ADAM MICKIEWICZ
UNIVERSITY
UM o=

Science Applications with XFELs:
chemical reactions dynamics

Wojciech Gaweftda
Adam Mickiewicz University, Poznan
wojciech.gawelda@amu.edu.pl

25.11.2024 X-ray Free Electron Lasers - XFELs


mailto:%20marcin.sikora@agh.edu.pl

Outline

Motivation

Short reminder about XAS/XES and WAXS
Combining spectroscopy and scattering

Examples of chemical dynamics probed with XFELs
FXE Instrument at the EuXFEL

Conclusions and outlook

A AN S

25.11.2024 X-ray Free Electron Lasers - XFELs

= 2



Connection between time- and length scales
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How fast must our camera be?

0.001s

Faster than 1 ps =
10125, one picosecond

Speed of sound:
1000 m/s => 1.0 Ain 100 fs

Timescale of half-oscillations of a molecular vibration:
H, @,=4155cm™ >7.6fs
l, @ =120 cm? 2270 fs
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What are the fundamental timescales in Chemistry?

UM

Molecular wavepacket dynamics, bond formation,
ligand exchange, photocatalysis, photosynthesis, etc...
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Coherent nuclear dynamics in condensed matter %
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Complex systems: liquids and proteins
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— Detector
Probe A_, . '

Energy

Knowledge of molecular structure
becomes inherently difficult when system
increases in size!

Internuclear Distance

Resolve Atomic Interactions Beyond Optical Wavelengths...
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Time-resolved X-ray Spectroscopy
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Time-resolved X-ray scattering in liquids (WAXS)

= 3

Transient XDS signal arise from the structural changes in:

AS(Q, At) = ASsolute + ASsolvent + AScage

—Laser
— X-ray

Solute Structure

Bulk Solvent

ASCJ!C = CEASSUIME T ATE:;E + Ap@

T , op Solute-solvent interaction

(“solvation shell”/cage)
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Time-resolved X-ray scattering in liquids (WAXS) %
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Combining X-ray spectroscopy and scattering (100 ps)
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Combining X-ray spectroscopy and scattering (< 1 ps) %
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Combining X-ray spectroscopy and scattering (< 1 ps) %
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Examples for chemical dynamics

UM

LETTER

doi:10.1038/nature14163

|ad Selected for a Viewpoint in Physics
PRL 114, 255501 (2015) PHYSICAL REVIEW LETTERS 26 JUNE 2015
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Some early experiments using XAS at XFELs

week endin
PRL 113, 227402 (2014) PHYSICAL REVIEW LETTERS 25 NOVEMBER 2014

Sequential Activation of Molecular Breathing and Bending during Spin-Crossover
Photoswitching Revealed by Femtosecond Optical and X-Ray Absorption Spectroscopy
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Ultrafast studies of CO detachment in MbCO
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Alternative approaches to XAS at XFELs

APPLIED PHYSICS LETTERS 103, 131105 (2013) @ et
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First example of time-resolved dispersive XAS

Femtosecond time-resolved X-ray absorption
spectroscopy of liquid using a hard X-ray free
electron laser in a dual-beam dispersive
detection method

Yuki ()_l:ml"a,1 Tetsuo Katnyama,z Yoshihiro Ogi,3 Takayuki Suzuki,* Naoya
Kurahashi,” Shutare Kar'ashimsl,s Yuhei Chilm,1 Yusuke !sokawn,l Tadashi Tngashj,6
Yuichi Inubushi,’ Makina Yabashi,® Toshinori Suzuki,** and Kazuhiko Misawa'*"
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Femtosecond X-ray Emission Spectroscopy reveals

“hidden” excited states
LETTER

doi:10.1038/nature13252
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Femtosecond X-ray Emission Spectroscopy reveals
“hidden” excited states
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Observation of fs bond formation

Probe several time scales using FEL and SR sources
Use amorphous scattering to probe Au-Au bonds

UM

LETTER

Direct observation of bond formation in solution
with femtosecond X-ray scattering

Kyung Hwan Kim"?*, Jong Goo Kim'**, Shunsuke Nozawa™, Tokushi Sato™*, Key Young Oang", Tae Wu Kim"“, Hosung Ki"*,
Junbeom Jo'#, Sungjun Park™, Changyong Song®, Takahiro Sato’f, Kanade Ogawa’+, Tadashi Togashi®, Kensuke Tono®,
Makina Yabashi', Tetsuya Ishikawa®, Joonghan Kim®, Ryong Ryoo™?, Jeongho Kim’, Hyotcherl Thee™ & Shin-ichi Adachi®#

doi:10.1038/nature14163

K.H. Kim et al., Nature 518, 790 (2015)
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XFEL Science: new era in chemical reaction dynamics

Can we follow the coherent and
incoherent dynamics?

Can we relate the vibrational coherence
to molecular structure changes?

eek ending
PRL 117, 013002 (2016) PHYSICAL REVIEW LETTERS ';.IULY A6

Femtosecond X-Ray Secattering Study of Ultrafast Photoinduced Structural
Dynamies in Solvated [Co(terpy)]**

Elisa Biasin,' Tim Brandt van Driel,' Kasper 5. Kjer," Asmus 0. Dohn* Morten Christensen,’ Tobias Harlang,®
Pavel Chabera,” Yizhu Lin™ Jens Uhlig,” Mityds Papai, " Zoltén Németh® Robert Hartsock,” Winnie Liang,’
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"Department of Physics, Technical University of Denmark. Fysikvej 07, DK-2800 Kongens Lyngby, Denmark
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Pioneering work on coherent wavepacket

dynamics in solvated Fe(ll) complex using %
femtosecond XAS
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Coherent structural trapping through wave packet
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Very large structural changes due to a photoinduced spin transition
-> symmetric Fe-N bond elongation by 0.2 A

H. Lemke, et al. Nat. Commun. 8 (2017) 15342
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Real-time visualization of coherent atomic %
movements! UM

Breathing mode of Fe(bpy),?* at 124 cm™1::
in-phase stretching of the 6 Fe-N bonds, with almost rigid bpy ligands

Co000

Molecular vibration frequencies calculations were carried out with Gaussian09

H. Lemke, et al. Nat. Commun. 8 (2017) 15342
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Coherent nuclear dynamics capture

femtosecond X-rays
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Ligand exchange in transition metal complexes

Iron(ll) hexacyanide

Oxygen transport: Hb in water

A If
=102 trans-[(cyclam)Fe"(N;),]*
H,O
N—tm N H Hra
rou /S e/ in acetonitrile
ol /s
o /R;ll
Phl1O
H,0
B. Meunier, et al., Chem. Rev. 104 (2004); J. (etecrrophile) H
Rittle and M. Green, Science 330 (2010) .
R‘"/OH
(8] H'
N ‘. m N
S R/

N——>——N E'
5

/ (nucleophile)
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Structural dynamics in aqueous Fe(CN),

Iron(ll) hexacyanide in H,O

SP symmetry

D3h  TBP symmetry

penta-coordinated
S=1
g 4

© aquated
S=0

M. Reinhard et al., JACS (2017)
M. Reinhard et al., Struct. Dyn., 24901, 1 (2014)
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Simulation of difference scattering for Fe(CN),

3 1 Aquated
- Box size: 768 H,0 mol. o
S 057
- TIP3P (flex.) water = ; g
- Canonical ensemble (NVT) < o5l : :
- Nosé-Hoover thermostat EJ 1 : c4
= - * —_—
- COMPASSII force field % f v
- ESP charge partitioning @ -1.5 “[—solute term| T
for the solute g 2 —Cage term ]
- Solute structure fixed 5 sl (T Totalsignal] |
£ 2

Ssotute(@Q) =D _fH@) + D> (fa(Q) - fm(Q) - szné?;nrzm)) ] 0.55 Y SV

3
n n.m#n N N o ) (Q ) Momentum transfer, Q [A™]
Sin A
_ 2 2
Suage (@) = Y Naf2@Q) + 3 3 (P2 £,(Q) fm(Q)/ (Gom(r) = 1) - L amrar)
n n m#n 0 T
1_ : ! j ' = = ' : : .
g : [Fe(CN)G] Oh kS : : : [Fe(CN),]", Oh:
< 27T § [Fe(CN)J*, Cav | & 2_ """" LA\ P P Fe-0,
g : [Fe(cN)J", D3 | S Fe-:lw
S : [Fe(CN), (1, o | S5 | AN\ [Fe(CN).I", C4v:
S : : S
S ; S
§ 14 : § L EERRERERERRN | AL
S| \ | / S
= - =
s |l i f i\ N N S | )N 720 N T R
o : T §
@ 9, :
0 T q'_) T
2 4 6 8 10 L 2 4 6 8 10

25.11.2024 A K Al 30



The local and the global kinetic

fits

Assim (Q/ t) =A‘Sso/ute(Ql t) + AScage(Q/ t)

+ (5Ssolv (Q) AT (t))
oT

1)Fe(CN)s+CN 2>  Fe(CN);, (ground state)
2) Fe(CN), -  Fe(CN); * (separated fragment)
3)Fe(CN); + H,0 =  Fe(CN)s(H,0) (aquation

AT, (t) = (3¢, (t=0)E,, - Sc,(t)E) / Cv
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Species concentration and temperature kinetics
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Transient intensity/arb.uts

Spin state of the intermediate species %
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Perspective: high resolution X-ray scattering %
UM

— Solute
— Cage term

Aqueous Fe(CN)g

| " , _A\/ C4v singlet

' ') ANVAN ! C4v triplet

D3h triplet

\ ’A o s

2 4 6 8 10 12
Momentum transfer, Q [A'1 ]
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Perspective: high resolution X-ray scattering %
UM

— Solute
Agueous FG(CN)Q ’ — Cage term
(8 | " T —— C4v singlet
.

Large reciprocal space coverage:
High X-ray energy and Large Area Detector

5 | ' ') ANVAN = C4v triplet

D3h triplet
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Momentum transfer, Q [A'1 ]
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FXE instrument at European XFEL

Ultrafast photo-induced processes in liquids and solids
— Photo- & reaction chemistry

— Solid-state phase transitions
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Combine X-ray Spectroscopy with X-ray Scattering
tools in a single pump-probe experiment

Rowland-circle

APD

crystal — '/
XFEL beam
XDS
Optical laser XAS
beam

X-ray Absorption Spectroscopy (XAS)
X-ray Emission Spectroscopy (XES)
Resonant Inelastic X-ray Scattering (RIXS)
X-ray Raman Scattering (XRS)

Wide- Angle X-ray Scattering (WAXS)
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FXE: versatile pump-probe instrument %
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Conclusions %

* X-ray spectroscopic and scattering techniques have been successfully applied
to study chemical reactions dynamics in solid and liquid environments

 The plethora of different observables can be connected in a single experiment
deliver a more complete motion picture of the on-going chemical process

 Coherent wavepacket dynamics has been detected in XAS, XES and WAXS
experiments revealing atomic movements during the ultrafast relaxation
dynamics

 Combination of X-ray spectroscopy and X-ray scattering allows to track not
only solute but also solvation cage and bulk solvent dynamics during the
course of a chemical reaction.
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