH UIe --TUabJMJUy UeTU 
DaO be mUUeE XJUI UXo faDe-DeOUreE DubJD aMMoy 

Fig. 149: a) Schematic 
illustration of the 
stability test protocols 
used for in-situ 8"9S 
eYQerJNeOUT� 5Ie 
potential range and 
number of cycles are 
JOEJDaUeE�  
b) In-situ 8"9S 
patterns as integrated 
aùer DoMMeDUeE by 
the 2D detector of 
PUNJ	.o
�$ 	reE
 aOE 
baDLHrouOE QoTJUJoO 
	bMaDL
� c) #aDLHrouOE 
subtracted patterns 
obtained with in-situ 
8"9S for UIe aDUJWaUeE 
TUaUe 	bMaDL
 aOE aùer 
--TUabJMJUy 	reE EaTIeE
 
and H-stability (red 
ToMJE
 QroUoDoMT�

Fig. 150: Lattice 
parameter a 
calculated with 
RJeUWeME remOeNeOU 
for Ery
 XeU
 aDUJWaUeE
 
L-stability, and 
H-stability for 
(a) PUNJ�$ aOE 
(b) PUNJ	.o
�$� 
c) NJ aU�� 
composition from 
XRF measurements 
of samples in the dry 
TUaUe 	bMaDL

 aDUJWaUeE 
	reE

 aùer --TUabJMJUy 
	bMue

 aOE )-TUabJMJUy 
	QJOL
�



Controlling Near-Surface Ni Composition 
JO 0DUaIeEraM PUNJ	.o
 NaOoQarUJDMeT by 
.o %oQJOH for a )JHIMy "DUJWe 0YyHeO 
ReEuDUJoO ReaDUJoO $aUaMyTU
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Surface layers in relaxor ferroelectrics have distinct physical properties from the bulk material, which has caused 
MPOH�MBTUJOH BNCJHVJUZ JO UIF QIBTF JEFOUJmDBUJPO BOE QSPQFSUJFT PG UIFTF NBUFSJBMT� 9�SBZ EJɭSBDUJPO 	93%
 IBT 
TIPXO UIF TVSGBDF TUSVDUVSF UP CF ƅ �� ɦN UIJDL BOE GPSNFE EVF UP UIF SFMBYBUJPO PG TUSFTT JOEVDFE CZ PYZHFO 
vacancies�
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QIaTeT aOE Oo TJHOJmDaOU DIaOHeT JO UIe MaUUJDe 
parameter a are obTerWeE� )oXeWer
 a TJOHMe PU-
rJDI QIaTe JT obTerWeE aùer UIe )-TUabJMJUy UeTU 
for boUI DaUaMyTUT� 5IeTe reTuMUT are JO aHreeNeOU 
with a structural transformation in which Ni 
aUoNT MeaWe UIe NJ-rJDI QIaTe� 5o WerJfy UIJT 
hypothesis, the Ni atomic content was measured 
aùer 8"9S eYQerJNeOUT by 9RF 	Figure 150c
� 
"ùer UIe --TUabJMJUy QroUoDoM
 eJUIer OoOe or 
only a minor decrease in the fraction of Ni 
DoOUeOU XaT obTerWeE� 5IJT TuHHeTUT UIaU 
Ni leaching is slow in these catalysts if the 
uQQer QoUeOUJaM JT DoOUroMMeE beMoX 0��2� 7RHE�  

*O DoOUraTU
 aùer )-TUabJMJUy
 NJ DoOUeOU 
EeDreaTeT for boUI
 DoOmrNJOH UIe IyQoUIeTJT 
froN UIe 8"9S aOaMyTJT� FurUIerNore
 IJHIer 
Ni retention of the Mo-doped catalyst has been 
aTToDJaUeE XJUI JUT IJHI 0RR aDUJWJUy� 

5IJT TUuEy QroWJEeT aUoNJD aOE TUruDUuraM 
insights into degradation mechanisms of 
octahedral Pt alloy nanoparticle catalysts 
for UIe 0RR
 EemOeT UIe oQUJNaM oQeraUJoO 
conditions and highlights the importance of 
QreTerWJOH UIe IJHI NJ DoOUeOU JO UIe PUNJ 
DryTUaMMJOe EoNaJOT�

5Ie TuTDeQUJbJMJUy of reMaYor ferroeMeDUrJDT Uo 
EJTUorU uOEer aO aQQMJeE eMeDUrJD meME or TUreTT IaT 
made them ideal for high-performance electro-
mechanical transducers, and their high dielectric 
DoOTUaOUT oWer a broaE UeNQeraUure raOHe NeaO 
UIey mOE aQQMJDaUJoOT JO eMeDUrJDaM DaQaDJUorT� 
8IJMe uOEerTUaOEJOH UIe buML NaUerJaM 
structure is central to ferroelectrics research, 
understanding surface structure and its impact 
oO QroQerUJeT IaT beDoNe JNQeraUJWe XJUI UIe 
NJOJaUurJTaUJoO of eMeDUrJDaM DoNQoOeOUT� 

5Ie QreTeODe of a TIouMEer QeaL oO UIe MoXer-
aOHMe TJEe of EJɭraDUJoO QaUUerOT obUaJOeE 
froN MaboraUory 9-ray EJɭraDUJoO IaT DauTeE 
ambiguity in the structural characterisation of 
MeaE-baTeE aOE MeaE-free ferroeMeDUrJD DeraNJDT� 
5IeTe TIouMEerT EJE OoU DorreTQoOE Uo aOy 
secondary phases and disappeared when the 
DeraNJD XaT DruTIeE JOUo QoXEer� No QrJor 
explanation for the structural origin has been 
QroWJEeE
 UIouHI ToNe UIeorJeT TuHHeTUeE UIe 
TIouMEer XaT froN QoMJTIJOH eɭeDUT
 raOEoN 

eMeDUrJD meMET QreTeOU JO UIe reMaYorT reTuMUJOH 
from the presence of multiple cations with 
EJɭereOU WaMeODeT TIarJOH a Tub-MaUUJDe QoTJUJoO
 
or UIe EJɭereODe JO DoNQoTJUJoO beUXeeO UIe 
TurfaDe aOE buML NaUerJaM� 

6TJOH 9R% aU beaNMJOe ID15A, the structure of 
UIe TurfaDe Mayer XaT EJTUJODUJWeMy DIaraDUerJTeE 
froN UIe buML JO 	Na��2Bi��2
5J03-#a5J03  
	N#5-#5
 reMaYor ferroeMeDUrJD DeraNJDT� " �0 ɦN-
UIJDL beaN XaT TDaOOeE froN UIe TurfaDe of UIe 
ferroeMeDUrJD JOUo UIe buML
 JO �-ɦN TUeQT� 5Ie 
schematic of the experimental set-up is shown 
in Figure 151a� 5Ie TIouMEerT Xere fouOE Uo 
be most intense at the surface, with the ratio of 
JOUeHraUeE JOUeOTJUJeT EJNJOJTIJOH RuJDLMy aOE 
stabilising at a depth of approximately 20 µm 
(Figure 151b
� 5IJT JOEJDaUeT UIe TIouMEerT are 
UIe reTuMU of a EJɭereOU TUruDUure aU UIe TurfaDe� 

"OHuMar EJTQerTJWe EJɭraDUJoO QromMeT
 obUaJOeE 
UIrouHI raEJaM JOUeHraUJoO of UIe EJɭraDUJoO 
images, showed this surface structure is textured, 
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Fig. 151: a) A schematic of 
the set-up used for scanning 
EJɭraDUJoO QaUUerOT froN 
the surface to the centre 
of the ceramic using a 
�0-�N beaN IeJHIU� 5Ie 
angles in the schematic‘s 
2% TyODIroUroO EJɭraDUJoO 
patterns represent the angles 
between surface normal and 
R-WeDUor� 5Ie EeQUI QromMe 
for 	���
 QeaL froN UIe 
surface to the sample centre 
is shown in (b)� 5Ie MoX-
angle shoulder at the surface 
JT JOEJDaUeE XJUI a bMaDL 
arroX� $orreTQoOEJOH raUJoT 
of integrated intensities of 
TIouMEerT Uo QareOU QeaL are 
also shown, with shoulders 
TJHOJmDaOUMy reEuDJOH JO 
JOUeOTJUy oO NoWJOH UoXarE 
UIe DeOUre of UIe DeraNJD�

Fig. 152: a) XRD 
collected with 
TDaUUerJOH WeDUor
 
q, perpendicular 
to the sample 
TurfaDe� FJUUeE 
DurWeT TIoXJOH UIe 
parent cubic phase 
and tetragonal 
or rhombohedral 
QeaLT mUUJOH 
the low-angle 
TIouMEerT� 
b) " TJNQMJmeE 
schematic 
comparing the 
stress states in 
UIe TLJO TurfaDe 
aOE buML� 5Ie 
right schematic 
shows that grains 
XJUI EJɭereOU 
orientations are 
QreTeOU JO UIe TLJO 
and expand along 
UIe TurfaDe OorNaM�

oYyHeO WaDaODy DoODeOUraUJoO
 JODreaTeE UIe 
UIJDLOeTT of UIe TurfaDe QIaTe� 5Ie NoTU MJLeMy 
cause of lattice expansion in ceramic oxides can 
be attributed to the increase in ionic radius of 
the reducible cation, e.g.
 5J4+ Uo 5J3+

, for charge 
DoNQeOTaUJoO of oYyHeO WaDaODJeT� 

5Ie reTuMUT of UIJT TUuEy MeOE JNQorUaOU JOTJHIUT 
not only into answering the long-standing 
question of the origin of surface structures 
in relaxor ferroelectrics, but also towards 
NeDIaOJTNT Uo DoOUroM UIeJr forNaUJoO� 5IJT 
oQeOT QoUeOUJaM JOWeTUJHaUJoOT for fuODUJoOaMJTJOH 
UIe TurfaDe TUruDUureT
 XIJDI IaWe DauTeE To 
much confusion in the structural characterisation 
of reMaYor ferroeMeDUrJDT JO UIe QaTU�

or preferentially elongated out-of-plane at 
UIe TurfaDe� 5Ie UeYUureE OaUure TuHHeTUT UIe 
QreTeODe of EJɭereOU TUreTT DoOEJUJoOT aU UIe 
TurfaDe aT DoNQareE Uo UIe buML NaUerJaM� *U JT 
LOoXO UIaU UIe TurfaDe eYJTUT uOEer a bJaYJaM 
TUreTT DoOEJUJoO 	QMaOe TUreTT

 XJUI Oo DoOTUraJOU 
QreTeOU OorNaM Uo UIe TurfaDe� 0O UIe oUIer IaOE
 
UIe buML of UIe TaNQMe JT eYQeDUeE Uo be UrJaYJaMMy 
DoOTUraJOeE uOEer QMaOe TUraJO DoOEJUJoO� 5IJT JT 
illustrated in Figure 152b� "U UIe TurfaDe
 aOy 
TUraJO JOUroEuDeE JO UIe MaUUJDe DaO be reMJeWeE 
by a MaUUJDe eYQaOTJoO 	or DoOUraDUJoO
 aMoOH 
the direction of the surface normal (but not 
JO UIe QMaOe of UIe TurfaDe
� *O QoMyDryTUaMMJOe 
ferroelectrics, since the surface has grains with 
EJɭereOU orJeOUaUJoOT JOUerTeDUJOH JU
 a uOJRue 
EJTUorUJoO aOE UeYUure eYJTU for aMM UIe QeaLT JO 
UIe EJɭraDUJoO QaUUerO
 reTuMUJOH JO UIe NJYeE 
QIaTe aQQearaODe of UIe EJɭraDUJoO QaUUerO 
Figure 152a� 

5Ie QreTeODe of UIJT TurfaDe TUruDUure XaT 
demonstrated to be due to the relaxation of 
TUreTTeT JNQoTeE by oYyHeO WaDaODJeT� 0YyHeO 
WaDaODJeT IaWe beeO LOoXO Uo be a TourDe of 
internal chemical pressure, altering the lattice 
QaraNeUerT JO oYJEe DeraNJDT� "EEJUJoOaM 
experimentation by changing the stoichiometry 
of N#5-#5 fouOE UIaU UIe JOUeOTJUy of UIe 
shoulder, and thus the existence of the surface 
TUruDUure
 DaO be DoOUroMMeE� "O eYUra 2 NoM� of 
bJTNuUI
 reTuMUJOH JO feXer oYyHeO WaDaODJeT
 
eliminated the distorted surface phase, while a 
EeDreaTe JO 2 NoM� of bJTNuUI
 JODreaTJOH UIe 

%efeDU-%rJWeO SUruDUuraM %JTUorUJoOT aU UIe 
Surface of Relaxor Ferroelectrics,  
S� ,oOH 	a

 N� ,uNar 	a

 S� $IeDDIJa 	b

  
$� $a[orMa 	a
 aOE +� %aOJeMT 	a
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 ��00�44 	20��
� 
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(a) School of Materials Science and 
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Continuous particle comminution and growth enables the bulk of the milled sample to become exposed to the 
surface and leads to fast atomic and molecular exchanges between milled solids, a process monitored by tandem 
in-situ QPXEFS 9�SBZ EJɭSBDUJPO 	P93%
 BOE 3BNBO TQFDUSPTDPQZ�
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8JUI aUoNT aOE NoMeDuMeT mYeE JO Oear-QerfeDU 
orEer JO a DryTUaM MaUUJDe
 EJɭuTJoO JO UIe ToMJE 
TUaUe JT LOoXO Uo be OoUorJouTMy TMoX
 reOEerJOH 
ToMJET TUabMe aOE uOreaDUJWe� 5IJT UraEJUJoOaM 
WJeX of UIe ToMJE TUaUe JT OoX beDoNJOH ouUEaUeE
 
XJUI reDeOU aEWaODeT JO TyOUIeTJT aDIJeWeE by 
NeDIaOoDIeNJDaM NJMMJOH� .JMMJOH reaDUJoOT 
eYIJbJU TeWeraM feaUureT UIaU XouME TuHHeTU UIJT 
TMoX EJɭuTJoO JT ToNeIoX oWerDoNe EurJOH 
NJMMJOH� 5IeTe feaUureT JODMuEe TeMeDUJWJUy [1], 
strong temperature dependence [2], rapid 
reactions [3] aOE
 Nore oùeO UIaO OoU
 forNaUJoO 
of JOUerNeEJaUeT� 5Ie EyOaNJDT of NJMMeE ToMJET 
were probed at beamlines ID15A and ID31 using 
tandem in-situ monitoring of mechanochemical 
NJMMJOH by P9R% 	a UeDIOJRue QJoOeereE aU *%�� 
[3]
 aOE RaNaO TQeDUroTDoQy [4,5], together 
XJUI JToUoQe-MabeMeE ToMJET� 6TJOH TQeDJmD ToMJET 

DoOUaJOJOH a EeuUerJuN MabeM
 faTU IyEroHeO�
EeuUerJuN 	)�%
 eYDIaOHe XaT obTerWeE Uo UaLe 
place regardless of whether a chemical reaction 
XaT IaQQeOJOH or OoU EurJOH NJMMJOH� 

NaUuraM or EeuUerJuN-MabeMeE beO[oJD aDJE 	ba
 
aOE 2-QyrJEoOe 	Qyo
 Xere uTeE Uo TUuEy )�% 
exchange upon cocrystal formation between 
UIeTe UXo DoNQouOET� #oUI DoNQouOET bear 
oOe eYDIaOHeabMe IyEroHeO 	EeuUerJuN
 aUoN o 
boOEeE Uo eJUIer UIe eMeDUroOeHaUJWe oYyHeO or 
OJUroHeO aUoNT� 8IeO UIeTe UXo ToMJET are NJMMeE 
UoHeUIer UIey forN a ��� DoDryTUaM 	baQyo

 
XIere NoMeDuMeT of ba aOE Qyo DoOOeDU WJa rJOH 
hydrogen bonding into discrete supramolecular 
assemblies (Figure 153a
� ReHarEMeTT of XIJDI 
of the two solids was initially deuterated, the 
TaNe )�% EJTUrJbuUJoO reTuMUeE aùer �0 NJOuUeT 
NJMMJOH
 JOEJDaUJOH a EyOaNJD eOWJroONeOU 
enabling fast redistribution of deuterium atoms, 
TuDI aT DouME be eYQeDUeE for )�% eYDIaOHe 
IaQQeOJOH JO ToMuUJoO�

*U XaT aMTo TIoXO UIaU )�% eYDIaOHe JT OoU 
dependent on new phase formation, as milling of 
ba and the pharmaceutical paracetamol also led 
Uo )�% eYDIaOHe EeTQJUe UIe faDU UIaU UIeTe UXo 
compounds do not form a new phase but remain 
a QIyTJDaM NJYUure� FurUIer Uo )�% eYDIaOHe
 
XIJDI reRuJreT boOE breaLJOH
 XIoMe NoMeDuMe 
eYDIaOHe XaT aMTo obTerWeE uQoO NJMMJOH of 
ba and ba labelled with a 13C atom, where a 
heterodimer is formed upon molecular exchange 
between milled crystallites (Figure 154
�

5IeTe reTuMUT QroWJEe a uOJRue JOTJHIU JOUo 
one fundamental aspect of mechanochemical 
milling: milled particles, despite being in the 
solid state, exchange atoms and molecules with 
oUIer NJMMeE QarUJDMeT� .oreoWer
 eaDI NoMeDuMe 

Fig. 153: a) Formation of the bapyo cocrystal 
beUXeeO ba aOE Qyo� EYDIaOHeabMe IyEroHeOT 
are IJHIMJHIUeE� b) 5aOEeN in-situ monitoring of 
NeDIaOoDIeNJDaM baQyo forNaUJoO by P9R% 	Meù
 
aOE RaNaO TQeDUroTDoQy 	rJHIU
� 8IJMe P9R% eOabMeT 
the detection of changes in crystalline phases, Raman 
TQeDUroTDoQy JT aMTo TeOTJUJWe Uo )�% eYDIaOHe
 XIJDI 
EoeT OoU IaWe aO JOnueODe oO EJɭraDUJoO froN UIe 
buML DryTUaMMJOe QIaTeT� "EaQUeE XJUI QerNJTTJoO froN 
S� -uLJO et al., J. Am. Chem. Soc. 141, 1212-1216 
	20��
. $oQyrJHIU 	20��
 "NerJDaO $IeNJDaM SoDJeUy�



*ToUoQe -abeMJOH ReWeaMT FaTU "UoNJD aOE 
Molecular Exchange in Mechanochemical 
.JMMJOH ReaDUJoOT
 S� -uLJO 	a

 .� 5JreMJ 	a

 
5� SUoMar 	a

 %� #arJÝJǑ 	a

 .� 7� #MaODo 	b

 

.� EJ .JDIJeM 	b

 ,� 6äareWJǑ 	a
 
aOE *� )aMaT[ 	a
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(a) Ruđer Bošković Institute, Zagreb 
(Croatia) 
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9�SBZ BCTPSQUJPO TQFDUSPTDPQZ 	9"4
 XJUI TVC�NJDSPO TQBUJBM SFTPMVUJPO IBT TIPXO UIBU UIF FMFDUSJD mFME QSPEVDFE 
by a voltage-biased atomic force microscopy (AFM) tip can induce the transformation between perovskite SrFeO3-δ 
and brownmillerite SrFeO2.5 at room temperature. This opens the way for the design of new functional materials 
UISPVHI FMFDUSJD mFME QBUUFSOJOH�
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ReWerTJbMe TUruDUuraM UraOTforNaUJoOT beUXeeO 
QeroWTLJUe 	P7
 "#0�¦δ aOE broXONJMMerJUe 	#.
 
ABO2�� (A = Ca2+, Sr2+; B = Fe4����, Co4����
 oYJEeT 
can be induced by topotactic oxygen exchange 
of reEuDJOH�oYJEJTJOH DoOEJUJoOT� $oNbJOJOH UIe 
MarHe oYJEe-JoO DoOEuDUJWJUy aOE a TNaMM free-
eOerHy EJɭereODe beUXeeO UIe 4���� oYJEaUJoO 
states of 3d transition metal ions enables 
UIeTe UoQoUaDUJD UraOTforNaUJoOT 	5PU
 [1,2]� 
)oXeWer
 aMUIouHI 5PUT IaWe beeO TIoXO Uo be 
a QoXerfuM UooM Uo UuOe UIe QroQerUJeT of TeWeraM 
oxides, the need for either high temperatures 
or TQeDJmD eMeDUroDIeNJDaM-DeMM DoOmHuraUJoOT
 
aMoOH XJUI UIe MaDL of TQaUJaM DoOUroM oWer UIe 
position and resolution of the transformation, 
limits its applications in many technologies 
requiring spatial sub-micron control [3]�

of the milled particles is exposed to the surface 
aOE beDoNeT aWaJMabMe for JOUeraDUJoO XJUI oUIer 
particles within around 30 minutes of milling or 
MeTT� #y DoOUJOuouTMy DoNNJOuUJOH QarUJDMeT
 
NJMMJOH UIuT oWerDoNeT UIe JOIereOUMy TMoX 
ToMJE-TUaUe EJɭuTJoO� NeYU Uo UIJT fuOEaNeOUaM 
aspect of milling, there is also great potential 
to use mechanochemistry to deuterate solids 
eɮDJeOUMy�

Fig. 154: a) 8IoMe-NoMeDuMe eYDIaOHe MeaEJOH Uo IeUeroEJNer 
formation between ba and 13$-MabeMMeE ba� b) Raman spectra 

of Qure aDJET aOE UIeJr NJYUure DoOUaJOJOH UIe IeUeroEJNer� 
"EaQUeE XJUI QerNJTTJoO froN S� -uLJO et al., J. Am. Chem. 
Soc. 141, �2�2-�2�� 	20��
. $oQyrJHIU 	20��
 "NerJDaO 

$IeNJDaM SoDJeUy�

Fig. 155: a) Schematic 
diagram of AFM electric 
meME-JOEuDeE MoDaM 
UoQoUaDUJD UraOTforNaUJoO� 
b) Optical image of 
EJɭereOU reHJoOT of UIe 
mMN aùer TDaOOJOH XJUI 
UIe bJaTeE "F. UJQ� 5Ie 
scanned areas with the 
eMeDUrJD meME DIaOHe UIeJr 
colour with respect to 
UIe DoOEuDUJWe P7 mMN 
baDLHrouOE
 DoOTJTUeOU 
with a decrease in electrical 
DoOEuDUJWJUy�



RooN 5eNQeraUure "F. EMeDUrJD-FJeME-
*OEuDeE 5oQoUaDUJD 5raOTforNaUJoO beUXeeO 
PeroWTLJUe aOE #roXONJMMerJUe SrFe0x with 
Sub-Micrometer Spatial Resolution,  
E� FerreJro-7JMa 	a

 S� #MaODo-$aOoTa 	b

  
*� -uDaT EeM Po[o 	D

 )� #abu 7aTJMJ 	E

  
$� .aHÏO 	D

 "� *barra 	D

  
+� RubJo-;ua[o 	e

 (� R� $aTUro 	e

  

-� .oreMMØO 	D
 aOE F� RJWaEuMMa 	a

  
Adv. Funct. Mater. ��0���4 	20��
�  
EoJ� �0��002�aEfN�20��0���4�
(a) Centro de Investigación en Química 
Biolóxica e Materiais Moleculares (CIQUS), 
Departamento de Química-Física, 
Universidade de Santiago de Compostela 
(Spain)

(b) Donostia International Physics Center 
(DIPC), San Sebastián (Spain) 
(c) Instituto de Nanociencia de Aragón 
(INA), Universidad de Zaragoza (Spain)
(d) ALBA Synchrotron Light Source, 
Cerdanyola del Valles, Barcelona (Spain) 
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[�> N� -u et al., Nature 546
 �24 	20��
�
[2> "� ,Iare et al., Adv. Mater� 29
 ��0���� 	20��
�
[�> #� $uJ et al., Nat. Commun� 9
 �0�� 	20��
�
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5IJT XorL EeNoOTUraUeT UIaU UIe eMeDUrJD 
meME QroEuDeE by a WoMUaHe-bJaTeE aUoNJD 
forDe NJDroTDoQy 	"F.
 UJQ DaO JOEuDe TuDI a 
UraOTforNaUJoO beUXeeO UIe P7 SrFe0�¦δ and 
BM SrFeO2�� at room temperature (Figure 155
� 
*OUereTUJOHMy
 aùer reNoWJOH UIe eMeDUrJD meME
 
the structural transformation results in a 
OoO-WoMaUJMe DoOUroMMJOH of UIe MoDaM DIeNJDaM
 
electrical, optical and magnetic properties 
(Figure 155b
� 5IeTe reTuMUT oQeO UIe Eoor for 
UIe fabrJDaUJoO of TUabMe JoOJD-baTeE EeWJDeT 
UIrouHI UIe eMeDUrJD-meME QaUUerOJOH of EJɭereOU 
DryTUaMMoHraQIJD QIaTeT� 5Ie 5PU XaT foMMoXeE 
through the changes in Fe oxidation state, using 
XAS with micrometre spatial resolution on 
BM25 inside and outside an area scanned with 
a WoMUaHe-bJaTeE "F. UJQ� Figure 156a shows an 
eOerHy TIJù of UIe Fe ,-eEHe Uo MoXer eOerHJeT 
in the scanned region, indicating a lower Fe 
WaMeODe� Figure 156b shows the XAS spectra at 
the Fe L2,3-eEHe� 5Ie QeaL aU UIe MoX eOerHy TJEe 
of the L3-eEHe 	WerUJDaM arroX
 JT DIaraDUerJTUJD 
of a lower oxidation state of Fe associated with 
a reduction in the coordination of the transition-
NeUaM JoO
 froN oDUaIeEraM Uo UeUraIeEraM� 5Ie 
Qre-QeaL JO UIe 0 ,-eEHe TQeDUra
 TIoXO JO 

Figure 156c
 IJOUT aU UIe DryTUaM meME TQMJUUJOH 
UIaU QroEuDeT a EoubMe QeaL aU ��0 e7 aOE ��2 
e7
 aOE JUT TUroOH TuQQreTTJoO aùer eMeDUrJD 
meME TDaOOJOH JT DoOTJTUeOU XJUI aO JODreaTJOH 
population of tetrahedrally coordinated Fe, as 
UIe P7 UraOTforNT JOUo #.� 

%JɭereOU UeDIOJRueT of DIaraDUerJTaUJoO 	9-ray 
EJɭraDUJoO
 RaNaO
 "F. aOE TQeDUroTDoQJD 
eYQerJNeOUT
 EeNoOTUraUe UIaU JU JT QoTTJbMe 
Uo aDIJeWe a MoDaM TUabMe UoQoUaDUJD P7-Uo-
#. UraOTforNaUJoO JO UIJO mMNT of SrFe0�¦δ, 
by UIe EJreDU aDUJoO of aO eMeDUrJD meME-bJaTeE 
"F. UJQ� (JWeO UIe MarHe EJɭereODe JO UIe 
eMeDUrJDaM DoOEuDUJWJUy of UIe P7 aOE #.
 aT 
XeMM aT UIeJr EJɭereOU NaHOeUJD DoOmHuraUJoOT
 
UIe MoDaM DoOUroM oWer UIe 5PU reQorUeE JO UIJT 
XorL oQeOT eOorNouT QoTTJbJMJUJeT Uo TUuEy 
magnetic exchange interactions in a controlled 
Xay
 fabrJDaUe TUabMe reTJTUJWe NeNorJeT
 or 
ionic-conducting circuits, with sub-micrometre 
reToMuUJoO� EMJNJOaUJOH UIe uTe of JoOJD MJRuJET Uo 
aDIJeWe UIe UraOTforNaUJoO aU rooN UeNQeraUure 
aMTo oɭerT JNQorUaOU aEWaOUaHeT oWer QreWJouTMy 
reQorUeE NeUIoET�

Fig. 156: XAS of MoDaM P7 Uo #. UraOTforNaUJoO eWJEeODeE aU (a) Fe K-edge (b) Fe L2,3-edge and (c) 0 ,-eEHe�  
5Ie TQeDUra Xere UaLeO oO aO area TDaOOeE XJUI UIe ¦�0 7-bJaTeE "F. UJQ 	oraOHe MJOe
 aOE a QrJTUJOe reHJoO of UIe 

mMN 	HreeO MJOe
� 5Ie WerUJDaM arroX JO (b) NarLT a MoX eOerHy feaUure JO UIe 2Q��2 QeaL
 DIaraDUerJTUJD of a MoXer 
Fe-oYJEaUJoO TUaUe aOE UeUraIeEraM DoorEJOaUJoO JO UIJT reHJoO�
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Silicon/graphite-based composites are promising high-capacity anode materials for Li-ion batteries. 
Simultaneous operando wide- and small-angle X-ray scattering (WAXS/SAXS) helped unravel the contribution of 
each anode active component throughout several battery cell charge/discharge cycles. This information is key 
to understanding and developing new stable and high-capacity materials for future generations of Li-ion battery.
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0Wer UIe QaTU UIree EeDaEeT foMMoXJOH UIe mrTU 
DoNNerDJaMJTeE DeMM by SoOy JO ���0 [1], lithium-
JoO baUUery 	-J#
 UeDIOoMoHy IaT eWoMWeE froN 
UIe NoTU QroNJTJOH eOerHy-TUoraHe EeWJDe Uo UIe 
NoTU XJEeMy uTeE� 5oEay -J#T are fouOE JO a MarHe 
raOHe of aQQMJDaUJoOT TuDI aT QorUabMe EeWJDeT
 
eMeDUrJD WeIJDMeT aOE MarHe TUaUJoOary eOerHy-
TUoraHe TyTUeNT� 5Ie DoOUJOuouT TuDDeTT of -J# 
technology stems from the constant search for 
higher-performing, lighter, cheaper and safer 
NaUerJaMT� $oODerOJOH UIe OeHaUJWe eMeDUroEe
 
HraQIJUe JT DurreOUMy UIe faWoureE NaUerJaM 
Eue Uo JUT IJHI DaQaDJUy reUeOUJoO
 MoX WoMuNe 
WarJaUJoOT uQoO MJUIJaUJoO 	�0 �
 [2], low cost 
aOE MoX UoYJDJUy� )oXeWer
 UIe -J# eOerHy EeOTJUy 
JT MJNJUeE by HraQIJUe�T NaYJNuN TQeDJmD 
DaQaDJUy 	��2 N"�I�H-1
� "NoOH UIe DaOEJEaUeT 
for IJHI TQeDJmD DaQaDJUy are UIe NeUaMMoJET
 
TuDI aT TJMJDoO 	���� N"�I�H-1

 buU UIeJr uTe 
JT IaNQereE by a IJHI WoMuNeUrJD eYQaOTJoO 
uQoO MJUIJaUJoO 	2�� � for SJ
 UIaU MeaET Uo MarHe 
JOUerOaM TUreTT aOE reTuMUT JO a RuJDL faEJOH of 
DeMM DaQaDJUy�

NaOoTUruDUureE TJMJDoO�HraQIJUe-baTeE 
composite materials are seen as perfect 
candidates for the next generation of LiB due 
Uo UIeJr IJHI DaQaDJUJeT aOE DyDMJOH TUabJMJUy� *O 
UIJT reHarE
 UIe a-SJ�D-FeSJ2�   HraQIJUe aOoEe 
NaUerJaM JT Wery QroNJTJOH Eue Uo JUT MoX DoTU
 
IJHI reWerTJbMe DaQaDJUy aOE HooE DyDMJOH 
stability [3]� "ùer �00 DIarHe�EJTDIarHe DyDMeT
 
UIe DeMM DaQaDJUy reUeOUJoO reNaJOT aboWe �0 
� 	Figure 157a
� )oXeWer
 JU XaT TUJMM uODMear 
how this complex material functions and, 
UIerefore
 IoX Uo furUIer JNQroWe JU� 5o UaDLMe 
this issue, operando synchrotron experiments 
were performed to follow both silicon and 
HraQIJUe oWer TeWeraM DIarHe�EJTDIarHe DyDMeT 
within fresh and aged full LiB cells (Figure 157
� 
6TJOH UIe uOJRue EeUeDUor TeU-uQ oO beaNMJOe 
BM02
 TJNuMUaOeouT 8"9S aOE S"9S 
experiments (Figure 157d
 eOabMeE UIe reaM-
UJNe JOWeTUJHaUJoO of boUI aUoNJD aOE OaOoTDaMe 
morphological changes within the composite 
aOoEe� 5Ie HraQIJUe MJUIJaUJoO�EeMJUIJaUJoO aOE 
the amorphous silicon alloying processes were 
foMMoXeE
 reTQeDUJWeMy
 by 8"9S 	i.e., LixC6 Bragg 

Fig. 157: a) FreTI aOE aHeE fuMM-DeMM DIarHe�EJTDIarHe QromMeT� 
5Ie freTI DeMM XaT DyDMeE aU TeWeraM $-raUeT� $��0 	bMue

 
$�2 	reE

 $ 	HreeO
 aOE 2$ 	bMaDL
� 5Ie aHeE DeMM XaT DyDMeE 
aU $�2� b) 7arJaUJoOT of UIe 8"9S JOUeOTJUJeT of UIe #raHH 
reneDUJoOT of UIe HraQIJUe MJUIJaUJoO TUaHeT� �d, 4, 3, 2b, 2a and 
� EurJOH oOe DeMM DIarHe�EJTDIarHe DyDMe� c) SAXS intensity 
QromMe WarJaUJoOT oWer UIe DourTe of oOe DeMM DIarHe� 
d) SDIeNaUJD reQreTeOUaUJoO of UIe TeU-uQ aU #.02�



Multiscale Multiphase Lithiation and 
Delithiation Mechanisms in a Composite 
EMeDUroEe 6OraWeMeE by SJNuMUaOeouT 
0QeraOEo SNaMM-"OHMe aOE 8JEe-"OHMe 
9-Ray SDaUUerJOH
 $� -� #erIauU 	a

 
%� ;aQaUa %oNJOHue[ 	b

 P� ,uNar 	b

 
P�-)� +ouOeau 	b

 8� PorDIer 	D

 

%� "raEJMMa 	a
E

 S� 5arEJf 	b

 S� PouHeU 	b
 
aOE S� -yoOOarE 	a
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EoJ� �0��02��aDTOaOo��b0�0���
(a) Université Grenoble Alpes, CEA, CNRS, 
IRIG, SyMMES, Grenoble (France) 
(b) Université Grenoble Alpes, CEA, IRIG, 

MEM, Grenoble (France)
(c) Université Grenoble Alpes, Liten, 
Grenoble (France)
(d) University of Goettingen, Institute of 
Inorganic Chemistry, Goettingen (Germany)

[�> "� :oTIJOo
 Angew. Chem. Int. Ed. 51, ����-��00 	20�2
�
[2> S� SDIXeJEMer et al., J. Phys. Chem. C 122, ��2�-���� 	20��
�
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OPERANDO 9"S�9R% S56%: RE-"5ES 5)E 
S5R6$56R"- %:N".*$S 0F "N In2O3 $"5"-:S5 8*5) 
*5S "$5*7*5: F0R CO2 ):%R0(EN"5*0N 50 .E5)"N0-

5IF EFWFMPQNFOU PG FɮDJFOU DBUBMZTUT GPS UIF EJSFDU IZESPHFOBUJPO PG $02 to methanol is a key challenge 
for mitigating increasing emissions of CO2. Structure-activity relationships were established for a model 
nanocrystalline In2O3 catalyst for CO2 hydrogenation to methanol, shedding light on the structure of the most 
active catalyst state and its deactivation pathway.
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reneDUJoOT
 aOE S"9S 	i.e.
 TDaUUerJOH QromMe 
DIaOHe Eue Uo WoMuNeUrJD WarJaUJoOT
� FroN UIe 
simultaneous, yet independent, acquisition and 
aOaMyTJT of 8"9S aOE S"9S EaUa
 UIe reTQeDUJWe 
DaQaDJUJeT of boUI aDUJWe DoNQoOeOUT DouME 
be RuaOUJmeE 	Figure 158a
 aU aOy HJWeO DeMM 
potential, and a detailed mechanism of the 
a-SJ�D-FeSJ2�HraQIJUe DoNQoTJUe MJUIJaUJoO�
delithiation process proposed (Figure 158b
�

Additionally, both techniques were used to 
eWaMuaUe IoX UIe aQQMJeE DurreOU
 aOE UIuT 
UIe $-raUe
 aɭeDUT UIe DIarHe�EJTDIarHe 
QroDeTT� "O JODreaTe JO $-raUe EJTruQUT UIe 
lithiation mechanism and, consequently, the 
sequential lithium extraction of silicon and 
HraQIJUe� *O DoOUraTU
 aHeJOH of UIe DeMM EoeT OoU 
NoEJfy UIe MJUIJaUJoO�EeMJUIJaUJoO QroDeTT of UIe 
a-SJ�D-FeSJ2�HraQIJUe aOoEe buU JT reTQoOTJbMe 
for a MoTT of aWaJMabMe MJUIJuN aOE IeODe a 
EeDreaTe JO QerforNaODe�

.oreoWer
 JU XaT fouOE UIaU UIe TJMJDoO WoMuNe 
EoeT OoU JODreaTe MJOearMy uQoO MJUIJaUJoO� 
As the cell reaches a third of its capacity, it is 
beMJeWeE UIaU UIe TJMJDoO WoMuNeUrJD eYQaOTJoO 
is accommodated by the morphology of the 
DoNQoTJUe NaUerJaM� 5Ie IJHI DyDMJOH TUabJMJUy 
of this electrode, as compared to pure silicon, 
DouME UIuT be a reTuMU of JUT NoEJmeE WoMuNe 
WarJaUJoOT� 5IeTe reTuMUT brJOH Ley LOoXMeEHe 
on the cyclability of nanostructured silicon-
baTeE DoNQoTJUe aOoEeT aOE DaO IeMQ Uo EemOe 
the best compromise between the nature and 
EJTUrJbuUJoO of aDUJWe DoNQoOeOUT�

Fig. 158: a) (raQIJUe aOE TJMJDoO DoOUrJbuUJoOT Uo UIe 
DeMM DaQaDJUy� b) Scheme illustrating the proposed 
	Ee
MJUIJaUJoO NeDIaOJTN of UIe a-SJ�D-FeSJ2�(r 
DoNQoTJUe eMeDUroEe� "MM reTuMUT Xere obUaJOeE oWer 
UIe DourTe of a $�2 DIarHe�EJTDIarHe DyDMe�

5Ie EJreDU IyEroHeOaUJoO of $02 to methanol is 
a IJHIMy WaMuabMe yeU uOEerEeWeMoQeE reaDUJoO 
[1]� ReDeOU TUuEJeT IaWe TIoXO UIaU *O2O3-

baTeE DaUaMyTUT feaUure QroNJTJOH aDUJWJUy 
aOE TeMeDUJWJUy for UIJT QroDeTT [2,3]� )oXeWer
 
an industrial deployment of these emerging 
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catalysts requires a detailed understanding of 
UIeJr TUruDUure aU UIe aUoNJD aOE OaOoTDaMe MeWeM 
aU XorLJOH DoOEJUJoOT� SuDI JOTJHIU JT eTTeOUJaM 
to formulate structure-function relationships 
Uo UaJMor UIe DaUaMyTUT� QerforNaODe UIrouHI 
raUJoOaM EeTJHO aOE oQUJNJTaUJoO� *O UIJT XorL
 
XeMM-EemOeE *O2O3 nanoparticles (In2O3 NPT
 
Xere JOWeTUJHaUeE uTJOH a DoNbJOaUJoO of 
operando 9-ray abTorQUJoO TQeDUroTDoQy 	9"S
 
aOE QoXEer 9-ray EJɭraDUJoO 	9R%
 UeDIOJRueT 
coupled with the simultaneous analysis of the 
eɯueOU HaT� 5IeTe operando studies made 
JU QoTTJbMe Uo DorreMaUe UIe eWoMuUJoO of UIe 
oxidation state and the catalyst structure during 
CO2 hydrogenation with the rate of methanol 
QroEuDUJoO� 

Monodisperse In2O3 OaOoQarUJDMeT 	NPT
 XJUI 
aO aWeraHe EJaNeUer of � ON Xere QreQareE 
froN JOEJuN 	***
 aDeUyMaDeUoOaUe WJa a 
colloidal approach [4] aOE DaMDJOeE aU 400¡$� 
Combined operando 9"S 	*O ,-eEHe
 aOE 9R% 
were performed at BM31 (Figure 159
 uOEer 
CO2 hydrogenation conditions (300°C, 20 bar, 
H2:CO2:N2������
 XIJMe RuaOUJfyJOH UIe DaUaMyUJD 
aDUJWJUy by a DoNQaDU HaT DIroNaUoHraQI 	($
� 
5Iree EJTUJODU DaUaMyUJD reHJNeT Xere JEeOUJmeE 
during CO2 IyEroHeOaUJoO� aDUJWaUJoO
 TUabMe 
QerforNaODe aOE EeaDUJWaUJoO 	Figure 160a
� 
5Ie aDUJWaUJoO TUaHe JT aTToDJaUeE XJUI UIe 
forNaUJoO of oYyHeO WaDaODy TJUeT Eue Uo a 
partial reduction of In2O3 (i.e., In2O�¦Y
� "T UIe 
reaDUJoO QroDeeET
 a reEuDUJWe aNorQIJTaUJoO of 
In2O3 NPT UaLeT QMaDe aT reWeaMeE by DoNbJOeE 
9-ray abTorQUJoO Oear-eEHe TUruDUure 	9"NES

 

eYUeOEeE 9-ray abTorQUJoO mOe TUruDUure 
	E9"FS
 aOE 9R% aOaMyTeT 	Figure 160
� 9"NES 
aOE UIe DorreTQoOEJOH NuMUJWarJaUe DurWe 
reToMuUJoO aMUerOaUJOH MeaTU TRuareT 	.$R-"-S
  

Fig. 159: a) A schematic illustration of the combined operando 9"S-9R% eYQerJNeOU� b) Selected *O ,-eEHe 9"NES TQeDUra� 
c) $IroNaUoHraQIT TIoXJOH UIe WaryJOH aNouOUT of NeUIaOoM QroEuDeE XJUI UJNe oO TUreaN 	50S
� d) 9R% QromMeT oWer a TeMeDUeE 

range of Bragg angles (λ � 0��0� ¯
 XJUI JOEeYeE QeaLT of bDD-*O2O3 aOE #N 	MabeMMeE XJUI �
� e) 5Ie FourJer UraOTforN of L2-weighted 
E9"FS 	OoU DorreDUeE for QIaTe TIJù
 of UIe *O2O3 NPs collected during CO2 IyEroHeOaUJoO� 5Ie arroXT JOEJDaUe UIe EJreDUJoO of DIaOHeT 

XJUI 50S� *O2O3 NPT Xere NJYeE XJUI #N for oQUJNaM 9-ray abTorQUJoO aOE Uo eOTure aO aQQroQrJaUe HaT-QarUJDMe DoOUaDU UJNe�

Fig. 160: a) .eUIaOoM QroEuDUJoO raUe� b) MCR-ALS analysis of the In K-edge 
9"NES EaUa� c) *O-0 aOE *O-*O DoorEJOaUJoO OuNberT� d) Fraction of crystalline 
bcc-In2O3 aOE DryTUaMMJUe TJ[e �%xrd> of the In2O3 NPs during the operando CO2 

IyEroHeOaUJoO eYQerJNeOU aT a fuODUJoO of 50S�



5E956RE
 S5R"*N "N% P)"SE S5"#*-*5: 0F 
P)05070-5"*$ CsPb(I1-xBrx
3 5)*N F*-.

The perovskite materials used for solar cells and light-emitting diodes (black in colour) are generally less stable 
at room temperature than electronically inactive non-perovskite phases (yellow in colour). In-situ grazing-
JODJEFODF
 XJEF�BOHMF 9�SBZ TDBUUFSJOH 	(*W"94
 TIPXT IPX TUSBJO BOE UFYUVSF JO UIF QIPUPWPMUBJD mMNT DBO CF 
used to manipulate the stability of the perovskite phase.

5Ie SUruDUuraM EWoMuUJoO aOE %yOaNJDT of 
an In2O3 Catalyst for CO2 Hydrogenation 
to Methanol: an Operando XAS-XRD and in 
situ 5E. SUuEy
 "� 5TouLaMou 	a

 
P� .� "bEaMa 	a
 %� SUoJaO 	b

 9� )uaOH 	D

 
.� (� 8JMMJOHer 	D
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 aOE 

$� R� .àMMer 	a
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analysis (Figure 160b
 JOEJDaUeE UIaU UIe 
NoTU aDUJWe DaUaMyTU IaT aO aWeraHe oYJEaUJoO 
state between +3 and +2 (corresponding to  
�0-40� *O2O3 aOE �0-�0� *O2O�¦Y
� NoUabMy
 
UIe oOTeU of UIe EeaDUJWaUJoO DoJODJEeT XJUI UIe 
appearance of molten In0� 5Ie aNorQIJTaUJoO 
of In2O3 NPs is denoted by the decreasing In-O 
and In-In coordination numbers (Figure 160c
 
determined by EXAFS, and the decreasing 
intensity of In2O3 QeaLT XJUI a TJNuMUaOeouT 
EeWeMoQNeOU of a IaMo JO 9R% 	Figures 159d 
and 160d
� "ùer 2�0 NJO
 UIe DaUaMyTU MoTU ��� 
of its maximal performance, which correlates 
XJUI a DoNQoTJUJoO of ��� *O0 aOE �2�  
In2O�¦Y� *O0 DouME forN froN DaUaMyUJDaMMy aDUJWe 

sites, depleting their density and therefore 
reEuDJOH UIe yJeME of NeUIaOoM� )eODe
 UIe oWer-
reduction of In2O3 XJUI UJNe oO TUreaN 	50S
 
leads to an amorphous In0�*O2O�¦Y material of 
JOferJor DaUaMyUJD aDUJWJUy� 

5IJT operando study made it possible to 
establish a correlation between the extent of 
In2O3 reduction, the structure of the material, 
aOE UIe aDUJWJUy for UIe $02 hydrogenation to 
NeUIaOoM� 5IeTe mOEJOHT reQreTeOU aO JNQorUaOU 
TUeQ UoXarET UIe EeWeMoQNeOU of IJHIMy aDUJWe 
and stable In2O3-baTeE DaUaMyTUT by QreWeOUJOH 
oWer-reEuDUJoO aOE UIe aTToDJaUeE EeaDUJWaUJoO 
XJUI 50S�

PeroWTLJUeT are QroNJTJOH DaOEJEaUeT for 
QIoUoWoMUaJD DeMMT
 IaWJOH reaDIeE aO eOerHy 
IarWeTUJOH eɮDJeODy of 24�
 aOE IaWe reDeOUMy 
eOUereE UIe DoNNerDJaM NarLeU� )oXeWer
 
applications of these materials are still limited 
by UIeJr JOTUabJMJUy XJUIJO reaM-XorME EeWJDeT� 5Ie 
instability arises partly from the polymorphic 
QIeOoNeOa� *U reTuMUT
 JO QarUJDuMar
 JO uTefuM 
phases emerging only at conditions that are 

Fig. 161: An illustration of the scattering geometry of 
TyODIroUroO (*8"9S NeaTureNeOUT QerforNeE oO UIe 
CsPb(I1-xBrx
3 UIJO mMNT� 5Ie JODJEeOU 9-ray beaN 
(λ � 0�����4 ¯
 TDaUUerT froN UIe TaNQMe uOEer a Hra[JOH 
aOHMe
 QroKeDUJOH rJOH-TIaQeE EJɭraDUJoO TJHOaMT oOUo UIe 
EeUeDUor� 5Ie fraNeT Xere DoMMeDUeE EurJOH UeNQeraUure 
UreaUNeOUT XJUI raUe of 0��-0�4 T-1� 5Ie UeNQeraUure oO UIe 
sample was controlled with a N2 HaT bMoXer�
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JNQraDUJDaM for uTe� For eYaNQMe
 aU aNbJeOU 
conditions, cesium lead triiodide (and its Br-
doped analogue, CsPb(I1-xBrx
3
 forNT a OoO-
QeroWTLJUe DryTUaM TUruDUure UIaU JT uOTuJUabMe 
for uTe JO oQUoeMeDUroOJD EeWJDeT TuDI aT ToMar 
DeMMT� 5Ie QeroWTLJUe QIaTe UIaU XouME TerWe for 
QIoUoWoMUaJD aQQMJDaUJoOT forNT oOMy aU IJHI 
UeNQeraUureT� 5Ie DIaMMeOHe
 UIeO
 JT Uo mOE a 
way to stabilise the CsPb(I1-xBrx
3 QeroWTLJUe 
TUruDUure aU rooN UeNQeraUure�  

" IJOU XaT HJWeO by a Hra[JOH-JODJEeODe XJEe-
aOHMe 9-ray TDaUUerJOH 	(*8"9S
 eYQerJNeOU 
with a CsPb(I1-xBrx
3 UIJO mMN aU beaNMJOe BM01 
(Figure 161
� 5Ie brJHIU TyODIroUroO raEJaUJoO
 
the ability to manipulate the X-ray energy (that 
XaT TeU beMoX Pb --eEHeT

 UIe faTU OoJTe-free 
QJYeM area EeUeDUor aOE UIe MoDaMMy EeWeMoQeE 
ToùXare for QroDeTTJOH aOE aOaMyTJT of MarHe 
WoMuNeT of EJɭraDUJoO EaUa NaEe JU QoTTJbMe Uo 
uODoWer a OeX Xay Uo NaOJQuMaUe UIe TUruDUuraM 
TUabJMJUy of UIe QIoUoWoMUaJD UIJO mMN� 

5Ie eYQerJNeOU TIoXeE forNaUJoO of a TUroOH 
UeYUure JO UIe QoMyDryTUaMMJOe UIJO mMN JOEJDaUJOH 
an anisotropic orientational distribution of  
CsPb(I1-xBrx
3 crystallines (Figure 162
� 
5eNQeraUure-EeQeOEeOU NeaTureNeOUT TIoXeE 
UIaU UIe EJɭereODe JO UIerNaM eYQaOTJoO 
DoeɮDJeOUT of UIe mMN aOE UIe TubTUraUe 
JOEuDeT aO aOJToUroQJD TUraJO TUaUe� 5Ie TUraJO 
TUabJMJTeT UIe EeTJreE QeroWTLJUe TUruDUure aU 
rooN UeNQeraUure
 XIJMe reNoWJOH UIe JOUerfaDe 
EeTUabJMJTeT JU baDL Uo UIe uTeMeTT OoO-QeroWTLJUe 
TUruDUure� 5IJT reTuMU XaT raUJoOaMJTeE XJUI ab-
initio UIerNoEyOaNJD NoEeMJOH� "MUoHeUIer
 UIe 
eYQerJNeOUaM aOE UIeoreUJDaM mOEJOHT oɭer a OeX 
UooM Uo NaOJQuMaUe UIe TUabJMJUy of QIoUoWoMUaJD 
mMNT by DarryJOH ouU TUraJO eOHJOeerJOH baTeE 
oO UIe EJɭereODe JO UIerNaM eYQaOTJoO beUXeeO 
UIe mMN aOE UIe TubTUraUe JO IJHIMy UeYUureE 
UIJO mMNT� 5Ie furUIer EeWeMoQNeOU of UIJT 
OeX UooM DouME TUroOHMy beOemU froN in-situ 
TyODIroUroO EJɭraDUJoO eYQerJNeOUT XJUI reaM-
XorME QIoUoWoMUaJD EeWJDeT�

Fig. 162: -eù� a TDIeNaUJD JMMuTUraUJoO of IoX UeYUure NaOJfeTUT aT aO aOJToUroQJD TJHOaM JO UIe (*8"9S EaUa� 5Ie UXo 
DoOeT EeQJDU UIe reMaUJWe QreferreE orJeOUaUJoO WeDUorT JO aOE ouU of UIe QoMyDryTUaMMJOe UIJO mMN QMaOe� 5Ie reE WeDUorT 
UraDe a UeYUure EJTUrJbuUJoO
 EemOeE by UIe NeaO-TRuare EeWJaUJoO φ� "T TuDI
 XIeO UIe EXaME TQIere UouDIeT UIe WeDUorT
 
UIe EJɭraDUJoO DoOEJUJoOT are fuMmMMeE aOE HeOeraUe a #raHH JOUeOTJUy� 8JUI φ � 0 	[ero beJOH a TJOHMe DryTUaM TyTUeN

 UIe 
JOUerDeQUJoO of UIe DoOeT JO UIe TQIere forNT EJɭraDUJoO arDT
 XIJDI are QroKeDUeE oOUo UIe EeUeDUor QMaOe� RJHIU� a) A 2D 
JOUeOTJUy JNaHe of UIe UIerNaMMy RueODIeE TUraJOeE bMaDL $TPb	*1-xBrx
3 UIJO mMN DoWerJOH UIe MoX aOHMe EJɭraDUJoO rJOHT
 
aT a MJOear fuODUJoO of UIe a[JNuUIaM aOHMe� b) NorNaMJTeE JOUeOTJUy QromMeT of UIe 	200

 	��0
 aOE 	002
 #raHH MJOeT fouOE 
in (a)
 aT a fuODUJoO of UIe a[JNuUIaM aOHMe� " EoubMe (auTTJaO QeaL mU IaT beeO aQQMJeE Uo UIe 	��0
 JOUeOTJUy
 TIoXJOH 
bJ-NoEaM QeaLT OearJOH 4�¡ aOE ���¡
 XJUI a fuMM-XJEUI IaMf NaYJNa of aQQroYJNaUeMy ��¡� 5IJT XJEUI EJTUrJbuUJoO EJreDUMy 
reneDUT UIe UeYUure EJTUrJbuUJoO QaraNeUer φ�



%E7E-0P*N( #*0.*.E5*$ S."--ź%*".E5RE 
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" IZCSJE GBCSJDBUJPO QSPDFTT XBT VTFE UP HFOFSBUF UXP�MBZFSFE WBTDVMBS HSBùT� 5IF TDBɭPMET XFSF TFFEFE XJUI 
cells and tested in vitro� 5IF FYQFSJNFOUT TIPXFE UIBU UIF HSBùT HVJEFE UIF DFMMT JO B QIZTJPMPHJDBM UJTTVF�
like organisation. Synchrotron sub-micrometre computed tomography (sub-µCT) measurements revealed the 
QPSPTJUZ PG UIF TDBɭPME BSFB BDUJOH BT B CBSSJFS CFUXFFO UIF MBZFST�

STRUCTURE OF MATERIALS

158 ESRF

.aNNaMJaO bMooE WeTTeMT are IJHIMy aEaQUeE 
UJTTueT UIaU
 EeQeOEJOH oO UIeJr TQeDJmD 
fuODUJoOT
 oDDur JO a WarJeUy of TJ[eT aOE 
TIaQeT� (eOeraMMy
 UIey eYIJbJU a IJerarDIJDaM 
composition with concentric layers of cells 
aOE NaUrJY NaUerJaM� 5Ie UXo NoTU JNQorUaOU 
layers are the tunica intima, the layer that is 
in direct contact with the blood, and the media 
surrounding this intima� 5Ie intima JT DoWereE 
with a monolayer of endothelial cells that 
QreWeOU aHHMoNeraUJoO of bMooE DoNQoOeOUT 
aOE eOTure uOJOUerruQUeE bMooE noX� 5Ie media 
DoOUaJOT DoMMaHeO mbreT aOE TNooUI NuTDMe DeMMT 
that are oriented in a helical manner, assuring 
UIe NeDIaOJDaM QroQerUJeT of UIe WeTTeM� *f UIe 
WaTDuMaUure JT EaNaHeE beyoOE OaUuraM reQaJr
 
WeTTeMT OeeE Uo be reQMaDeE� 5Ie HoME TUaOEarE 
JO DMJOJDT JT Uo uTe UIe QaUJeOU�T oXO IeaMUIy 
WeTTeMT aT reQMaDeNeOU� IoXeWer
 UIJT JT MJNJUeE 
Uo aWaJMabJMJUy
 HeOeraUJOH a OeeE for TyOUIeUJD 
HraùT� ReQMaDeNeOU of bMooE WeTTeMT XJUI 
diametres smaller than six millimetres with 
TyOUIeUJD HraùT JT DIaMMeOHJOH
 aT UIey are QroOe 
Uo QoTU-oQeraUJoO oDDMuTJoO aOE UIroNboTJT�

5o aEEreTT UIJT OeeE
 a OoWeM fabrJDaUJoO 
UeDIOJRue Uo NaLe UXo-MayereE TNaMM-EJaNeUre 
UubuMar DoOTUruDUT XaT EeWeMoQeE� 5Ie HraùT 
were designed so that they can be seeded with 
DeMMT aùer fabrJDaUJoO 	Figure 163
� 5Ie intima 
XaT QreQareE by ToMuUJoO eMeDUroTQJOOJOH 	SES

 

XIere IJHI WoMUaHe JT uTeE Uo HeOeraUe a KeU of 
NaUerJaM froN a QoMyNer ToMuUJoO� 0O JUT Xay 
to the collector, the jet undergoes instabilities, 
reTuMUJOH JO raOEoN mbre orJeOUaUJoOT� 8JUI SES
 
NaUT of UIJO QoMyNerJD mbreT DaO be fabrJDaUeE 
froN bJoEeHraEabMe QoMyNerT MJLe UIe DMJOJDaMMy 
applicable poly(ε-DaQroMaDUoOe

 aOE UubuMar 
DoOTUruDUT DaO be aDIJeWeE by uTJOH DyMJOErJDaM 
DoMMeDUorT� 5Ie TNaMM mbre EJaNeUreT reTuMU JO 
TNaMM QoreT
 QroWeO Uo QreWeOU uOEeTJreE DeMM 
JOWaTJoO� 5IJT EeOTe NeTI QreTeOUT a HooE 
surface for endothelial cell adherence and assures 
UIe EeWeMoQNeOU of aO eOEoUIeMJaM NoOoMayer oO 
UIe JOTJEe of UIe Uube�

5Ie media was manufactured using a 3D-printing 
aQQroaDI DaMMeE .eMU EMeDUroXrJUJOH 	.E8
� 
.E8 uUJMJTeT eMeDUroIyEroEyOaNJD forDeT buU
 
in contrast to SES, the polymer is processed as 
NeMU
 DIaOHJOH UIe WJTDoeMaTUJD QroQerUJeT of 
UIe KeU� 5IJT IeMQT Uo QreWeOU JOTUabJMJUJeT EurJOH 
UIe TUreUDIJOH QroDeTT� *f UIe DoMMeDUeE QoMyNer 
ToMJEJmeT aOE LeeQT JUT TIaQe aùer EeQoTJUJoO
 
.E8 DaO be uTeE JO a EJreDU XrJUJOH aQQroaDI 
XJUI QreDJTe DoOUroM oWer mbre EeQoTJUJoO� 
$oNQareE Uo DoOWeOUJoOaM mMaNeOU-baTeE 
�%-QrJOUJOH UeDIOJRueT
 UIe mbre EJaNeUreT JO 
.E8 are NuDI MoXer o NeaTureE aU ���2�4�� ɦN 
JO UIJT TUuEy� 5Ie mbreT Xere DoMMeDUeE arouOE 
the SES mats in a helical orientation and the 
TDaɭoMET Xere TeeEeE XJUI TUroNaM DeMMT
 XIJDI 
DaO EJɭereOUJaUe JOUo TNooUI NuTDMe DeMMT� 5Ie 
.E8 mbreT HuJEeE DeMMuMar orJeOUaUJoO TJNJMar 
Uo OaUJWe bMooE WeTTeMT
 aOE UIe Mayer eOabMeE a 
faster proliferation and colonisation of the outer 
QarU of UIe TDaɭoME� 

SeeEJOH UIe TDaɭoMET XJUI boUI DeMM UyQeT XaT 
aMTo EeNoOTUraUeE� 5IeTe Do-DuMUure DoOEJUJoOT 
put a special demand on the barrier between the 
DeMM UyQeT� *U OeeET Uo eOabMe DoNNuOJDaUJoO 
between the cells and, at the same time, assure 
aUUaDINeOU buU QreWeOU NJYJOH of UIe DeMM UyQeT� 
5Ie Ley Uo oWerDoNJOH UIeTe DIaMMeOHeT XaT 
DIooTJOH UIe rJHIU QoroTJUy of UIe SES Mayer� 5o 
get a clearer idea of the SES layer, composed 

Fig. 163: Electron microscopy image of a section of a  
DeMM-TeeEeE TDaɭoME aùer mYaUJoO� 5Ie JOOer EJaNeUre 
of UIe Uube JT � NN�



)eUeroUyQJD SDaɭoME %eTJHO 0rDIeTUraUeT 
PrJNary $eMM 0rHaOJ[aUJoO aOE PIeOoUyQeT 
JO $oDuMUureE SNaMM %JaNeUer 7aTDuMar 
(raùT
 5� +uOHTU 	a

 *� PeOOJOHT 	b

 
.� SDINJU[ 	a

 "� +� RoTeOberH 	b

 

%� (aXMJUUa 	b
 aOE +� (roMM 	a
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Since the demonstration of bright perovskite-based light-emitting diodes (LEDs) [1], much work has gone into 
JNQSPWJOH -&% FɮDJFODZ� #Z ��18
 UIF FYUFSOBM FMFDUSPMVNJOFTDFODF FɮDJFODZ XBT JNQSPWFE GSPN _1� UP 1�� 
[2]� 5IJT TUVEZ SFQPSUT UIF JNQSPWFNFOU PG UIF FYUFSOBM FMFDUSPMVNJOFTDFODF FɮDJFODJFT UP ���� UISPVHI UIF 
complete elimination of non-radiative decay processes.
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of mbreT XJUI EJaNeUreT of ��4�0�2 ɦN
 UIe 
TDaɭoMET Xere aOaMyTeE uTJOH Tub-NJDroNeUre 
DoNQuUeE UoNoHraQIy 	Tub-�$5
 aU beaNMJOe 
ID19
 XJUI a WoYeM TJ[e of 0��� ɦN� *O DoNbJOaUJoO 
XJUI aEaQUeE $5 EaUa QroDeTTJOH [1], the 
NeaTureNeOUT IeMQeE reWeaM UIaU UIe QoroTJUy of 
UIe SES Mayer XaT arouOE �0���� 5Ie reToMuUJoO 
of Tub-�$5 aOaMyTJT TIoXeE UIaU UIe SES Mayer 
had a denser region on the luminal side and a 
less dense region on the outside, as depicted in 
Figure 164� 5IJT mOEJOH IeMQeE JO EeWeMoQJOH UIe 
bJoNJNeUJD TDaɭoMET aOE JNQroWeE JUT fuODUJoO 
XJUIouU EJTabMJOH UIe DroTTUaML beUXeeO UIe DeMM 
UyQeT�

5IJT Qroof-of-QrJODJQMe TUuEy EeNoOTUraUeT IoX 
automated processes can help in designing cell-
HuJEJOH TDaɭoMET
 aOE IoX aEWaODeE aOaMyTJT 
of UIe JOOer TDaɭoME arDIJUeDUure oO a Tub-
NJDroNeUre MeWeM reWeaMT EeUaJMT UIaU DouME OoU 
be EeUeDUeE XJUI oUIer NeUIoET�

Fig. 164: Porosity determination 
of WaTDuMar HraùT�

*O UIJT XorL
 QeroWTLJUe-QoMyNer 	QoMy-
)E."
 buML IeUeroTUruDUureT 	PP#)
 XJUI 
photoluminescence quantum yields of up 
Uo ��� are EeNoOTUraUeE� *NQorUaOUMy
 a 
reDorE-breaLJOH eYUerOaM eMeDUroMuNJOeTDeODe 
eɮDJeODy of Nore UIaO 20� XaT aDIJeWeE 
JO -E%T baTeE oO QeroWTLJUe-QoMyNer 
NaUerJaMT� 5Ie eNJTTJWe IeUeroTUruDUureT Xere 

QreQareE froN a DoNbJOaUJoO of RuaTJ-2%��% 
QeroWTLJUeT aOE a XJEe oQUJDaM HaQ QoMyNer
 
QoMy-)E."� 5Ie abTorQUJoO QromMe of UIe PP#) 
DoOUaJOT a EJTUJODU eYDJUoOJD QeaL aU _��� ON
 
DorreTQoOEJOH Uo RuaTJ-2% QeroWTLJUe XJUI a 
forNuMa of 	N."
2	F"
m - 1PbmI3m + 1 with m = 2 
(Figure 165a
� 5Ie abTorQUJoO UaJM of UIe PP#) 
sample extends to ~800 nm, which is attributed 
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Uo UIe RuaTJ-�% QIaTe� 5Ie QIoUoMuNJOeTDeODe 
	P-
 TQeDUruN of UIe TaNQMe QeaLT aU _��� ON 
	_���� e7

 XJUI a fuMM-XJEUI-aU-IaMf-NaYJNuN 
	F8).
 of _�� ON� (ra[JOH-JODJEeODe XJEe-
aOHMe 9-ray TDaUUerJOH 	(*8"9S
 NeaTureNeOUT 
carried out at beamline BM28 indicate that the 
QeroWTLJUe DryTUaMMJUeT are JToUroQJDaMMy orJeOUeE 
JO UIe PP#) mMN 	Figure 165b
� )JHI-reToMuUJoO 
UraOTNJTTJoO eMeDUroO NJDroTDoQy 	)R-5E.
 
results suggest the presence of quasi-2D and 3D 
crystal structures (Figure 165c
�

5o JOWeTUJHaUe UIe eMeDUroMuNJOeTDeODe 	E-
 
properties of the PPBH, a solution-processed 
NuMUJMayer -E% TUruDUure XaT EeWeMoQeE� *50�
.;0 	NaHOeTJuN-aMMoyeE [JOD oYJEe
�PE*E�
PP#)�5F#-PF0�.o0x�"u� 5Ie QeaL eYUerOaM 
RuaOUuN eɮDJeODy 	E2E
 of UIe beTU EeWJDeT 
reaDIeE 20��� 	Figure 166a

 reQreTeOUJOH a 
reDorE for QeroWTLJUe-baTeE -E%T� 5Ie aOHMe-
dependent EL intensities exhibit a Lambertian 
QromMe
 aMMoXJOH aDDuraUe eTUJNaUJoO of E2ET� 
5Ie eɮDJeODJeT of UIeTe QeroWTLJUe-baTeE -E%T 
are on par with those of the best OLEDs [3-5] 
aOE RuaOUuN-EoU 	2%
 -E%T [6]� *O aEEJUJoO
 
a UIorouHI JOWeTUJHaUJoO of UIe MJHIU eNJTTJoO 
process was carried out, using ultrafast transient 

MuNJOeTDeODe aOE abTorQUJoO TQeDUroTDoQy� 
5Ie uMUrafaTU TQeDUroTDoQJD reTuMUT reWeaM UIaU 
upon excitation, photogenerated excitons at the 
RuaTJ-2% QeroWTLJUe DoNQoOeOU raQJEMy NJHraUe 
Uo MoX-eOerHy TJUeT XJUIJO � QT� 5raOTJeOU 
abTorQUJoO 	5"
 eYQerJNeOUT 	Figure 166b
 
DoOmrN UIaU UIe JOJUJaM QIoUoeYDJUaUJoO JT forNeE 
oO UIe RuaTJ-2% QeroWTLJUe
 XJUI a HrouOE-
TUaUe bMeaDI 	(S#
 QeaL aU _��� ON� 5Ie QeaL 
position is in agreement with the steady-state 
abTorQUJoO aOE UraOTJeOU P- NeaTureNeOUT� 
5Ie (S# feaUure reMaUeE Uo UIe bJ-Mayer RuaTJ-
2% QeroWTLJUe IaT aO eYDJUoO-MJLe DIaraDUer
 
suggesting the electron-hole pair created in 
UIe NaUerJaM JT JOJUJaMMy bouOE� "T UIe ���-ON 
(S# RuJDLMy EeDayT
 a reE-TIJùJOH
 broaE (S# 
TJHOaM rJTeT raQJEMy aOE UIeO EeDMJOeT aùer �0 QT� 
Coupled with the high photoluminescence yield 
and negligible luminescence quenching at the 
JOUerfaDeT
 OoO-raEJaUJWe QaUIXayT Xere fouOE 
Uo be eɭeDUJWeMy eMJNJOaUeE� 

FurUIerNore
 DoOWeOUJoOaM oQUJDaM NoEeMT 
indicate that the high electroluminescence 
eɮDJeODJeT aDIJeWeE beOemU froN UIe reEuDeE 
eɭeDUJWe refraDUJWe JOEeY
 XIJDI JNQroWeT UIe 
oQUJDaM DouQMJOH froN UIe eNJTTJWe MayerT� 5Ie 

Fig. 165: a) "bTorbaODe 	bMaDL
 aOE P- 	reE
 TQeDUra of a PP#) mMN oO fuTeE TJMJDa� b) (*8"9S QaUUerOT of a 
PP#) Mayer EeQoTJUeE oO TJMJDoO� c) )R-5E. JNaHe of a PP#) mMN� *OTeUT TIoX UIe faTU FourJer UraOTforNT of UIe 

DryTUaMMJOe reHJoOT
 eYIJbJUJOH RuaTJ-2% aOE �% TUruDUureT�

Fig. 166: a) EQE–current density 
characteristics of the best PPBH 

-E% 	QeaL E2E � 20���
 aOE 
QeaL E2E TUaUJTUJDT 	JOTeU
� 

b) 5raOTJeOU abTorQUJoO 	5"
 
TQeDUra of UIe TaNQMe� 5Ie 

eYDJUaUJoO nueODe for UIe 
5" NeaTureNeOU XaT  

�� ɦ+ DN-2�



)JHI-eɮDJeODy QeroWTLJUeoQoMyNer buML 
heterostructure light-emitting diodes, 
#� ;Iao 	a

 S� #aJ 	b
D
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E
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20� eYUerOaM eMeDUroMuNJOeTDeODe eɮDJeODy 
JT furUIer TuQQorUeE by _�00� JOUerOaM 
eMeDUroMuNJOeTDeODe eɮDJeODy froN NoEeMMJOH� 
5Ie raQJE eOerHy NJHraUJoO
 UIe eɭeDUJWe 

TuQQreTTJoO of OoO-raEJaUJWe eWeOUT aOE UIe 
reEuDeE eɭeDUJWe refraDUJWe JOEeY MeaE Uo UIe 
IJHI eɮDJeODy of QeroWTLJUe-QoMyNer buML 
IeUeroTUruDUure -E%T�
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5Ie ESRF uTer QroHraNNe IaT beeO QauTeE 
EurJOH 20�� for UIe JOTUaMMaUJoO of UIe EYUreNeMy 
#rJMMJaOU SourDe 	E#S

 IoXeWer
 Xe IaWe beeO 
EeMJHIUeE Uo Tee TeWeraM DoNNerDJaM DMJeOUT 
using the specialised laboratory facilities 
aWaJMabMe oOTJUe� 5Ie arUJDMeT JO UIJT DIaQUer 
EeNoOTUraUe oODe aHaJO UIe WaMue aOE uUJMJUy of 
UIe ESRF�T 9-ray beaNT for JOEuTUrJaM reTearDI 
aOE EeWeMoQNeOU
 froN EeTJHOJOH UIe OeYU 
generation of fuel cells (page 166
 aOE IJHI-
performance industrial catalysts (page 167
 
to engineering new materials (page 168
 aOE 
JNQroWJOH JNaHe TeOTorT 	page 171
 o OoU 
forHeUUJOH JOOoWaUJoOT JO UIe IeaMUIDare aOE 
pharmaceutical sectors (page 170

 JODMuEJOH 
JOWeTUJHaUJOH OeX UreaUNeOUT for aTUINa 
(page 169
�

.eaOXIJMe
 UIe #uTJOeTT %eWeMoQNeOU 0ɮDe 
	#%0
 IaT beeO aT buTy aT eWer� 8orL IaT 
continued in our manufacture-and-sale of high-
performance synchrotron instrumentation, 
where ESRF technology is demanded by clients 
arouOE UIe XorME� 5IJT DoWerT a raOHe of QroEuDUT 
and manufacturing of specialised equipment, 
such as detectors, where a transfer of technology 
Uo a DoNNerDJaM QroWJEer XouME OoU be TuJUabMe� 
0ur eɭorUT aMMoX ESRF UeDIOoMoHy Uo be TIareE 
XJUI oUIer MJHIU TourDeT� 

European grants

5Ie #%0 IaT DoorEJOaUeE UIe QreQaraUJoO of UXo 
EuroQeaO $oNNJTTJoO ReTearDI aOE *OOoWaUJoO 
programme headline grants, succeeding in 
obUaJOJOH )orJ[oO 2020 fuOEJOH for UIe ESRF� 
5Ie mrTU
 *OOoWa9N 	XXX�JOOoWaYO�eu

 JT a 
.arJe SL�oEoXTLa-$urJe "DUJoO 	.S$"
 $0F6N% 
programme to support 40 PhD students 
XorLJOH oO QroKeDUT ErJWeO by JOEuTUrJaM R�% 
needs, in collaboration with the ESRF and the 
*--� 5Ie mrTU TeU of 20 R�% QroKeDUT IaT beeO 
TeMeDUeE
 XJUI NaOy eYQMoJUJOH boUI UIe ESRF�T 
TyODIroUroO 9-rayT aOE UIe *--�T OeuUroO 
beaNT� 5Ie *OOoWa9N QroHraNNe buJMET oO 
UIe reDoNNeOEaUJoOT of UIe ESFR* *OOoWaUJoO 
8orLJOH (rouQ ReQorU 	.arDI 20��
� 5IJT 
reQorU IJHIMJHIUT UIe DIaMMeOHeT Uo oWerDoNe 
for EuroQeaO reTearDI JOfraTUruDUureT 	R*T
 aOE 
JOEuTUry Uo beUUer XorL UoHeUIer aOE DaMMT for 
the “training of a new generation of engineers in 
industry more aware of science and RIs, as well 
as training of a new generation of researchers, 
more receptive to industry needsw� *OOoWa9N 
is setting out to nurture the next generation of 
researchers – able to exploit large-scale RIs while 
beJOH DoNforUabMe XJUI UIe DoNNerDJaM XorME�

5Ie TeDoOE
 S5RE".-*NE
 JT a )orJ[oO2020 
QroHraNNe XJUI a �.û buEHeU aOE aJNT Uo 
eOTure UIe ESRF�T TuTUaJOabJMJUy JO MJHIU of UIe 
OeX TDJeOUJmD aOE eYQerJNeOUaM DaQabJMJUJeT 
QroWJEeE by UIe ESRF-E#S uQHraEe� S5RE".-*NE 
XJMM NaLe Ley uQEaUeT Uo UIe faDJMJUy�T TDJeOUJmD 
TUraUeHy
 reOeX JUT buTJOeTT QMaO aOE reWJTJU 
aDDeTT NoEeT
 DreaUJOH a OeX TerWJDe QaDLaHe 
for UIe beOemU of boUI aDaEeNJa aOE JOEuTUry� 
"O eTTeOUJaM QarU of S5RE".-*NE JT UraJOJOH aOE 
encouraging users to exploit new opportunities, 
including new experiments and higher 
throughput (more samples and users, creating 
Nore EaUa

 XIJDI XJMM DIaMMeOHe UIe eYJTUJOH 
oQeraUJoOaM NoEeMT of UIe ESRF� " QarUJDuMar 
UarHeU TUaLeIoMEer HrouQ of S5RE".-*NE JT 
EuroQeaO JOEuTUry� 5Ie QroKeDU UaTLT JODMuEe 
EeWeMoQJOH OeX TerWJDeT for UIJT DoNNuOJUy
 
though accessible also to academics, aiming to 
aMMoX a XJEer JOEuTUrJaM reTearDIer baTe Uo UaLe 
aEWaOUaHe of UIe QoXerfuM TyODIroUroO 9-ray 
beaNT aWaJMabMe aU UIe ESRF� 

5Ie #%0 UeaN JT aMTo aDUJWe JO furUIer HraOUT
 
JODMuEJOH 5eeT."5 aOE ENR**5$
 boUI of XIJDI 
obUaJOeE fuOEJOH EurJOH 20��� 5eeT."5 	XXX�
UeeTNaU�eu
 JT aO 0QeO *OOoWaUJoO 5eTU #eE for 
Electrochemical Energy Storage Materials that 
IaT beeO fuOEeE XJUI ���.û WJa )orJ[oO2020
 
DoorEJOaUeE by $E"--*5EN� #rJOHJOH UoHeUIer �0 
aDaEeNJD aOE �0 JOEuTUrJaM QarUOerT
 5eeT."5 
XJMM QooM UeDIOJRueT JO UIe meME of baUUerJeT� 
8JUIJO 5eeT."5
 UIe ESRF JT MeaEJOH a XorL 
QaDLaHe oO UIe EeWeMoQNeOU aOE WaMJEaUJoO of 
OoWeM JOEuTUrJaMMy reMeWaOU UeDIOJRueT� 

ENR**5$ JT a furUIer )orJ[oO2020 QroQoTaM
 
coordinated by the European Spallation Source 
	ESS

 JO XIJDI UIe #%0 JT a XorL QaDLaHe MeaEer� 
5Ie QroQoTaM TuQQorUT EeWeMoQNeOU of a QaO-
EuroQeaO *OEuTUrJaM -JaJToO aOE $oOUaDU 0ɮDer 
	*-0 aOE *$0
 OeUXorL
 MarHeMy foDuTeE uQoO 
faDJMJUJeT oO UIe ESFR* -aOENarL roaENaQ
 XIJDI 
will act as multipliers to the wider community, 
eOabMJOH aMM JOUereTUeE QarUJeT Uo QarUJDJQaUe� 5Ie 
QroKeDU XJMM beHJO JO +aOuary 2020 XJUI 2.û of 
fuOEJOH� ENR**5$ XJMM buJME aOE DoOToMJEaUe beTU 
practices of industrial engagement and pilot 
aDUJWJUJeT JO UraJOJOH aOE DoNbJOeE ouUreaDI aOE 
broLeraHe UoXarET EuroQeaO JOEuTUry�

"O oOHoJOH QroKeDU Uo buJME aO aDUJWe TJOHMe-
entry point for characterisation needs in the 
NJDroeMeDUroOJDT JOEuTUry JT QarU of UIe *R5 
NaOoEMeD 	XXX�JrUOaOoeMeD�fr

 OoX NoWJOH 
JOUo JUT TeDoOE QIaTe of XorL� "O eYUeOTJoO 
of UIe ESRF�T aDUJWJUJeT 	XJUI our QarUOerT *--
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$E"--E5*
 -PS$
 aOE S5 .JDroeMeDUroOJDT
 
SDIOeJEer EMeDUrJD aOE S0*5E$
 uOEer UIe 
$IaraDUerJTaUJoO ProHraNNe IaT beeO aQQroWeE 
uOUJM %eDeNber 2020� %urJOH UIJT QerJoE
 aTJEe 
from the normal ongoing project actions, the 
QroHraNNe QarUOerT XJMM EemOe a EeUaJMeE 
XorL QroHraNNe for UIe 202�-202� QIaTe� *O 
QarUJDuMar
 UIJT XorL XJMM TeU UIe DaTe for a feX 
priority actions focused around the irradiation 
IarEOeTT of eMeDUroOJD DoNQoOeOUT�

Exporting GIANT globally

"T Xe NoWe DMoTer Uo UIe reTUarU of ESRF 
user operation, with the new opportunities 
Uo be aɭorEeE by UIe E#S
 UIe #%0 reNaJOT 
Wery NuDI foDuTeE oO ouUreaDI Uo JOEuTUry
 
aU eWeOUT
 XJUI WJTJUT aOE JO #2# XJUIJO our 
JOOoWaUJoO eDoTyTUeN
 boUI HeoHraQIJDaMMy Oear 
Uo (reOobMe buU aMTo furUIer ameME JO UIe ESRF 
NeNber DouOUrJeT� (reOobMe JT a UeDIOoMoHy Iub 
aOE UIe (reOobMe *OOoWaUJoO $aNQuT
 (*"N5
 JT 
a central engine, with impact locally, nationally 
aOE JOUerOaUJoOaMMy� %raXJOH uQoO UIJT
 UIe ESRF
 
XJUI our (*"N5 QarUOerT
 IaT beeO QarUJDJQaUJOH 
in outreach towards industry in sectors most 
reMeWaOU Uo UIe aDUJWJUJeT aDroTT UIe *OOoWaUJoO 
$aNQuT� EarMJer JO 20��
 (*"N5 XaT QreTeOU aU 
UIe EMeDUrJD 7eIJDMe SyNQoTJuN JO -yoO
 FraODe
 
aOE aU UIe #aUUery 5eDIOoMoHy SIoX JO $oWeOUry
 
6,� 5Ie aJN XaT Uo QroNoUe (*"N5�T DaQaDJUJeT
 
TLJMMT aOE faDJMJUJeT for baUUery reTearDI Uo aO 
audience that perhaps is not readily aware of (in 
our DaTe
 UIe aQQMJDaUJoO of TyODIroUroO 9-rayT 
for baUUery R�%� SJNJMarMy
 (*"N5 aUUeOEeE UIe 
TUraUeHJDaMMy JNQorUaOU IeaMUIDare JOOoWaUJoO 
#JoQoMe aOOuaM OeUXorLJOH Eay JO -yoO
 FraODe
 
with the ambition to highlight the role of the 
*OOoWaUJoO $aNQuT
 XJUI JUT JOUerOaUJoOaM MarHe-
TDaMe faDJMJUJeT JO bJoUeDI aOE NeEUeDI reTearDI�

As we continue the build-up towards the restart, 
the BDO team is already well into our 2020 
ouUreaDI QMaOOJOH� So MooL ouU for uT aU eWeOUT 
aDroTT EuroQe o aT (*"N5 aOE aT UIe ESRF� 8e 
XJMM be Nore UIaO QMeaTeE Uo WJTJU your DoNQaOy 
to listen to your R&D challenges and to explain 
IoX UIe ESRF�T TyODIroUroO 9-rayT DaO IeMQ�

E. MITCHELL



*N%6S5R*"- RESE"R$) 0N 5)E 
BEAMLINES

Fig. 167: 9R%-$5 of UIe freTI 
ToMJE oYJEe fueM DeMM� a) 5Ie QIaTe 

distribution maps of NiO, YSZ, 
-S. aOE Sr0 aT EerJWeE froN 

UIe RJeUWeME aOaMyTJT of UIe freTI 
S0F$ 9R%-$5 EaUaTeUT 	DoMour 

bar indicates intensity in arbitrary 
uOJUT
� b) ReE HreeO bMue 	R(#
 

Image showing the distribution 
of :S; 	reE

 -S. 	HreeO
 aOE 
NJ0 	bMue
� c) 8eJHIU � of aMM 

crystalline phases present in the 
S0F$� SDaMe bar DorreTQoOET Uo 

0�� NN�

Design of next-generation ceramic fuel 
DeMMT aOE reaM-UJNe DIaraDUerJ[aUJoO XJUI 

TyODIroUroO 9-ray EJɭraDUJoO DoNQuUeE 
UoNoHraQIy
 5� -J et al., Nat. Commun� 10, 

�4�� 	20��
� 
EoJ� �0��0���T4�4��-0��-0�42�-[�
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Due to its proprietary nature, much of the commercial research carried out by industry at the ESRF cannot be 
disclosed. However, sometimes companies authorise the ESRF to discuss their work and they may even publish 
results or access the ESRF via the public programme. Below are a few examples from 2019.

RE"-ź5*.E $)"R"$5ER*S"5*0N 0F 
$ER".*$ F6E- $E--S 6S*N( 9R%ź$5

Ceramic fuel cells are used in a wide range of 
applications but the technology still has a 
MoOH Xay Uo Ho JO UerNT of WoMuNeUrJD QoXer 
ouUQuU
 MoOH-UerN TUabJMJUy aOE DoTU� " UeaN 
froN *NQerJaM $oMMeHe -oOEoO IaT EeWeMoQeE a 
OeX DoODeQUuaM fueM DeMM EeTJHO Uo UaDLMe DurreOU 
MJNJUaUJoOT� #y eɮDJeOUMy NJOJaUurJTJOH UIe DeMM 
diameter down to the millimetre scale, the design 
JT eTUJNaUeE Uo QroEuDe a WoMuNeUrJD QoXer 
EeOTJUy eYDeeEJOH �0 8 DN-3 – a performance 
TuQerJor Uo UIe beTU QMaOar DeMMT�

"MoOH XJUI 6OJWerTJUy $oMMeHe -oOEoO aOE 
FJOEeO -UE
 6,
 UIe UeaN QerforNeE reaM-
time characterisation of the cell on beamline 
ID15A� 9R%-$5 XaT aQQMJeE for UIe mrTU UJNe 
on a complete cell, demonstrating the excellent 
DIeNJDaM�TUruDUuraM JOUeHrJUy UIe OeX EeTJHO 
possessed during thermal cycling (Figure 167
� 
FuUure DIeNJDaM JNaHJOH XJMM beOemU froN a 
giant leap forward with the increased photon 
nuY QroWJEeE by E#S�

Ceramic fuel cells are considered one of the most promising technologies for sustainable 
FOFSHZ HFOFSBUJPO UIBOLT UP UIFJS IJHIFS FɮDJFODZ BOE GVFM nFYJCJMJUZ UIBU BMMPXT GPS 
IZESPDBSCPO VUJMJTBUJPO TVDI BT NFUIBOF� 9�SBZ EJɭSBDUJPO DPNQVUFE UPNPHSBQIZ 	93%�$5
 
is used to investigate a new design for the next generation of fuel cells.



%yOaNJDT of ReaDUJWe SQeDJeT aOE ReaDUaOU-
*OEuDeE ReDoOTUruDUJoO of PU $MuTUerT JO PU�

Al2O3 $aUaMyTUT
 .� $aroTTo et al., ACS Catal� 
9	�
 ��24-���� 	20��
�  
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F0--08*N( 5)E %:N".*$ #E)"7*06R 0F P-"5*N6. 
N"N0P"R5*$-ES *N ):%R0(EN"5*0N $"5"-:S5S 
6N%ER RE"$5*0N $0N%*5*0NS

Pt-based heterogeneous catalysts play a 
fuOEaNeOUaM roMe JO UIe QroEuDUJoO of buML 
aOE TQeDJaMUy DIeNJDaMT aOE JO eOWJroONeOUaM 
QroDeTTeT� *O reaDUJoO DoOEJUJoOT
 PU 
nanoparticles undergo electronic and 
morphological reconstruction, which in turn 
aɭeDUT UIe UyQe aOE UIe fraDUJoO of UIe TurfaDe 
PU-IyErJEeT o UIe TQeDJeT JOWoMWeE JO DaUaMyTJT� 

$IJNeU S�Q�"�
 a MeaEJOH DoNQaOy JO UIe meME 
of reDoWery of QreDJouT NeUaMT
 aOE a UeaN of 

reTearDIerT froN UIe 6OJWerTJUy of 5orJOo
 *-- 
aOE ESRF
 JOWeTUJHaUeE aO JOEuTUrJaM PU�"M2O3 
catalyst (Figure 168a
 EurJOH a IyEroHeOaUJoO 
reaDUJoO� 5Ie DoNbJOeE EJɭuTe reneDUaODe 
IR Fourier transform, X-ray absorption 
aOE NaTT TQeDUroTDoQy 	%R*F5�9"S�.S
  
(Figures 168b-f
 eYQerJNeOU DarrJeE ouU aU 
beamline BM23 QroWJEeE WJUaM
 JOEuTUrJaMMy 
reMeWaOU JOforNaUJoO abouU UIe TurfaDe PU-
hydride species and the morphology of the Pt 
DMuTUerT�

Fig. 168: a) )R-5E. NJDroHraQI of UIe 
PU�"M2O3 catalyst and corresponding 
QarUJDMe TJ[e EJTUrJbuUJoO� b) EWoMuUJoO of 
the signal corresponding to H2 detected by 
the mass spectrometer placed at the exit 
of UIe reaDUJoO DeMM� c) 2D map showing the 
eWoMuUJoO of UIe %R*F5 TQeDUra aT a fuODUJoO 
of UJNe for UIe PU�"M2O3 catalyst during 
dehydrogenation in N2 noX aU �20 ¡$
 for 
the operando %R*F5�9"S�.S eYQerJNeOU� 
d-f) EWoMuUJoO of UIe OorNaMJTeE PU -3-edge 
9"NES aOE E9"FS TQeDUra of UIe PU�"M2O3 
catalyst collected simultaneously to the 
%R*F5 TQeDUra JO QarU (c)�

Pt-based heterogeneous catalysts are employed in many industrial processes involving 
hydrogen, ensuring high selectivity and conversion at relatively mild operating conditions. 
Being able to follow the dynamic behaviour of the Pt clusters under reaction conditions with 
synchrotron characterisation techniques is key for designing increasingly potent catalysts.
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Fig. 169: a) %F9. eYQerJNeOUaM TeU-uQ� b) SUraJO eWoMuUJoO of 2% WJrUuaM 
TMJDeT of UIe UXo HraJOT EurJOH aOOeaMJOH� c) Local misorientations of 
WJrUuaM TMJDeT TIoXJOH EJTMoDaUJoO MooQT EurJOH reDoWery� d) Atomic 
TJNuMaUJoOT TIoXJOH TeHreHaUJoO of SO oO EJTMoDaUJoOT�

A multi-scale study of the interaction of 
Sn solutes with dislocations during static 

reDoWery JO α-Fe
 N� .aWrJLaLJT et al., Acta 
Mater. 174
 �2-�04 	20��
� 

EoJ� �0��0���K�aDUaNaU�20���0��02��
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6OEerTUaOEJOH ToMuUe-EJTMoDaUJoO JOUeraDUJoO JT 
eTTeOUJaM for oQUJNJTJOH NaUerJaM QerforNaODe� 
0$"S 	"rDeMor.JUUaM

 a TUeeM NaOufaDUurJOH 
company, in collaboration with researchers 
froN FraODe aOE %eONarL
 uTeE %F9. aU ID06 
Uo TUuEy UIe eɭeDU of SO ToMuUeT JO EeforNeE 
Fe-��SJ aMMoyT EurJOH reDoWery aOOeaMJOH 
(Figure 169
�

Figure 169b-c shows the strain and local 
misorientations in the interior of two embedded 
HraJOT
 XJUIJO UXo EJɭereOU TaNQMeT XJUI 
and without Sn, as they were mapped during 
JToUIerNaM aOOeaMJOH� 5Ie HraJO XJUI SO 
TIoXeE _�0� MoOHer reMaYaUJoO UJNeT of UIe 

JOUerOaM TUreTTeT EurJOH reDoWery� *O aDDorEaODe 
XJUI UIe eYQerJNeOUaM obTerWaUJoOT
 a LJOeUJD 
model showed an increase in the dislocation 
junction strength due to the solute addition, 
while atomistic modelling demonstrated the 
solute accumulation around edge dislocations 
(Figure 169d
� %F9. QroWJEeT a EJreDU 
obTerWaUJoO of UIe eWoMuUJoO of TUraJO meMET 
around dislocation loops, which remain nearly 
TUaUJD EurJOH reDoWery Eue Uo SO ToMuUe QJOOJOH� 

5IeTe reTuMUT JMMuTUraUe UIe DaQabJMJUJeT of 
%F9. JO HraJO-reToMWeE TUuEJeT
 oQeOJOH OeX 
aWeOueT for UIe DIaraDUerJTaUJoO of IJHIMy 
TUraJOeE QoMyDryTUaMMJOe NaUerJaMT�

RE7E"-*N( S0-65Eź%*S-0$"5*0N *N5ER"$5*0NS 
8*5)*N E.#E%%E% (R"*NS %6R*N( RE$07ER: 
"NNE"-*N(

The properties of engineering materials can be improved by optimising the microstructural 
EFWFMPQNFOUT EVSJOH BOOFBMJOH QSPDFTTFT� %BSL�mFME 9�SBZ NJDSPTDPQZ 	%'9.
 XBT VTFE UP 
JOWFTUJHBUF UIF FɭFDU PG 4O PO UIF SFDPWFSZ BOOFBMJOH PG EFGPSNFE 'Fo��4J BMMPZT
 SFTVMUJOH JO 
3D mapping of orientation and lattice strain within individual grains embedded in bulk samples.
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6S*N( ."$R0.0-E$6-"R $R:S5"--0(R"P): 50 (6*%E 
0P5*.*S"5*0N 0F "N -5$4S *N)*#*50R F0R 5RE"5.EN5 
0F "S5)."

%JTDoWery of UIe 0raM -euLoUrJeOe-$4 
Synthase Inhibitor (1S,2S
-2-	\�-[	�-
$IMoro-2
4-EJnuoroQIeOyM
	2-nuoro-2-

NeUIyMQroQyM
aNJOo>-�-NeUIoYyQyra[JO-
2-yM^DarboOyM
DyDMoQroQaOeDarboYyMJD aDJE 
	";%����
 aT a NeX 5reaUNeOU for "TUINa
 

.� .uODL af RoTeOTDIÚME et al., J. Med. 
Chem. 62	��

 ����-���� 	20��
� 
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SUuEJeT TIoX UIaU UIe DyTUeJOe MeuLoUrJeOe 
DaTDaEe reNaJOT IJHIMy aDUJWaUeE JO ToNe 
aTUINaUJDT
 eWeO UIoTe oO IJHI-EoTe JOIaMeE 
or oraM DorUJDoTUeroJET� )eODe
 JOIJbJUJoO of 
-5$4S DouME QroWJEe a OeX UreaUNeOU for 
aTUINa QaUJeOUT XJUI a IJHIMy aDUJWaUeE 
DyTUeJOe MeuLoUrJeOe DaTDaEe� "O aEWaODeE 
-5$4S JOIJbJUor
 �
 XaT QroHreTTeE Uo QreDMJOJDaM 
toxicity studies but, due to moderate metabolic 
TUabJMJUy
 UraOTQorUer JOUeraDUJoOT
 ("#" bJOEJOH 
aOE UeTUJDuMar UoYJDJUy mOEJOHT JO raUT
 � XaT 
OoU QroHreTTeE� FurUIer oQUJNJTaUJoO TUroOHMy 
focused on maintaining high cellular potency 
XIJMe reEuDJOH UoYJDoMoHy rJTLT�

"T a NeNbraOe QroUeJO
 -5$4S JT a DIaMMeOHJOH 
UarHeU for TUruDUure EeUerNJOaUJoO� )oXeWer
 
a team of researchers from AstraZeneca 
EeUerNJOeE UIe DryTUaM TUruDUure of -5$4S JO 
DoNQMeY 2
 aO aOaMoH of �
 Uo 2��� ¯ reToMuUJoO 
following MX data collection at beamline ID23-1  
(Figure 170
� 5Ie TUruDUure reWeaMeE UIe 
binding-mode of 2, enabled structure-based 
EeTJHO aOE HuJEeE DIeNJDaM eYQMoraUJoO� 
Optimising the substitution on the aryl group 
JO UIe MoXer QarU of UIe QoDLeU
 UIe aMJQIaUJD 
side chain, as well as the ability of the 
central aryl to form π-π interactions with the 
eO[yNe eWeOUuaMMy HaWe ";%����
 XIJDI XaT 
QroHreTTeE JOUo DMJOJDaM TUuEJeT�

Fig. 170: a) $oNQouOET � aOE 2
 aOE ";%����� 
b) $oNQouOE 2 JO DoNQMeY XJUI -5$4S�

Inhibition of LTC4S, a glutathione transferase central to the production of the cysteine 
MFVLPUSJFOFT JOWPMWFE JO JOnBNNBUJPO
 CSPODIPDPOTUSJDUJPO BOE QBJO JO BTUINBUJDT
 DPVME 
MFBE UP B OFX BOE EJɭFSFOUJBUFE BTUINB USFBUNFOU� .BDSPNPMFDVMBS DSZTUBMMPHSBQIZ 	.9
 
was used to determine the crystal structure of LTC4S in complex with a candidate inhibitor 
drug.
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5Ie EeUerNJOaUJoO of DryTUaM TUruDUureT froN 
QoXEer 9-ray EJɭraDUJoO 	P9R%
 EaUa by uTJOH 
EJreDU-TQaDe NeUIoET DaO be TJHOJmDaOUMy 
limited by the degrees of conformational 
freeEoN 	%0F
� 5IJT MJNJU DurreOUMy MJeT beUXeeO 
�0 aOE 40 %0F� $oOTeRueOUMy
 OoWeM aQQroaDIeT 
are DoOUJOuouTMy EeWeMoQeE Uo aMMoX aO JODreaTe 
JO UIe %0F XIJMe LeeQJOH DoNQuUaUJoOaM UJNe 
reaMJTUJD� 

SDJeOUJTUT froN 5eWa PIarNaDeuUJDaMT
 UoHeUIer 
XJUI reTearDIerT froN UIe $[eDI ReQubMJD
 IaWe 
TuDDeTTfuMMy aQQMJeE aO aEWaODeE eYQerJNeOUaM-
computational strategy allowing the crystal 
structure determination from powder X-ray 
EJɭraDUJoO 	P9R%
 EaUa UaLeO aU beaNMJOe 

ID22 of selexipag, a drug for the treatment 
of QuMNoOary arUerJaM IyQerUeOTJoO 	P")
 
(Figure 171
� 8JUI �� %0F
 UIJT TUruDUure JT 
currently one of the most complex organic 
NoMeDuMar TUruDUureT UIaU IaT beeO ToMWeE ab 
initio froN QoXEer EJɭraDUJoO EaUa� 

5IJT TIouME be DoOTJEereE JO fuUure aT a TUaOEarE 
approach for pharmaceutical companies in 
characterising complex organic molecular 
TUruDUureT� 5Ie abJMJUy Uo aDDuraUeMy EeTDrJbe 
all processes that occur in the manufacture 
and formulation of drugs thus opens a more 
TUraJHIUforXarE Xay Uo oQUJNJTe aEWaODeE
 
IJHIMy QIarNaDeuUJDaMMy aDUJWe TubTUaODeT�

Fig. 171: a) Synchrotron 
EJɭraDUJoO EaUa� b) Solid-state 

1H-1H MAS NMR correlation 
TQeDUruN� c) Crystal structure of 

TeMeYJQaH�

A successful strategy for high degree of 
freedom crystal structure determination 
froN QoXEer 9-ray EJɭraDUJoO EaUa� a DaTe 

study for selexipag form I with 38 DOF, 
.� )uÝÈL et al., Cryst. Growth Des. ��	�
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The determination of crystal structures is key for the pharmaceutical industry and, 
IJTUPSJDBMMZ
 IBT CFFO QSPWJEFE CZ TJOHMF�DSZTUBM 9�SBZ EJɭSBDUJPO 	93%
 EBUB� )PXFWFS
 
increasing demand to characterise complete series of polymorphs has led to a novel 
experimental-computational strategy using PXRD to determine the crystal structures of 
very complex systems.
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Correlation Between Electromigration-
ReMaUeE 7oJE 7oMuNeT aOE 5JNe-Uo-FaJMure 
by )JHI ReToMuUJoO 9-Ray 5oNoHraQIy aOE 

.oEeMJOH
 S� .oreau et al., 
IEEE Electron Device Letts. 40
 �� 	20��
� 
EoJ� �0���0��-E%�20���2�4�0���
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*."(*N( 5)E %E(R"%"5*0N 0F 
*N5ER$0NNE$5S *N $.0S *."(E SENS0RS
High-resolution synchrotron tomography has demonstrated a proportionality between 
electromigration-induced void volume and time-to-failure in interconnects produced for 
CMOS image sensors. The results could help in designing microelectronics parts that are more 
reliable.

ReTearDIerT froN $E"
 S5.JDroeMeDUroOJDT aOE 
UIe NaOoeMeD 5eDIOoMoHJDaM ReTearDI *OTUJUuUe 
IaWe DarrJeE ouU aO JO-EeQUI JOWeTUJHaUJoO 
of UIe TQeDJmD reMJabJMJUy of JOUerDoOOeDUT 
produced through the hybrid bonding-based 
semiconductor integration process used in the 
DoOTUruDUJoO of $.0S JNaHe TeOTorT� 5Iey 
OeeEeE a OoO-EeTUruDUJWe NeaOT Uo MoDaUe aOE 
NeaTure WoJET forNeE XJUIJO JOUerDoOOeDUT� 
SuDI WoJET are eWJEeODe of EeHraEaUJoO DauTeE 
by UIe eMeDUroNJHraUJoO eɭeDU o UIe NJHraUJoO 
of aUoNT ErJWeO by UIe eMeDUrJD DurreOU� 5Ie 
TJHOJmDaODe of UIJT eɭeDU JT DoNQouOEeE by 
UIe UreOE of reEuDUJoO JO TUruDUure TJ[e for Nore 
eɮDJeOU NJDroeMeDUroOJDT aOE JUT aTToDJaUeE 
JODreaTe JO DurreOU EeOTJUy�

" UeTU WeIJDMe XaT fabrJDaUeE DoOUaJOJOH �00 
MJOLeE baDL-eOE-of-MJOe 	#Eo-
 JOUerDoOOeDUT 
(Figure 172a
� 5IeTe JOUerDoOOeDUT Xere 
formed by the direct bonding of two 300 mm 
patterned wafers, with post-bond anneal 
aQQMJeE Uo TUreOHUIeO UIe boOEJOH� 5Ie boOEeE 
JOUerfaDe
 UIe IybrJE boOEJOH NeUaM 	)#.

 
IaE a EJNeOTJoO of ��� NJDroOT aOE eaDI )#. 
DoOUaJOeE �� IybrJE boOEJOH WJaT 	)#7T
� 
5Ie eMeDUroNJHraUJoO UeTU JOWoMWeE QaTTJOH a 
current through the interconnects until a point 
of failure was reached, with the failure criterion 
TeU Uo a �0� JODreaTe JO reTJTUaODe 	UIJT WaMue 
JT JOEJDaUJWe for UIe aQQearaODe of WoJET 
JOaDUJWaUJOH ToNe of UIe )#7T
�

Synchrotron-based X-ray phase-contrast 
nanotomography at beamline ID16A was 
uTeE Uo MoDaUe UIe WoJET forNeE EurJOH 
electromigration tests and to measure their 
WoMuNe 	Figure 172b
� 5IJT UeDIOJRue aWoJEeE 
the complicated sample preparation necessary 
for oUIer NJDroTDoQy UeDIOJRueT aOE QroWJEeE 
3D information, which is preferable to address 
RueTUJoOT reMaUeE Uo WoJET aOE QoroTJUy JO 
HeOeraM�

7oJET Xere MoDaMJTeE oOMy JO UIe feeE MJOe 
	#Eo-@50P Mayer
 aboWe UIe WJa NaUrJY oO 

UIe aOoEe TJEe DoOmrNJOH UIaU UIe UyQe of 
IybrJE boOEJOH TUaDL uOEer JOWeTUJHaUJoO 
is immune to electromigration due to its 
DoOTUJUueOU NaUerJaMT� 0WeraMM
 UIe eYQerJNeOU 
demonstrated a linear relationship between 
eMeDUroNJHraUJoO-JOEuDeE WoJE WoMuNeT aOE 
time-to-failure in hybrid bonding based test 
TUruDUureT�

Fig. 172: a) Schematic of the test structure showing its 
EaJTy-DIaJO of JOUerDoOOeDUT� b) *MMuTUraUJWe UoNoHraQIy 
reTuMUT aùer aO eMeDUroNJHraUJoO UeTU 	��0¡$ aOE 20 N"
� 
"boWe aOE beMoX
 TaNQMeT XJUI UIe MoXeTU aOE IJHIeTU 
EeQMeUeE WoMuNeT reTQeDUJWeMy�

b)

a)
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.uDI of UIe XorL of UIe UeDIOJDaM EJWJTJoOT JO 
20�� foDuTeE oO UIe JNQMeNeOUaUJoO of UIe 
EYUreNeMy #rJMMJaOU SourDe 	E#S
� 5Ie 5eDIOJDaM 
*OfraTUruDUure %JWJTJoO 	5*%
 QMayeE a MarHe roMe 
in dismantling the third-generation storage ring, 
preparing the storage ring tunnel for the new 
machine, managing the intense handling logistics 
during the entire dismantling and installation 
QIaTe
 JOTUaMMJOH UIe WaDuuN TyTUeNT
 foMMoXJOH 
up the contractors for the cabling and piping 
installations, and aligning all the components to 
uOQreDeEeOUeE QreDJTJoO� 5Ie *OTUruNeOUaUJoO 
SerWJDeT aOE %eWeMoQNeOU %JWJTJoO 	*S%%
 
DoOUJOueE QroDureNeOU aOE EeWeMoQNeOU of UIe 
oQUJDT
 EeUeDUorT
 JOTUruNeOUaUJoO aOE ToùXare 
UIaU XJMM IeMQ eYQMoJU UIe OeX TourDe QroQerUJeT� 
5Ie TuDDeTTfuM DoNQMeUJoO of UIe EJTNaOUMJOH 
and installation phase demonstrates the extent 
to which the ESRF is capable of mobilising its 
teams of experts to accomplish an incredibly 
DoNQMeY QroKeDU XJUIJO a TIorU UJNe�

8JUI UIe E#S EJTNaOUMJOH aOE JOTUaMMaUJoO QIaTe 
mOJTIeE
 aUUeOUJoO JT OoX UurOJOH UoXarET UIe 
commissioning of the new accelerator, the 
restart of all beamlines and, in particular, to the 
E#S beaNMJOe QroHraNNe� 5Ie UJNeMy EeMJWery 
of the infrastructure for the EBS beamlines and 
refurbishment of many of the other beamlines, 
followed by the design, procurement and 
JOTUaMMaUJoO of UIe TDJeOUJmD JOTUruNeOUaUJoO
 
XJMM be DeOUraM Uo UIe aDUJWJUJeT of UIe *S%% aOE 
UIe 5*% oWer UIe DoNJOH yearT� .aOy of UIe 
infrastructure contracts for EBSL3-BM18 and 
E#S-�-*%2� IaWe aMreaEy beeO QMaDeE
 XJUI 
UIe DJWJM XorLT for #.�� XeMM aEWaODeE aOE 
QroHreTTJOH aDDorEJOH Uo QMaO aOE UIe XorLT for 
*%2� TUarUJOH JO UIe $IarUreuTe )aMM� 5Ie mrTU 
article in this chapter outlines the methodology 
applied for the beamline infrastructure 
QroHraNNe
 eOTurJOH EeMJWery Uo TQeDJmDaUJoO
 
on time and within budget (page 176

 XIereaT 
more details on the implementation of the EBS 
portfolio can be found in the Status of the EBS 
chapter of the Highlights (page 8
.

5Ie OeX aDDeMeraUor DoNQMeY
 UIe OeX aOE 
refurbished beamlines and new, fast, high-
resolution detectors will allow the most 
aEWaODeE eYQerJNeOUT Uo be DarrJeE ouU uOEer 
JEeaM eYQerJNeOUaM DoOEJUJoOT� )oXeWer
 UIJT 
comes at the expense of an exponential increase 
in the production of data, which need to be 
aOOoUaUeE
 reEuDeE
 aOaMyTeE aOE arDIJWeE� 5Ie 
EaUa aWaMaODIe JT OoX a DoNNoO DIaMMeOHe JO 
all large research infrastructures and needs 
Uo be aEEreTTeE urHeOUMy Uo aWoJE UIe MaDL of 
adequate resources for data management and 
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EaUa aOaMyTJT EeDreaTJOH TDJeOUJmD ouUQuU� 5Ie 
challenge is such that it cannot be addressed in 
JToMaUJoO� " DoMMaboraUJWe aQQroaDI
 KoJOJOH forDeT 
oO a OaUJoOaM aOE EuroQeaO MeWeM JT reRuJreE 
for EemOJOH UIe Xay forXarE� 8e IaWe TUarUeE 
QuUUJOH NaOy of UIe buJMEJOH bMoDLT JOUo QMaDe Uo 
implement modern data management and data 
aOaMyTJT DoODeQUT� 5IJT JODMuEeT UIe ESRF EaUa 
QoMJDy
 UIe uTe of JOOoWaUJWe UeDIOoMoHy JO UIe 
EaUa DeOUre aOE
 foreNoTU
 oQUJNJTeE ToùXare 
for EaUa aOaMyTJT� 5Ie PaN0S$ QroKeDU
 UoHeUIer 
with the complementary ExPaNDS project, 
described in the second article of this chapter 
(page 178

 XJMM HJWe a booTU Uo UIe EuroQeaO 
Strategy Forum on Research Infrastructures 
	ESFR*
 aOE OaUJoOaM QIoUoO aOE OeuUroO 
research infrastructures in a coherent approach 
to data management and data analysis, and 
XJMM QaWe UIe Xay for NuDI EeeQer DoMMaboraUJoO 
beUXeeO UIe reTearDI JOfraTUruDUureT JOWoMWeE� 
Both projects will also enable interaction with 
UIe EuroQeaO $oNNJTTJoO Uo NaLe Ture UIaU UIe 
WoJDe of our TDJeOUJmD uTer DoNNuOJUy JT IearE 
and in order for the European Open Science 
$MouE 	E0S$
 Uo EeWeMoQ JOUo ToNeUIJOH UIaU 
EeMJWerT TubTUaOUJaM beOemU Uo our reTearDI 
DoNNuOJUy� 5Ie E0S$ JOUeOET Uo aMMoX aDDeTT Uo 
open data, thus also enabling new research by 
DroTT-EoNaJO uTe of TuDI EaUa� *O UIJT DoOUeYU
 
UIe roMe of reTearDI JOfraTUruDUureT JT Uo QroWJEe 
aDDeTT Uo oQeO EaUa� 

"rDIJWJOH UIe EaUa HeOeraUeE by UIe eYQerJNeOUT 
for fuUure reuTe NaLeT TeOTe oOMy Jf UIe EaUa JT 
aOOoUaUeE XJUI rJDI aOE NeaOJOHfuM NeUaEaUa� 
An important component for the metadata 
DaQUure JT aO eMeDUroOJD MoHbooL
 QoXerfuM 
aOE neYJbMe eOouHI Uo DaQUure UIe aDUJWJUy 
EurJOH aOE aùer UIe eYQerJNeOU� 5Ie eMeDUroOJD 
MoHbooL
 EeTDrJbeE JO UIe UIJrE arUJDMe of UIJT 
section (page 179

 JT aO JNQorUaOU QarU of UIe 
implementation of the ESRF data policy and it is 
part of the implementation road map, which aims 
Uo IaWe aMM ESRF beaNMJOeT fuMMy JNQMeNeOUJOH 
UIe EaUa QoMJDy by UIe eOE of 2020�

In addition to the topics presented in the 
EOabMJOH 5eDIOoMoHy aOE SUaUuT of UIe E#S 
DIaQUerT
 20�� IaT XJUOeTTeE NaOy JNQorUaOU 
aDDoNQMJTINeOUT aOE aDUJWJUJeT JO WarJouT 
UeDIOoMoHJDaM areaT
 aNoOH XIJDI Xe XouME MJLe 
Uo NeOUJoO TQeDJmDaMMy�

• 5Ie DoOTJEerabMe QroHreTT JO UIe NoEeMMJOH  
 of the propagation of partially coherent X-rays  
 UIrouHI JNQerfeDU oQUJDT 	MeOTeT
 NJrrorT
 eUD�
�
• 5Ie QroNJTJOH TUabJMJUy JNQroWeNeOUT  
 aDIJeWeE  JO UIe TyTUeN QerforNaODe of UIe  
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 EoubMe-DryTUaM NoOoDIroNaUor 	%$.
 by  
 aQQMyJOH reaM-UJNe feeEbaDL DoOUroM JO  
 scanning mode, and the tendering procedure  
 for UXo aEEJUJoOaM DoNQMeUe TyTUeNT�
• 5Ie LJDL-oɭ for UIe R�% QIaTe of UIe 9*%ER  
 QroKeDU for UIe EeWeMoQNeOU of a OoWeM 2%  
 detector optimised for high energies and  
 UJNe-reToMWe eYQerJNeOUT
 baTeE oO a OoWeM  
 concept combining photon counting and  
 DIarHe JOUeHraUJoO�
• 5Ie aEWaODeT JO UIe IJHI-UIrouHIQuU EaUa  
 acquisition scheme based on the LIMA2  
 ToùXare fraNeXorL
 UIe R"S)P" EaUa UraOTfer  
 arDIJUeDUure aOE UIe +6N(FR"6 aOE S."R5P*9  
 EeUeDUor EeWeMoQNeOUT�
• 5Ie WaMJEaUJoO
 aOE QurDIaTeT of IJHI- 
 QerforNaODe *5 JOfraTUruDUure DoNQoOeOUT Uo  
 increase data throughput and data processing  
 DaQaDJUy�

-aTU
 buU OoU MeaTU
 Xe IaWe TUarUeE Uo eYQMore 
aOE XorL oO UIe QoUeOUJaM of NaDIJOe MearOJOH 
aOE arUJmDJaM JOUeMMJHeODe JO DoOUroMT aOE EaUa 
aOaMyTJT� 5o UIJT aJN
 a XorLTIoQ UooL QMaDe oO 
�2 - �4 NoWeNber 20��
 aUUraDUJOH ToNe ��0 
TQeDJaMJTUT� 5Ie TQeaLerT Xere eYQerUT froN NaOy 
MabT XorMEXJEe aOE EeMJWereE QreTeOUaUJoOT of 
ouUTUaOEJOH RuaMJUy aOE EeQUI� 5Ie :ou5ube MJWe 
UraOTNJTTJoO of UIe XorLTIoQ reTuMUeE JO Nore 
UIaO 2�00 DoOOeDUJoOT�

J.-C. BIASCI, R. DIMPER  
and C. NEVO
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Fig. 173: Example of a standard beamline layout, 
Iere for UIe *%2� beaNMJOe�
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ESRF beamlines concentrate a large amount of technical infrastructure in a condensed space, giving rise to 
unique construction challenges. The Technical Infrastructure Division’s Buildings & Infrastructure group (TID/BIG) 
IBT EFWFMPQFE TQFDJmD QSPKFDU NBOBHFNFOU QSBDUJDFT UP FOTVSF UIF FɮDJFOU JNQMFNFOUBUJPO PG OFX CFBNMJOF 
infrastructure construction projects in the context of EBS.

Four new beamlines will be constructed by the 
5*%�#*( oWer UIe QerJoE 2020-2022 aT QarU of 
the EBS upgrade programme, and many others 
XJMM be rebuJMU or refurbJTIeE� ESRF beaNMJOeT 
are DoNQrJTeE of oOe or TeWeraM oQUJDT DabJOT� 
an experimental cabin, hosting the sample 
and detectors; and a control cabin, where the 
eYQerJNeOU JT DoOUroMMeE aOE EaUa WJTuaMJTeE aOE 
processed (Figure 173
� 

5Ie oQUJDT aOE eYQerJNeOUaM DabJOT are TeDure 
areaT TIJeMEeE XJUI MeaE� "DDeTT JT TUrJDUMy 
DoOUroMMeE WJa a PerToOaM SafeUy SyTUeN 
	PSS
 UIaU auUoNaUJDaMMy TUoQT UIe beaN JO 
DaTe of eOUry EurJOH beaNMJOe oQeraUJoO� 
5Ie DabJOT aMTo TuQQorU TeDurJUy TyTUeNT 
including an electrical emergency stop system, 
radioprotection security system, gas content 
aOaMyTJT
 mre EeUeDUJoO TyTUeN
 XaUer MeaL 
EeUeDUJoO
 eUD� "T XeMM aT HuaraOUeeJOH uTer 
safety, the experimental cabin must also 
QroWJEe a UeDIOJDaM JOUerfaDe for eYQerJNeOUT
 
ensuring power supply and connections for 
experimental control systems, data acquisition 
between external modules, detectors and 
actuators, cooling systems, gas supply and 
eYUraDUJoO
 eUD� 5IeTe eMeNeOUT are DoOmOeE 
in small areas yet optimal conditions should 
be guaranteed for them to operate correctly, 
including temperature control, hygrometry, 

aJr reOeXaM raUe aOE HaT or o[oOe eYUraDUJoO� 
5Ie DabJOT are aMTo eRuJQQeE XJUI TyTUeNT 
to ease maintenance and operation, such as 
oWerIeaE DraOeT
 MJùJOH DraOeT aOE faMTe noorT 
Uo aMMoX aDDeTT Uo eYQerJNeOUaM areaT� 5Ie 
ceiling is easily dismountable for handling of 
eYQerJNeOUaM eRuJQNeOU� 5Ie DoOUroM DabJOT 
are buJMU XJUI EuaM-TLJO JOTuMaUeE QaOeMT
 faMTe 
ceilings, windows, doors and guard rails, and 
JOUeHraUe aMM UIe TUaOEarE faDJMJUJeT for OeUXorLT
 
electrical plugs, air conditioning systems, air 
eYUraDUJoO aOE nuJE EJTUrJbuUJoO�

According to a beamline's requirements, a 
standard construction typically includes:

• 6Q Uo �00 N2 of lead panels, including walls,  
 noor aOE DeJMJOH� 
• ��00-2200 N of QJQJOH for nuJE aOE HaT  
 JOUeHraUJoO
 aOE beUXeeO ��0 aOE 220 WaMWeT�
• �� 000-�� 000 N of DoOUroM DabMeT XJUI �00 Uo  
 �00 DoOOeDUorT
 4000 N of QoXer DabMeT
  
 �2�0 N of DabMe UrayT
 2�0 N of UerNJOaM  
 EJTUrJbuUJoO EuDUT
 �0-�0 MaNQT aOE 2�0-�00  
 eMeDUrJD QMuHT�

For the integration of these utilities, the design 
NuTU UaLe JOUo aDDouOU TeWeraM DoOTUraJOUT 
and implementation regulations to optimise 
JOTUaMMaUJoO aOE QroWJEe a TJNQMJmeE EJTUrJbuUJoO 
of TerWJDeT Uo uTerT�

• 5Ie JOfraTUruDUure JO DabJOT NuTU be JOUeHraUeE  
 XJUI raEJoQroUeDUJoO TIJeMEJOH
 HJWJOH rJTe Uo  
 DoOTUruDUJoO
 TuQQorU aOE aDDeTT DoOTUraJOUT� 
• 5Ie nuJE
 eMeDUrJD
 HaT eYUraDUJoO aOE aJr  
 treatment equipment should be installed on  
 a shared mechanical support to optimise the  
 oDDuQJeE TQaDe� .aJO eRuJQNeOU JT JOTUaMMeE oO  
 TuQQorU raDLT JOEeQeOEeOUMy froN UIe TIJeMEeE  
 XaMMT�
• 5IeTe OeUXorLT TIouME QeOeUraUe UIe DabJO  
 UIrouHI raEJoQroUeDUJoO DIJDaOeT�
• 5Ie QoTJUJoO aOE aTTJHONeOU of UIe eMeDUrJDaM  
 OeUXorL TIouME be DarrJeE ouU aDDorEJOH Uo  
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 JOTUaMMaUJoO TUaOEarET 	TQeDJmD DabMe UrayT for  
 QoXer DabMeT
 DoOUroM DabMeT
 OeUXorL DabMeT
  
 aOE TeDurJUy DabMeT
 aOE TIouME be eaTJMy  
 aDDeTTJbMe JO orEer Uo aMMoX NoEJmDaUJoO  
 aOE fuUure eWoMuUJoO QroQer Uo UIJT UyQe of  
 JOTUaMMaUJoO�
• 5Ie DooMJOH OeUXorLT NuTU be aDDeTTJbMe for aO  
 eaTy JOTUaMMaUJoO of TubTyTUeNT�
• 5Ie JNQMeNeOUaUJoO of UIeTe uUJMJUJeT NuTU be  
 in line with French and European standards  
 aOE reHuMaUJoOT� 

In order to standardise installation as much 
aT QoTTJbMe aOE eOTure eɮDJeOU QroKeDU 
NaOaHeNeOU
 UIe #*( IaT EeWeMoQeE JOUeHraUJoO 
procedures, standard 2D and 3D beamline 
NoEeMT aOE TUaOEarE UeDIOJDaM TQeDJmDaUJoOT� " 
beamline infrastructure project is punctuated by 
Ley QIaTeT TuDI aT UIe DoODeQUuaM EeTJHO QIaTe 
	$%R
 aOE UeDIOJDaM EeTJHO QIaTe 	5%R

 aOE 
DoNQMeUeE XJUI UIe mOaM TUeQ
 A*OTUaMMaUJoO reaEy 
for raEJaUJoO UeTUT��

5Ie mrTU TUeQ foDuTeT oO UIe EemOJUJoO of UIe uTer�T 
OeeET� 5IJT TUarUT XJUI a TUuEy of raEJoQroUeDUJoO 
obMJHaUJoOT XJUI UIe JOUeHraUJoO of TDJeOUJmD aOE 
UeDIOJDaM eRuJQNeOU aOE EemOJUJoO of UIe MayouU
 
foMMoXeE by a EemOJUJoO of OeeET for TQeDJmD 
JOfraTUruDUure� FroN UIJT
 UIe #*( EeUerNJOeT 
the requirements for the construction project, 
XrJUeT UIe UeDIOJDaM TQeDJmDaUJoOT
 UIeO 
launches the calls for tender before proceeding 
Uo UIe DoOTUruDUJoO QIaTe� Figure 174 shows the 
process of project management according to the 
TUeQT ouUMJOeE aboWe aOE foMMoXJOH UIe TUaOEarE 
QroDeEure�

A series of project milestones (Table 1
 JT EraXO 
up and referred to by the project manager and 
technical designers, allowing them to ensure 

UIe UJNeMy QroHreTTJoO of UIe QroKeDU� 5Ie 
DoorEJOaUJoO UaTLT are NaOaHeE aOE DarrJeE ouU 
by aO ESRF UeaN TQeDJaMJTeE JO DoOTUruDUJoO� 
5IJT UeaN UaLeT Dare of UeDIOJDaM DoorEJOaUJoO
 

Milestones

Gate A $%R WaMJEaUJoO�
M1 SUarU of Qre-TUuEy EeTJHO 	mrTU MeaE
 UIeO faDJMJUJeT

 mrTU DoTU  
 eTUJNaUJoO 	MeaE aOE faDJMJUJeT

 QMaOOJOH for UIe DoOTUruDUJoO�
Gate B 5%R WaMJEaUJoO�
M2 SUarU of MeaE EeTJHO�
M3 SUarU of UIe faDJMJUy EeTJHO
 mOaM reRuJreNeOUT
 EaUe XIeO UIe  
 NeDIaOJDaM eOHJOeerJOH HrouQ 	.E(
 aOE beaNMJOeT 	#-
 IaWe fuMMy  
 EemOeE UIe MeaE IuUDI OeeET Uo 5*%�
M4 -auODI of DaMM for UeOEer for MeaE DoOTUruDUJoO�
M5 Launch of calls for tender or requests for quotations for facilities  
 	mOaM reRuJreNeOUT for DoOUroM DabJOT aOE faDJMJUJeT
 EaUe XIeO  
 .E(
 #- aOE DoOUroM IaWe fuMMy EemOeE UIe DabMJOH
 nuJET
 )7"$ aOE  
 -N2 reRuJreNeOUT Uo 5*%
�
M6 SUarU of MeaE XorLT�
M6’ SUarU of faDJMJUJeT XorLT
 eOE of MeaE XorLT�
M7 "MM JOfraTUruDUure reaEy for raEJaUJoO UeTUT 	R5
 � eOE of XorLT�

Fig. 174: ,ey TUeQ TuNNary for TUuEy aOE JNQMeNeOUaUJoO of a beaNMJOe QroKeDU�

interaction management, planning for studies 
aOE DoOTUruDUJoO XorL
 aOE eOTureT UIe TNooUI 
noX of UIe QroKeDU uOUJM UIe DoNNJTTJoOJOH aOE 
UeTU QIaTe�

5o DoODMuEe
 TQeDJmD QroKeDU NaOaHeNeOU 
QraDUJDeT eOTure a raUJoOaM aOE eɮDJeOU 
JNQMeNeOUaUJoO of UIe ESRF�T beaNMJOe 
JOfraTUruDUure QroKeDUT� *O aEEJUJoO
 HeOeraM 
DoorEJOaUJoO eOabMeT a HMobaM WJTJoO To UIaU 
TeWeraM QroKeDUT DaO be DarrJeE ouU JO QaraMMeM 
uTJOH UIe TaNe UyQe of reTourDeT� 5IJT 
DoorEJOaUJoO
 uOEerUaLeO by 5*%�#*(
 JT eOTureE 
by a reHuMar foMMoX-uQ of UIe XorLMoaE
 freRueOU 
JOUeraDUJoO XJUI UIe oUIer TuQQorU TerWJDeT aOE 
XJUI UIe oUIer EJWJTJoOT JOWoMWeE JO TuDI QroKeDUT�

Table 1: Milestones for 
beamline construction 
QroKeDUT�
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Photon and neutron sources are hitting a data analysis wall with the huge increase in data volumes, new 
UFDIOJRVFT BOE OFX VTFS DPNNVOJUJFT� 6TFST BSF MJNJUFE CZ UIF EJɮDVMUZ JO FYQPSUJOH IVHF EBUB TFUT BOE UIF 
MBDL PG FBTZ BDDFTT UP EBUB BOBMZTJT TFSWJDFT� 'PS UIJT SFBTPO
 UIF &43' BOE mWF PUIFS &VSPQFBO 4USBUFHZ 'PSVN PO 
Research Infrastructures (ESFRI) institutes have started the PaNOSC project.

PaN0S$ JT mOaODeE by UIe E6�T TDJeODe fuOEJOH 
fraNeXorL )2020 	*NFR"E0S$-04 QroHraNNe
 
as part of the European Open Science Cloud 
	E0S$
 QroKeDU Uo NaLe EaUa aU ESFR* QIoUoO aOE 
OeuUroO TourDeT AF"*R� 	i.e. Findable, Accessible, 
*OUeroQerabMe aOE ReuTabMe
 [1] and to share the 
outcomes with all national photon and neutron 
sources (Figure 175
� 5Ie PaN0S$ QarUOerT 
include ESRF as project coordinator, ILL, EuXFEL, 
ESS
 $ER*$-ER*$
 E-*-%$ aOE E(*� PaN0S$ JT 
aMTo aTTJTUeE JO JUT NJTTJoOT by (*"N5
 %ES:
 
$ESNE5 aOE S5F$�

PaN0S$ JT a �2.û QroKeDU aJNeE aU IeMQJOH aMM 
six ESFRI partners to implement modern data 
NaOaHeNeOU for TDJeOUJmD reTearDI EaUa� 5Ie 
PaN0S$ QarUOerT HeOeraUe QeUabyUeT of TDJeOUJmD 
data each year – the ESRF alone generated 
OJOe QeUabyUeT of raX EaUa JO 20��� PaN0S$ 
will enable these data to be professionally 
managed by generating meaningful metadata, 
NJOUJOH QerTJTUeOU EJHJUaM obKeDU JEeOUJmerT
 
aMMoXJOH Uo MJOL QubMJDaUJoOT Uo UIe uOEerMyJOH 
EaUa aOE eWeOUuaMMy Uo UIe aOaMyTJT ToùXare
 
aOE by NaLJOH UIe EaUa aWaJMabMe Uo UIe XJEer 
TDJeOUJmD DoNNuOJUy WJa UIe E0S$� 5Ie E0S$ 
is being built by a large collaboration of ESFRI, 
e-infrastructures, and research infrastructures 

aDroTT EuroQe� 5Ie PaN0S$ QroKeDU JT TUruDUureE 
JOUo OJOe XorL QaDLaHeT 	8P
�

• WP1 – Management 
5Ie NaOaHeNeOU 8P foMMoXT uQ aOE reQorUT oO 
UIe mOaODJaM aTQeDUT aOE EeMJWerabMeT of eaDI 8P�

• WP2 – Data Policy and Stewardship 
-eE by UIe ESRF
 8P2 JT EeEJDaUeE Uo uQEaUJOH 
JUT TDJeOUJmD EaUa QoMJDy Uo JODMuEe UIe AF"*R� 
principles as well as other new data stewardship 
UoQJDT TuDI aT (%PR� "MM TJY ESFR* QarUOerT XJMM 
aEoQU or uQEaUe UIeJr EaUa QoMJDJeT aDDorEJOHMy� 
5Ie TeDoOE NaJO obKeDUJWe JT Uo QreQare a UooM for 
HeOeraUJOH aOE eWaMuaUJOH EaUa NaOaHeNeOU 
QMaOT�

• WP3 – Data Catalogues 
-eE by ESS
 8P� JT EeEJDaUeE Uo EeWeMoQJOH a 
DoNNoO UooM for TearDIJOH aOE mOEJOH 	Uo NaLe 
EaUa Nore mOEabMe
 EaUa JO UIe PaN0S$ aOE 
OaUJoOaM QIoUoO aOE OeuUroO EaUa DaUaMoHueT� 
"O eMeDUroOJD MoHbooL 	Uo NaLe EaUa Nore 
reuTabMe
 aOE aO eOIaODeE EaUa QorUaM 	Uo NaLe 
EaUa Nore aDDeTTJbMe
 are beJOH EeWeMoQeE aU UIe 
ESRF� 5Ie NeYuT NeUaEaUa TUaOEarE XJMM aMTo be 
eYUeOEeE 	Uo NaLe EaUa Nore JOUeroQerabMe
�

• WP4 – Data Analysis Services
-eE by Eu9FE-
 8P4 XJMM QroWJEe MoDaM aOE 
reNoUe +uQyUer OoUebooL TerWJDeT aOE a reNoUe 
EeTLUoQ TerWJDe� 5IeTe TerWJDeT XJMM be MJOLeE Uo 
UIe EaUa To UIaU uTerT DaO mOE UIeJr EaUa aOE 
ruO eYaNQMe OoUebooLT oO UIeJr EaUa� 5Ie NaJO 
EeWeMoQNeOUT XJMM be a EaUa aOaMyTJT QorUaM
 
JNQroWeE WJTuaMJTaUJoO for +uQyUer aOE a Xeb-
baTeE )%F� WJeXer� EaDI QarUOer JOTUJUuUe XJMM 
QroWJEe a QroEuDUJoO-HraEe +uQyUer TerWJDe�

• WP5 – Simulation
-eE by Eu9FE-
 8P� XJMM EeWeMoQ aOE eYUeOE 
eYJTUJOH TJNuMaUJoO TerWJDeT for QIoUoO 	0"S:S
 
S*.E9
 aOE OeuUroOT 	.DSUaT
�

• WP6 – Linking to the EOSC
-eE by UIe *--
 8P� XJMM NaLe UIe uTer 
authentication authorisation infrastructure 
	""*

 6NbreMMa*%
 TuTUaJOabMe XJUI UIe IeMQ of 
QarUOer (²"N5� 5IJT 8P XJMM MJOL UIe EaUa aOE 
TJNuMaUJoO TerWJDeT Uo E0S$� *U XJMM aMTo EeWeMoQ 
aO eɮDJeOU EaUa EoXOMoaE TerWJDe for raX aOE 
reEuDeE EaUa�

Fig. 175: PaNOSC 
obKeDUJWeT�
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�

SQeDJaM UIaOLT Uo ESRF NaOaHeNeOU aOE ESRF DoMMeaHueT XorLJOH oO PaN0S$� +� #oEera SeNQere
 "� Ee .arJa
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 E� Eyer aOE #� RouTTeMMe� "MTo Uo .� #oXMer
 *� ,aOEJaI
 "� (aNbarEeMMa aOE 
0� ,oOoWaMoW
 UIe mrTU TDJeOUJTUT Uo QubMJTI aOE�or IeMQ UIeJr uTerT QubMJTI oQeO EaUa aU IUUQT���EaUa�eTrf�fr�

5)E E-E$5R0N*$ -0(#00,
 " 500- F0R $"P56R*N( 
"N% PRESER7*N( ESSEN5*"- E9PER*.EN5"- 
.E5"%"5"

"65)034

REFERENCES

"$,/08-&%(&.&/54

179HIGHLIGHTS 2019

The ESRF Data Policy was adopted in 2015 and has been in the process of being implemented since then [1]. 
An essential part of implementing the ESRF Data Policy is a web portal that includes an e-logbook, allowing 
users to document essential information about their experiments.

• WP7 – Sustainability
-eE by $ER*$-ER*$
 8P� XJMM DaMDuMaUe UIe DoTUT 
of JNQMeNeOUJOH AF"*R� EaUa aOE UIe aTToDJaUeE 
EaUa TerWJDeT aOE EeWeMoQ a TuTUaJOabJMJUy QMaO 
for QarUOerT�

• WP8 – Training
-eE by ESS
 8P� XJMM QroWJEe aO oOMJOe UraJOJOH 
QMaUforN aOE EeWeMoQ UraJOJOH NaUerJaM for 
8PT 2-�� 6TerT XJMM be UraJOeE JO beTU QraDUJDe 
for AF"*R� EaUa QrJODJQMeT aOE IoX Uo uTe UIe 
EaUa aOaMyTJT TerWJDeT for EJɭereOU TDJeOUJmD 
UeDIOJRueT�

• WP9 – Communication
-eE by $ER*$-ER*$
 8P� JT JO DIarHe of 
DoNNuOJDaUJoO of UIe Xeb TJUe 	IUUQT���XXX�
QaOoTD�eu
 aOE ToDJaM NeEJa�

5Ie PaN0S$ QroKeDU JT a IuHe oQQorUuOJUy for 
the ESRFI photon and neutron sources to update 
and harmonise their data management to be 
AF"*R�
 Uo EeWeMoQ aOE QroWJEe EaUa aOaMyTJT 
aOE TJNuMaUJoO TerWJDeT for TDJeOUJTUT
 aOE Uo 
QroWJEe UraJOJOH� PaN0S$ XJMM IeMQ buJME aOE MJOL 
Uo E0S$ To UIaU JU mUT UIe OeeET of UIe TDJeOUJmD 

Fig. 176: How 
PaNOSC sees the 
E0S$�

communities (Figure 176
� PaN0S$ XJMM TIare 
all the outcomes with its sister project – ExPaNDS 
[2], which is doing the same for national photon 
aOE OeuUroO TourDeT JO EuroQe� For Nore EeUaJMT 
on PaNOSC, refer to [3]�

5Ie Xeb QorUaM
 IUUQT���EaUa�eTrf�fr
 aMMoXT 
uTerT aOE beaNMJOe TUaɭ Uo mOE
 aOOoUaUe
 
and download their data (Figure 177
� 5Ie 
e-MoHbooL JT DoOTJEereE QarU of UIe NeUaEaUa 
of the experiment and is an essential part 
of NaLJOH EaUa AF"*R� 	FJOEabMe
 "DDeTTJbMe
 
*OUeroQerabMe
 ReuTabMe
 [2]� "DDeTTJOH aMM UIe 
datasets obtained during an experiment is one 
thing, but understanding how these data can 
be eYQMoJUeE aOE reuTeE JT aOoUIer� 8JUIouU 

additional information, it would be cumbersome 
for TDJeOUJTUT Uo reuTe UIeJr EaUa� 5IJT JT XIere 
UIe e-MoHbooL DoNeT JOUo QMay�

5Ie NaJO HoaM of UIe e-MoHbooL JT Uo eOrJDI UIe 
JOforNaUJoO of a HJWeO eYQerJNeOU aOE eTQeDJaMMy 
UIe EeDJTJoO-NaLJOH UIaU ErJWeT UIe eYQerJNeOU� 
By storing all the steps followed during data 
acquisition in chronological order, it enables 
uTerT Uo LeeQ UraDL of UIe DoOEJUJoOT JO XIJDI 
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data and metadata were collected (Figure 178
� 
5Ie e-MoHbooL JT UreaUeE aT NeUaEaUa aOE JT 
therefore required by the data policy to be 
arDIJWeE aOE TUoreE for aT MoOH aT QoTTJbMe by UIe 
ESRF 	raX EaUa are TUoreE for �0 yearT
�

5Ie e-MoHbooL JT DoNQoTeE of a TerJeT of 
UJNeTUaNQeE MoHT froN EJɭereOU TourDeT� UIe 
acquisition side or the user entries, and is accessed 
WJa UIe EaUa QorUaM� %urJOH UIe EaUa aDRuJTJUJoO
 
messages such as errors, motor positions or 
commands issued by experimental team to the 
DoOUroM TyTUeN DoOToMe 	SPE$ or #-*SS TIeMM
 are 
TeOU auUoNaUJDaMMy Uo UIe MoHbooL� #eaNMJOeT 
generating images, graphs or tables during the 
aDRuJTJUJoO QroDeTT DaO TeOE UIeTe Uo UIe MoHbooL 
QroHraNNaUJDaMMy� #eaNMJOe TDJeOUJTUT are abMe 
Uo DuTUoNJTe XIaU TIouME be TeOU Uo UIe MoHbooL 
auUoNaUJDaMMy�

5Ie Xeb-baTeE (6* eOabMeT UIe uTer Uo DreaUe 
OoUeT or eWeO DoNNeOU MoHT JO UIe e-MoHbooL
 
UIuT reQMaDJOH UIe beaNMJOe QaQer MoHbooL� 
5Ie faDU UIaU UIe e-MoHbooL DoOUeOUT are TUoreE 
DeOUraMMy aOE are aDDeTTeE WJa UIe Xeb NeaOT 
JU DaO QroWJEe feaUureT UIaU are oUIerXJTe 
uOaWaJMabMe XJUI a QaQer MoHbooL�

A modern rich text editor enables authorised 
uTerT Uo QoQuMaUe UIeJr e-MoHbooL XJUI rJDI UeYU
 

Fig. 177: Screenshot of 
UIe eMeDUroOJD MoHbooL� 

Image from proposal 
EV-280, Beneficial 

symbiosis in tomato 
plants: its role on Fe 

translocation and 
speciation, Dr. Ana 

Gonzalez Franco, 
Universidad Autonoma 

de Chihuahua/
Facultad de Ciencias 

Agrotecnologicas.

Fig. 178: 5Ie e-MoHbooL TUoreT aEEJUJoOaM NeUaEaUa 
oO UIe eYQerJNeOU� 5JNeTUaNQeE MoHT TUoreE JO UIe 
e-MoHbooL IaWe UXo EJɭereOU orJHJOT� EJUIer UIey are 
sent from the beamline data acquisition side and 
DaO DorreTQoOE Uo errorT
 eYQerJNeOUaMMy reMeWaOU 
information, command lines or debugging messages, 
or they are sent by the experimental team in the form 
of reMeWaOU DoNNeOUT eOrJDIJOH UIe eYQerJNeOUaM 
DoOUeYU or EeTDrJbJOH UIe TaNQMe
 for eYaNQMe�
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ESRF�

[�> R� %JNQer et al., Synchrotron Radiat. News 32	�

 �-�2 	20��
�
[2> .� %� 8JMLJOToO et al., Sci. Data 3
 ��00�� 	20��
� 
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JNaHeT aOE UabMeT or DoNNeOU eYJTUJOH MoHT� 
EaDI MoH IaT JUT oXO WerTJoO NoEJmDaUJoO DoOUroM 
TyTUeN UIaU aMMoXT uTerT Uo LOoX XIeO aOE by 
XIoN UIe MoH IaT beeO DreaUeE or NoEJmeE� 
8IJMe UIJT TyTUeN aMMoXT UIe eYQerJNeOUaM UeaN 
Uo Tee XIo NaEe eOUrJeT aOE NoEJmDaUJoOT
 a 
QubMJD WJeX EoeT OoU TIoX UIe JEeOUJUy of UIe 
QerToO XIo NaEe UIe eOUrJeT� 

" MoU of eɭorU IaT beeO JOWeTUeE JO NaLJOH UIe 
e-MoHbooL uTer frJeOEMy� *U IaT beeO EeWeMoQeE JO 
DoMMaboraUJoO XJUI TDJeOUJTUT aOE JNQroWeE baTeE 
oO UIeJr feeEbaDL� "T aO eYaNQMe
 JU faDJMJUaUeT 
insertion of images from any standalone 
aQQMJDaUJoO uTJOH a TJNQMe $UrM�$�7 LeyboarE 
TIorUDuU� " UaHHJOH TyTUeN JT aWaJMabMe aOE 
NaLeT JU QoTTJbMe Uo UaH MoHT for orHaOJTaUJoO 
QurQoTeT� " MoH DaO be UaHHeE XJUI NuMUJQMe 
UaHT� DaMJbraUJoO
 UeTU
 eUD� 5Ie MoHbooL JT 
aDDeTTJbMe froN NaOy EJɭereOU LJOET of EeWJDeT 
(e.g.
 DoNQuUerT
 QIoOeT aOE UabMeUT
 beDauTe JU 
aEaQUT Uo EJɭereOU TDreeO TJ[eT aOE reToMuUJoO� 
5Ie MoHbooL TuQQorUT aEEJOH QIoUoT froN a 
NobJMe QIoOe DaNera�

0Oe bJH aEWaOUaHe oWer a QaQer MoHbooL JT 
UIe QoTTJbJMJUy Uo eaTJMy TearDI for LeyXorET
 
auUIor	T

 or UJNeTUaNQT JOTUaOUaOeouTMy� 
In addition, the export feature enables a PDF 

document of all or only selected logs to be 
eYQorUeE
 UIuT NaLJOH JU QoTTJbMe Uo TIare UIe 
MoHbooL DoOUeOU aT a mMe�

At the end of the experiment, the corresponding 
e-MoHbooL reNaJOT uOEer eNbarHo aOE JT 
aDDeTTJbMe Uo UIe eYQerJNeOUaM UeaN oOMy� 5Ie 
embargo period can be used to populate, update 
or eOrJDI UIe MoHbooL XJUI aOaMyTJT reTuMUT UIaU 
could not be performed during experimental 
beaN UJNe� "U UIe eYQJraUJoO of UIe eNbarHo 
QerJoE 	UIree yearT by EefauMU

 UIe e-MoHbooL
 
the data and all the metadata become publicly 
aDDeTTJbMe for Qeer-reWJeX QroQoTaMT� For 
proprietary research, the information in the 
MoHbooL reNaJOT DoOmEeOUJaM�

5Ie e-MoHbooL JT aO eTTeOUJaM QarU of UIe EaUa 
QoMJDy JNQMeNeOUaUJoO aU ESRF� 5Ie e-MoHbooL 
ToùXare JT oQeO TourDe aOE UIe TourDe DoEe 
reQoTJUory JT QubMJDMy aWaJMabMe [3]� *U IaT aMTo 
been containerised so that it can be tested 
aT a TUaOEaMoOe QroEuDU� *U JT aWaJMabMe oO aMM 
beaNMJOeT UIaU JNQMeNeOU UIe EaUa QoMJDy� 
%eWeMoQNeOU JT TUJMM oOHoJOH aOE OeX feaUureT are 
foreTeeO
 for eYaNQMe
 JU JT eOWJTaHeE Uo aDDeQU 
aEEJUJoOaM MoHT reMaUeE Uo oOMJOe EaUa aOaMyTJT� 
NoUabMy
 oUIer QIoUoO TourDeT IaWe TIoXO aO 
JOUereTU JO UIe e-MoHbooL EeWeMoQeE aU UIe ESRF 
aOE are QMaOOJOH Uo UeTU JU�
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ID01

ID27ID28
BM28

Experimental
Hall 2

Experimental
Hall 1

Linear 
Accelerator

(Linac)
Booster

Synchrotron

Storage ring

Control room

Central building

Laboratory and 
oɮDe buJMEJOH

ID29

ID32

ID31BM31

ID30 A+B

BM16

BM07

    ESRF beamlines

    CRG beamlines
 
    Instrumentation 
    and machine 
    test beamlines
   
    Refurbished or 
    upgraded 
    beamlines

    Added / Refurbished
     in 2018

Cryo-EM (CM01)

Fig. 179: Experimental hall showing 
location of the beamlines (public and 
$R( beaNMJOeT
�

Details of the public ESRF beamlines as well as those 
oQeraUeE by $oMMaboraUJOH ReTearDI (rouQT 	$R(
 are 
HJWeO JO Tables 2 and 3� Figure 179 shows the location 
of UIe beaNMJOeT JO UIe eYQerJNeOUaM IaMMT�

ESRF beamlines

$R( beaNMJOeT

Instrumentation
and machine test
beamlines
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S06R$E N6.#ER 0F  #E".-*NE S5"56S
P0S*5*0N *N%EPEN%EN5 N".E
 EN%źS5"5*0NS

*%0� � .JDroEJɭraDUJoO JNaHJOH 0QeraUJoOaM TJODe �2��4
*%02 � 5JNe-reToMWeE uMUra-TNaMM-aOHMe 9-ray TDaUUerJOH 0QeraUJoOaM TJODe 0���4
*%0� � SurfaDe EJɭraDUJoO 0QeraUJoOaM TJODe 0���4
*%0� 0�4 -arHe WoMuNe QreTT 0QeraUJoOaM TJODe �0���
*%0� � 5JNe-reToMWeE TUruDUuraM EyOaNJDT 0QeraUJoOaM  TJODe 0���4
*%�0 � Soù JOUerfaDeT aOE DoIereOU TDaUUerJOH 0QeraUJoOaM  TJODe 0���2
*%�� � .aUerJaMT TDJeODe 0QeraUJoOaM TJODe 0���4
*%�2 � PoMarJTaUJoO-EeQeOEeOU 9-ray TQeDUroTDoQy 0QeraUJoOaM TJODe 0����
*%�� � .JDrofoDuT 0QeraUJoOaM TJODe 0���4
*%��" 0��� .aUerJaMT DIeNJTUry aOE eOHJOeerJOH 0QeraUJoOaM TJODe �����
*%��# 0��� )JHI-QreTTure EJɭraDUJoO 0QeraUJoOaM TJODe ����� 
*%��" � NaOo-JNaHJOH 0QeraUJoOaM TJODe 0���4
*%��# � NaOo-aOaMyTJT 0QeraUJoOaM TJODe 04��4
*%�� � .eEJDaM 0QeraUJoOaM TJODe 0����
*%�� � NuDMear TDaUUerJOH 0QeraUJoOaM TJODe 0���� 
*%�� � .JDroUoNoHraQIy 0QeraUJoOaM TJODe 0���� 
*%20 � *OeMaTUJD 9-ray TDaUUerJOH 0QeraUJoOaM TJODe 0����
*%2� � 9-ray NJDroTDoQy � *R TQeDUroTDoQy 0QeraUJoOaM TJODe �2��� 
*%22 � )JHI reToMuUJoO QoXEer EJɭraDUJoO 0QeraUJoOaM TJODe 0���4
*%2� 2 .aDroNoMeDuMar DryTUaMMoHraQIy ."% 0QeraUJoOaM TJODe 0��04
  .aDroNoMeDuMar DryTUaMMoHraQIy NJDrofoDuT 0QeraUJoOaM TJODe 0��0� 
*%24 � %JTQerTJWe E9"FS 0QeraUJoOaM TJODe 02���
*%2� � 9-ray abTorQUJoO aOE eNJTTJoO 0QeraUJoOaM TJODe �����
*%2� � )JHI QreTTure  0QeraUJoOaM TJODe 02�0�
*%2� � 9-ray TDaUUerJOH ** 0QeraUJoOaM TJODe �2��� 
*%2� � .uMUJXaWeMeOHUI aOoNaMouT EJɭraDUJoO 0QeraUJoOaM TJODe 0��00
*%�0" 2 .aDroNoMeDuMar DryTUaMMoHraQIy 0QeraUJoOaM TJODe 0���4
*%�0# � .aDroNoMeDuMar DryTUaMMoHraQIy 0QeraUJoOaM TJODe 04���
*%�� � *OUerfaDeT aOE NaUerJaMT QroDeTTJOH 0QeraUJoOaM TJODe �����
*%�2 � Soù 9-ray TQeDUroTDoQy 0QeraUJoOaM TJODe ����4
#.2� � 9-ray abTorQUJoO TQeDUroTDoQy 0QeraUJoOaM TJODe 0����
#.2� � #Jo S"9S 0QeraUJoOaM TJODe 0���2 
$.0� � $ryo-E. 0QeraUJoOaM TJODe �����

Table 2: -JTU of UIe ESRF QubMJD beaNMJOeT�

4063$& /6.#&3 0' #&".-*/& '*&-% 45"564
104*5*0/ */%&1&/%&/5 /".& 0' 3&4&"3$)
 &/%ź45"5*0/4

#.0� � SXJTT-NorXeHJaO #- 9-ray EJɭraDUJoO 0QeraUJoOaM TJODe 0����
#.02 � %2". 	FreODI
 .aUerJaMT TDJeODe 0QeraUJoOaM TJODe 0���4
#.0� � -*S" 	*UaMJaO
 9-ray abTorQUJoO TQeDUroTDoQy 0QeraUJoOaM TJODe 0���4
#.�4 � %6##-E 	%uUDI�#eMHJaO
 E9"FS 0QeraUJoOaM TJODe 0����
#.�� � F".E-6)% 	FreODI
 9-ray abTorQUJoO TQeDUroTDoQy 0QeraUJoOaM TJODe 02���
#.20 � R0#- 	(erNaO
 RaEJoDIeNJTUry 0QeraUJoOaM TJODe 0����
#.2� 2 SP-*NE 	SQaOJTI
 9-ray abTorQUJoO aOE EJɭraDUJoO 0QeraUJoOaM TJODe 04�0�
#.2� 2 %6##-E 	%uUDI�#eMHJaO
 SNaMM-aOHMe TDaUUerJOH  0QeraUJoOaM TJODe �2���
   E9"FS 0QeraUJoOaM TJODe 0��0�
#.2� � 9.aS 	#rJUJTI
 %JɭraDUJoO
 TDaUUerJOH aOE TQeDUroTDoQy 0QeraUJoOaM TJODe 04���
#.�0 2 F*P 	FreODI
 ProUeJO DryTUaMMoHraQIy 0QeraUJoOaM TJODe 02���
  F".E 	FreODI
 9-ray abTorQUJoO TQeDUroTDoQy 0QeraUJoOaM TJODe 0��02
#.�� � SN#- ** 	SXJTT-NorXeHJaO
 9-ray abTorQUJoO aOE EJɭraDUJoO 0QeraUJoOaM TJODe 0����
#.�2 � *F 	FreODI
 9-ray EJɭraDUJoO aOE -aue NJDroEJɭraDUJoO 0QeraUJoOaM TJODe 0���4

Table 3: -JTU of UIe $oMMaboraUJOH ReTearDI (rouQ beaNMJOeT�
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2019 was an unusual year for user operation – no X-ray beamlines were operating due to the EBS shutdown and 
UIF POMZ VTFS BDUJWJUZ XBT PO UIF DSZP�FMFDUSPO NJDSPTDPQF GPS TUSVDUVSBM CJPMPHZ 	JEFOUJmFE BT ACFBNMJOF� $.�1

 
since this facility runs independently of the ESRF accelerator and source. Applications for beamtime on the cryo-
FMFDUSPO NJDSPTDPQF BSF TVCNJUUFE PO B DPOUJOVPVT CBTJT
 XJUI OP mYFE EFBEMJOF
 WJB UIF SPMMJOH BDDFTT NFDIBOJTN� 
Members of the Beam Time Allocation Panel for the structural biology beamlines reviewed the proposals as they 
were submitted and experiments were scheduled within two to three months following submission, with a typical 
EVSBUJPO PG OJOF TIJùT 	UISFF EBZT
�

Figure 180 shows the number of applications 
for beaNUJNe reDeJWeE TJODe 20�2� FoMMoXJOH 
UIe PIaTe * 6QHraEe ProHraNNe aDUJWJUJeT
 
XIJDI mOJTIeE JO 20��
 reDorE IJHI OuNberT 
of QroQoTaMT Xere reDeJWeE TuDDeTTJWeMy froN 
2016 to 2018, reaching an all-time high in 
2018 despite the shorter operation year (beam 
aWaJMabJMJUy of ��� DoNQareE XJUI a OorNaM 
year
� 5Ie 20�� mHureT for QroQoTaMT reDeJWeE 
and allocated correspond mainly to the cryo-
eMeDUroO NJDroTDoQe aDUJWJUJeT buU aMTo JODMuEe 
around 20 bio-SAXS and crystallography 
QroQoTaMT for UIe TUruDUuraM bJoMoHy beaNMJOeT� 
5IeTe QroQoTaMT are aMTo TubNJUUeE WJa UIe roMMJOH 
access mechanism and were submitted too late 
Uo be JODMuEeE JO UIe 20�� mHureT for reRueTUT 
and allocation (although the experiments 
UIeNTeMWeT Xere DarrJeE ouU JO 20�� aOE To 
UIe beaNUJNe
 eYQerJNeOUT aOE uTer WJTJUT are 
JODMuEeE JO UIe 20�� mHureT
� 

5Ie ESRF oQeraUJoO year ruOT froN � .arDI 
Uo UIe eOE of February UIe foMMoXJOH year� 
5Ie aOOuaM OuNber of eYQerJNeOUaM TeTTJoOT 
aOE uTer WJTJUT TJODe 20�2 JT aMTo TIoXO JO 
Figure 180 	UIe 20�� mHureT Eo OoU JODMuEe 
the remaining cryo-electron microscope time 
Uo be EeMJWereE JO +aOuary aOE February 2020
� 
SJODe 20��
 UIe mHure for uTer WJTJUT JODMuEeT 
sample dewars sent by users, and paid for 
by the ESRF in place of a user, for structural 
bJoMoHy eYQerJNeOUT� (rouQT uTJOH TUruDUuraM 

biology beamtime may choose to request 
reJNburTeNeOU of UraWeM aOE TubTJTUeODe for a 
uTer or UraOTQorU DoTUT for a EeXar of TaNQMeT� 
*O 20��
 �� of UIe 4� eYQerJNeOUT DarrJeE ouU 
so far on the cryo-electron microscope used the 
latter option, sending a total of 20 reimbursed 
EeXarT�

5Ie OuNber of TIJùT reRueTUeE
 aMMoDaUeE 
aOE EeMJWereE Qer year TJODe 20�2 JT TIoXO JO 
Figure 181� 5Ie EaUa for EeMJWereE TIJùT JO 20�� 
JODMuEe eYQerJNeOUT uQ Uo �� %eDeNber 20��
 
so do not include the cryo-electron microscope 
UJNe
 XIJDI XJMM be EeMJWereE JO UIe reNaJOEer of 
UIe 20�� oQeraUJoO year
 mOJTIJOH oO � .arDI 
2020� 5Ie aWeraHe EuraUJoO of a Dryo-eMeDUroO 
NJDroTDoQe eYQerJNeOUaM TeTTJoO JO 20�� XaT 
OJOe TIJùT�

0Oe of UIe Ley QerforNaODe JOEJDaUorT of UIe 
ESRF is the number of publications resulting 
froN EaUa UaLeO XIoMMy or QarUJaMMy aU UIe 
ESRF
 or XIJDI JODMuEe ESRF TUaɭ aT auUIorT
 
UIaU are aDDeQUeE JO Qeer-reWJeXeE KourOaMT� 
Yearly publication output from the ESRF has 
beeO TyTUeNaUJDaMMy aU a MeWeM of oWer ��00 
publications for many years now, as shown in 
Figure 182� "U UIe UJNe of HoJOH Uo QreTT
 �4�� 
QubMJDaUJoOT IaWe aMreaEy beeO reHJTUereE for 
20��
 HJWJOH a UoUaM of �� ��2 QubMJDaUJoOT 
aDDeQUeE JO Qeer-reWJeXeE KourOaMT
 aOE UIJT 
mHure XJMM DoOUJOue Uo eWoMWe XeMM JOUo OeYU 

Fig. 180: Numbers of applications for 
beamtime, experimental sessions and 
uTer WJTJUT
 20�2 Uo 20��� N�#� 20�� 
eYQerJNeOUT aOE uTer WJTJU mHureT are uQ 
Uo �� %eDeNber 20��
 UIey Eo OoU JODMuEe 
the cryo-EM time, which will continue to 
be QroWJEeE JO UIe reNaJOEer of UIe 20�� 
oQeraUJoO year�
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year� 0f UIeTe
 arouOE �00 eWery year are 
published in high impact factor journals 
	*F � �
� 5IeTe are eYDeMMeOU mHureT
 
showing that the ESRF research output 
reNaJOT oOe of UIe IJHIeTU XorMEXJEe�

E#S 80R,S)0PS

In 2020, the ESRF will restart with the 
brand new Extremely Brilliant Source 
	E#S

 aOE UIe DIaMMeOHe for our TDJeOUJmD 
DoNNuOJUy aOE TUaɭ XJMM be Uo MearO 
and understand how to fully exploit the 
properties of this new source to enhance 
UIe TDJeOUJmD reTearDI DarrJeE ouU aU 
UIe ESRF� 5o UIJT eOE
 JO 20�� UIe ESRF 
orHaOJTeE a TerJeT of E#S XorLTIoQT
 
DoWerJOH a NuMUJUuEe of UoQJDT aOE 
EeTJHOeE Uo HaUIer UoHeUIer uTerT
 TUaɭ 
and other experts to discuss and identify 
strategies and challenges for performing 
the best experiments with the new 
TourDe� 5IeTe XorLTIoQT XJMM DoOUJOue 
JOUo 2020
 aOE UIe fuMM MJTU JT HJWeO JO 
Table 4� *O 20��
 a UoUaM of ��0 TDJeOUJTUT 
QarUJDJQaUeE JO UIeTe XorLTIoQT�

J. MCCARTHY

Fig. 181: Amount of beamtime requested, 
aMMoDaUeE aOE EeMJWereE
 20�2 Uo 20��� N�#� 

#eaNUJNe EeMJWereE for 20�� JT uQ Uo �� 
%eDeNber� *U EoeT OoU JODMuEe UIe Dryo-E. 

UJNe
 XIJDI XJMM DoOUJOue Uo be QroWJEeE JO UIe 
reNaJOEer of UIe 20�� oQeraUJoO year�

Fig. 182: Numbers of publications appearing in refereed journals reporting on 
EaUa DoMMeDUeE eJUIer QarUJaMMy or UoUaMMy aU UIe ESRF
 20�2 Uo 20��� 5Ie OuNber 

of QubMJDaUJoOT for 20�� JT OoU mOaM aU UIe UJNe of HoJOH Uo QreTT�

EBS Workshop Title Dates
5JNe-reToMWeE TDJeODe aU *%0� aOE JUT TyOerHy XJUI UIe Eu9FE- QroHraNNe 4-� .arDI 20��
NuDMear reToOaODe TDaUUerJOH aU UIe EYUreNeMy #rJMMJaOU SourDe ��-�2 .arDI 20��
9-ray RaNaO TDaUUerJOH TQeDUroTDoQy QrobJOH MoX ; eMeNeOUT uTJOH IarE 9-rayT �-� "QrJM 20��
)aOET-oO� )JHI-QreTTure UeDIOJRueT aU UIe ESRF-E#S 	TDIooM
 ��-2� +uOe 20��
$oIereODe aU ESRF-E#S �-�� SeQUeNber 20��
ENerHJOH TyODIroUroO UeDIOJRueT for DIaraDUerJTaUJoO of eOerHy NaUerJaMT aOE EeWJDeT 2�-2� SeQUeNber 20��
9-ray TQeDUroTDoQy of NaHOeUJD NaUerJaMT �-� 0DUober 20��
SIorU-QuMTe TDJeODe XJUI UIe EYUreNeMy #rJMMJaOU SourDe 2�-2� 0DUober 20��
-oDaM eMeDUroOJD TUruDUure aOE DoorEJOaUJoO QrobeE by 9-ray eNJTTJoO TQeDUroTDoQy �-� %eDeNber 20��
SaNQMe NoEuMaUJoO by IJHI QIoUoO EeOTJUJeT� EeTJreE aOE uOEeTJreE eɭeDUT ��-�� %eDeNber 20��
Cultural and natural heritage at ESRF-EBS 22-24 January 2020
%arL-meME 9-ray NJDroTDoQy for E#S-2 ��-�� "QrJM 2020
SUuEJeT of EyOaNJDaMMy DoNQreTTeE NaUUer XJUI 9-rayT 	%y$o.a9
 �-� +uMy 2020

Table 4: E#S 8orLTIoQT JO 20�� aOE 2020�



"%.*N*S5R"5*0N "N% F*N"N$E
5Ie buEHeU for 20�� JODMuEeT aEEJUJoOaM DoOUrJbuUJoOT froN .eNberT aOE SDJeOUJmD "TToDJaUeT of �� 4�� LE6R EeEJDaUeE Uo 
UIe ESRF-E#S ProKeDU� 5Ie ESRF-E#S eYQeOEJUure buEHeU aNouOUT Uo a UoUaM of 2� �0� LE6R JODMuEJOH �� �2� LE6R of ESRF 
oQeraUJOH buEHeU� 
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Expenditure and income 2018

Expenditure  LEuro

Accelerator and Source
 PerToOOeM  � 0��
2
 ReDurreOU  2 ���
� 
  Operating costs 2 777,6 
  Other recurrent costs 193,7 
 $aQJUaM  �4 ���
0
  Accelerator and Source developments 34 569,0

Beamlines, experiments and in-house research
 PerToOOeM  �� ���
�
 ReDurreOU  � ���
�
  Operating costs 1 788,0 
  Other Recurrent costs 3 795,1 
 $aQJUaM  � 0��
�
  Beamline developments 6 065,6 
  Beamline refurbishment  
5eDIOJDaM aOE aENJOJTUraUJWe TuQQorUT
 PerToOOeM  �2 ���
�
 ReDurreOU  �� 2��
�
 $aQJUaM  � ��0
2
6OeYQeOEeE DoNNJUUeE fuOET
 FuOET DarrJeE forXarE Uo 20��  � ���
0

 5PUBM  ��� ���
�

Income LEuro

20�� .eNberT� DoOUrJbuUJoOT �� ���
0
FuOET DarrJeE forXarE froN 20�� �0�
0

Other income 
 SDJeOUJmD "TToDJaUeT � 0�2
�
 SaMe of beaNUJNe � 0�4
�
 SDJeOUJmD DoMMaboraUJoO aOE SQeDJaM QroKeDUT � 0�4
�

#aMaODe ESRF-E#S �� ���
2

FuOET DarrJeE forXarE Uo 20�� � ���
0 

   
 

 5PUBM ��� ���
�

3FWJTFE FYQFOEJUVSF BOE JODPNF CVEHFU GPS ����

Expenditure  LEuro

Accelerator and Source
 PerToOOeM  � ���
 Recurrent  2 072
  Operating costs 1 932 
  Other recurrent costs 140 
 $aQJUaM  �� ���
  Accelerator and Source developments 19 783

Beamlines, experiments and in-house research
 PerToOOeM  �4 ���
 Recurrent  3 760
  Operating costs 1 612 
  Other Recurrent costs 2 148 
 $aQJUaM  � �2�
  Beamline developments 9 921 

5eDIOJDaM aOE aENJOJTUraUJWe TuQQorUT
 Personnel  33 012
 ReDurreOU  �0 ��2
 $aQJUaM  � ���
 
 5PUBM  ��� ���

Income LEuro

20�� .eNberT� DoOUrJbuUJoOT �� ��4
Funds carried forward from 2018 3 683

Other income 
 SDJeOUJmD "TToDJaUeT � 2��
 *ODoNe froN JOEuTUrJaM Do�aDUJWJUy �00
 SDJeOUJmD DoMMaboraUJoO aOE SQeDJaM QroKeDUT 4 024
 Balance ESRF-EBS –2 104
   
 

 5PUBM ��� ���
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Expenditure 2018
by nature of expenditure

3FWJTFE CVEHFU GPS ����
by nature of expenditure

  LEuro
 
1&340//&- 
 ESRF TUaɭ �� ���
�
 EYUerOaM UeNQorary TUaɭ 22
�
 0UIer QerToOOeM DoTUT 2 ��4
2

3&$633&/5  
 $oOTuNabMeT � �22
� 
 SerWJDeT �� ���
� 
 0UIer reDurreOU DoTUT 2 �2�
�

$"1*5"- 
 #uJMEJOHT
 JOfraTUruDUure � �0�
�
 -ab� aOE 8orLTIoQT 2 �4�
�
 "DDeMaUor aOE SourDe JODM� *%T aOE FET �4 ���
0
 #eaNMJOeT
 EYQerJNeOUT � 0��
�
 Computing Infrastructure 1 806,3
 0UIer $aQJUaM DoTUT ��
�

6OeYQeOEeE DoNNJUUeE fuOET  
 FuOET DarrJeE forXarE Uo 20�� � ���
0 
 
5PUBM ��� ���
�

  LEuro
 
1&340//&- 
 ESRF TUaɭ �2 �00  
 EYUerOaM UeNQorary TUaɭ 20
 Other personnel costs 2 448

3&$633&/5   
 $oOTuNabMeT � �2�
 SerWJDeT � ��� 
 Other recurrent costs 1 120

$"1*5"- 
 #uJMEJOHT
 JOfraTUruDUure ��2
 -ab� aOE 8orLTIoQT � ��0
 "DDeMaUor aOE SourDe JODM� *%T aOE FET �� ���
 #eaNMJOeT
 EYQerJNeOUT � �2�
 $oNQuUJOH *OfraTUruDUure 2 ���
 Other Capital costs 100
 

 
  
5PUBM ��� ���

2019 manpower (staff members present on 31/12/2019)

 4DJFOUJTUT
  
5FDIOJDJBOT BOE

  
 &OHJOFFST
 4FOJPS  

"ENJOJTUSBUJWF 4UBɭ
 1I% 4UVEFOUT  5PUBM 

 "ENJOJTUSBUPST

4UBɭ PO SFHVMBS QPTJUJPOT
"DDeMeraUor aOE SourDe� �� 40 � ��
#eaNMJOeT
 JOTUruNeOUT aOE eYQerJNeOUT� ��� �� �� �0�
(eOeraM UeDIOJDaM TerWJDeT �� ��  ��
%JreDUoraUe
 aENJOJTUraUJoO aOE DeOUraM TerWJDeT �� ��  ��

Sub-total 305 242 12 559

0UIFS QPTJUJPOT
Short term contracts 26 12  38
SUaɭ uOEer iDoOUraUT Ee QrofeTTJoOOaMJTaUJoOw  2�  2�

5PUBM ��� ��� �� ���

Scientific collaborators and consultants 4   4

* Including scientific staff on time limited contracts.
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0R("N*S"5*0N $)"R5 0F 5)E ESRF
ƀ"S 0F +"N6"R: 2020Ɓ

#FBN 5JNF "MMPDBUJPO 1BOFMT 
C01 	*%0�
 #.2�
 #.�2
 $IaJrQerToO� $� -uDaT
C02 	*%��
 *%��"
 *%22
 *%��
 $IaJrQerToO� "� "baLuNoW
$�� 	*%�2
 *%�2
 $IaJrQerToO� "� SeWerJOH
C04 	#.0�
 #.�4
 #.��
 #.20
 #.2�
 #.�0
 #.��
   
 $IaJrQerToO� +� 7aO #oLIoWeO
$�� 	*%0�--7P
 *%��#
 *%2�
 #.0�
  
 $IaJrQerToO� )� RoTOer
$�� 	*%��
 *%��
 $IaJrQerToO� R� $erOJL
$�� 	*%��"
 *%��#
 *%2�
 $IaJrQerToO� F� (JaOOJDJ
C08 	*%02
 *%��
 #.2�
 $IaJrQerToO� "� PeUuLIoW
C09 	*%0�
 *%�0
 #.02
 #.2�
 $IaJrQerToO� "� .aETeO
C10 	SUruDUuraM #JoMoHy #eaNMJOeT
 $IaJrQerToO� .� %eHaOo
C11 	*%20
 *%24
 *%2�
 $IaJrQerToO� +� RoTe
C12 	*%��
 *%2�
 $IaJrQerToO� 7� (JorEaOo

"$$&-&3"503 "/% 4063$&
%JreDUor� P� RaJNoOEJ

#FBN EZOBNJDT BOE BQQMJDBUJPOT
1PXFS TVQQMJFT
Insertion devices
Front-ends
3BEJP GSFRVFODZ BOE MJOBD
%JBHOPTUJDT
0QFSBUJPO
Secretariat

*/4536.&/5"5*0/ 4&37*$&4 "/% 
%&7&-01.&/5 %*7*4*0/
)eaE� +�-$� #JaTDJ

"EWBODFE BOBMZTJT BOE NPEFMJOH
%FUFDUPS BOE FMFDUSPOJDT 
4PùXBSF
X-ray optics
.FDIBOJDBM FOHJOFFSJOH

5&$)/*$"- */'3"4536$563& 
%*7*4*0/
)eaE� $� NeWo

.BOBHFNFOU JOGPSNBUJPO TZTUFNT BOE XFC
Systems and communication
#VJMEJOHT BOE JOGSBTUSVDUVSF
EX2/CPER project team
4VSWFZ BOE BMJHONFOU
7BDVVN

"%.*/*453"5*0/
%JreDUor� --+� SÈODIe[ 0rUJ[

1FSTPOOFM
Finance
1VSDIBTJOH

+PJOU *--�&43'
.FEJDBM TFSWJDF

&91&3*.&/54

%JreDUor� +� SuTJOJ

#FBNMJOF HSPVQT�
• $PNQMFY TZTUFNT BOE  
 CJPNFEJDBM TDJFODFT
• 4USVDUVSBM CJPMPHZ
• X-ray nanoprobe

4DJFOUJmD JOGSBTUSVDUVSF
5IFPSZ HSPVQ

6TFS PɮDF
$3( MJBJTPO PɮDF

#VTJOFTT %FWFMPQNFOU 0ɮDF
+PJOU *--�&43' -JCSBSZ

Secretariat

%JreDUor� )� ReJDIerU

#FBNMJOF HSPVQT�
• &MFDUSPOJD TUSVDUVSF
 
 NBHOFUJTN BOE EZOBNJDT
• .BUUFS BU FYUSFNFT
• 4USVDUVSF PG NBUFSJBMT

%(�T 4FSWJDFT�
• )FBE PG %(�T 0ɮDF�4FDSFUBSZ PG $PVODJM� *� &DIFWFSSJB
• $PNNVOJDBUJPO (SPVQ
• *OUFSOBM "VEJUPS
• 4BGFUZ (SPVQ

%JSFDUPS
(FOFSBM
F� SeUUe

"ENJOJTUSBUJWF BOE 'JOBODF 
Committee

$IaJrQerToO� +� PJDLeUU

4DJFODF "EWJTPSZ $PNNJUUFF
$IaJrQerToO� E� 8eDLerU

.BDIJOF "EWJTPSZ $PNNJUUFF
$IaJrQerToO� )�-)� #rauO

$PVODJM
Chairperson:  

.� «� (arDÓa "raOEa
up to 3 delegates per

Contracting Party
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