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Modeling of X-ray spectroscopies
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Spectrum simulations - Part |
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Multi-configurational electronic ¥

Symmetry breaking
Solvation
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Quantum Chemistry JZW=EW

Hartree-Fock DFT Post-HF
Singlet determinant Multi-determinant
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The Quantum chemistry Nightmare J#ZW=EW

[Hartree-Fock Y4 Post-HF N Dynamical correlation
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The Quantum chemistry Nightmare J#ZW=EW
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The many-body ¥ in Hartree-Fock (and Kohn-Sham DFT)

Occupied and virtual HF (Kohn-Sham) orbitals  __.._.

LUMO+1
Spin orbitals: y =¢ (1)o (1) €L uMo
wl wz wB w4 """ wHOMO-l wHOMO wLUMO wLUMO wLUMO+2 l l 8HOMO
8HOMO-l
+-
Slater determinant: tl €5
HForDFT(l 2)_ \/1/2 |(|) 1)0((1)(]) (Z)B(ZH —H— 81
=V¥2 [¢,(1)a(1)d,(2)B(2) - ¢,(1)B(1)¢,(2)a(2)] 1

11JHF or DFT =\/1/n| |w1 wZ wnl
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Electronic states - single/multi-configurational wavefunctions

Closed shell states
Slnglet _\/1/2 |q) (1)0( 1)¢ (Z)B( )l

Open-shell states

IIIDoublet _lq) 1)0((1)'
=V¥%2 |¢_(1)a(1), (2)a(2)]

Tr|plet

may require multi-configurational wave functions!

lpOpen shell singlet =2 |¢ (1)a(1)¢b(2)6(2)| 72 |¢ (1 ﬁ(1)¢b(2 2)|

— 4+ —+ —+
+H +— —+ 4+ —
W v ¥

Singlet Triplet Triplet lpsinglet(-)/TripIet(+)
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Multi-configurational Quantum Chemistry

Variational degrees of freedom in the wavefunction

HF, DFT - Self-consitent field (SCF)
IIJHF or DFT =\/1/n| |wl wZ wnl
Or)=2_1 5 n Cip %p(F)

Multi-configurational
Cl

Whuc =220 Gz, [0 Wi - Wyl
¢.(r) from reference calculation (HF)

Multi-configurational SCF
CASSCF, RASSCEF...

Wye =Zi1,i2...,in Ci1,i2...,in. [V Wi - Wi
¢i(r)=2b=1,2...N Cp %p(F)

LUMO+1

€Lumo

€homo

| | 8HOMO-l
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Multi-configurational quantum chemistry

RASSCF (Restricted Active Space SCF) ~ OPEN

—0—0—
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Accurate and efficient description of =~
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-0—O-

-O0—O—

Valence- and core-excited states
Scalar Relativistic
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Open-shell configurations
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Modelling X-ray absorption spectroscopy

Ground state of Methanol:
Ve = N)Olsz wc1sz ll)H0M02> WY, umo

]

CE

Ols

Lowest valence-excited state:
—_ 2 2 1 1
IPVE _ |w01s wCls lpHOMo wLUMO >

§ CECls

Al

C and O K-edge lowest core-excited states:
Yersce =Wois® Wers' +++ Whomo” Yiomo' >

_ 1 2 2 1
III01s CE _|w01s 11)c1s IPHOMO wLUMO =

Shake-up core-excited states:

_ 1 2 1 2
III01s CE _|w01s 11)c1s wHOMO wLUMO >

Notice that orbital notation is just a shorthand for
the dominant determinant in the
multi-configurational wave function!!
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Modelling time-resolved X-ray absorption spectroscopy

Ground state of Methanol:

IIIGS _ I11)015 wCls wHOMO = ll)LUMO _CE01
S

Lowest valence-excited state: —
IPVE = Ill)0152 wClsz wHOMol IPLUMO]-> i CEC]_

S

C and O K-edge lowest core-excited states:
Yersce =Wois® Wers' +++ Whomo” Yiomo' >

- 1 2 2 1
III01s CE _Iw01s 11)c1s IPHOMO wLUMO =

Shake-up core-excited states:

- 1 2 1 2
III01s CE _Iw01s 11)c1s wHOMO wLUMO >
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Modelling Resonant Inelastic X-ray Scattering (RIXS)

Ground state of Methanol:

— 2 2 2 —
IIst - |w01s wCls wHOMO > 1PLUMO _CE
Ols
Lowest valence-excited state: —
_ 2 2 1 1 p—
IPVE _ |w01s wCls lpHOMo wLUMO = A CEc]_s

C and O K-edge lowest core-excited states:
Yersce =Wois® Wers' +++ Whomo” Yiomo' >

_ 1 2 2 1
III01s CE _|w01s 11)c1s IPHOMO wLUMO =

Shake-up core-excited states:

_ 1 2 1 2
III01s CE _|w01s 11)c1s wHOMO wLUMO >

-

-«
-
‘ ‘

;

Eloss=0Y GS
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Modelling time-resolved RIXS

Ground state of Methanol:

_ 2 2 2 —
Wis = |Wo1s® Wers” -+ Whomo ™ WY, umo —0CE
Ols
Lowest valence-excited state: —
_ 2 2 1 1 p—
IIIVE - |w01s Yers™ o Yhomo Viumo = A CECls n

C and O K-edge lowest core-excited states:
Yersce =Wois® Wers' +++ Whomo” Yiomo' >

- 1 2 2 1
III01s CE _Iw01s 11)c1s wHOMO wLUMO = |

Shake-up core-excited states:
— 1 2 1 2
III01s CE _Iw01s Wers™ ++ Yhomo Wiumo = |
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|
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| 4d XPS of solvated 1.

Experiment _
| oA IE)(P | Tlml | Ebinding _Ephoton ) Ekin

- Terminal —
Center —

Intensity / Arb. units

EtOH

60 h8 b6 k4 52
Energy / eV

l. Josefsson,et al.. PCCP, 15, 20189 (2013)
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Hydration and fluctuations in 1, (aq)

Ab initio Molecular Dynamics

I-l bond asymmetry
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Photo-emission of I3'

- ] m CASPT2+S0
CASPT2
Multi-configurational SCF
Complete active space CASSCF (4d'°)-> (4d°) 5192 Q=33
i = U
< 0=1/2

=T a { e
i - " IFA 52.56 (2) M| =1 (u) 52.03 O=1/2(2

e Earbas aa— | 52.56 (2) M| =2 (u)

I; Shake-up =— 5260 (1) I (M| =0 (u)

~ 52.61 (1) IM| =2 (g)

52.66 (1) IM| =0 (g)
; 52.66 (2) IM] =1 (3) 53.35 h=5/2(g)
= 5352 ™ Q=3/2(u)
5 ‘ . 53.53 =12 Eu
/N +L'S & mmi=ii
2 . 53.61 0=3/2(g)
= \ 53.98 (2) wemmm |M| =2 (g) 53.77 N=1/2(g)

54.33 (2) memmm  |M|=1 (g)

\ 54.47 (1) wemmm (M| =0 (g)

B2 E-t Eg 54 - 52 a0
Binding energy (eV) 55.02 () =3/2 (g}
Shake-up: -
Simultaneous - 0- ek ==l
Core-ionization & el B
valence-excitation

Terminal Cent A
e rm I n a e n e r {é‘w W 8-
/4/0 + g\l'(\

S. Eriksson et al. JPCB, 118, 3164 (2014)

J. Norell et al. PCCP, 20, 19916 (2018) Stockholm

University
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Electronic structure of 1 (aq)

Core-level

photo-electron

spectroscopy

| 4d XPS

MD/CASSCF
ARy
IWAVARNCES

Intensity / Arb. units

I 1 .
60 58 56 54 52
Energy / eV

l. Josefsson et al. PCCP, 15, 20189 (2013)

=E -E

binding - photon kin
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Vibrationally resolved RIXS of liquid water

Liquid water

B F 167 1b]
Ty)
XAS | MR'XS
g /Jt
(o]
i F
’>\ L
L i
5 r[2bi/5ar E/j\-___“”k‘
5 o
[CImTe]
— /) 3
o 2b,
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%w
A
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X-ray emission and RIXS of gas phase water
RIXS H,0O(g)

—O—0— 2b,
_C . 4a1 T T
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5 i ization
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5
525 |-
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520 |-
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1a, Excttation energy [eV] J. Chem. Phys.
136 144311 (2012)
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Molecular Orbitals —» Electronic States

RIXS H,0(g)
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RASPT2 calculations of RIXS spectra

RIXS H_O(g) T* ==

Excitation energy [eV] | === [ —

532 533 534 535 536 537 538 539 ::::: :::::

)(Adatafrlam Myneni Ietai.

E J. Phys.: Condens. Matter
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Quasi-elastic RIXS of gas phase water

Multi-configurational electronic wavefunctions &
and multi-dimensional nuclear qguantum dynamics.

inhar t al.
5. 136, 144341 (2012)
=
H

Energy |

loss [e
BEE " L

532 533 534 535 536 537 538 539

== Experiment :

— |O1s~12b1)

S Covae A BD D A LA oA
— |O15~125L)

RIXS Intensity (arb. units)

-1.0 0.0 1.0 15 25 35 45

Bend Stretch(2D)

g .~ 3 2 - I B 5
r e Energy loss (eV) oo N

A

Selective gating to vibrational modes through

resonant X-ray scattering

Rafael C. Couto!?, Vinicius V. Cruz', Emelie Ertan3, Sebastian Eckert®>, Mattis Fondell®, Marcus Dantz®,
Brian KennedyS, Thorsten Schmitt®, Annette Pietzsch®, Freddy F. Guimaries?, Hans Agren1,
Faris Gel'mukhanov!’, Michael Odelius3, Victor Kimberg1'7 & Alexander Féhlisch®®



Slide 24 of 38

Electronically inelastic RIXS of gas phase water

Weinhardt et al. J.Chem.Phys.136 144311 (2012)

H,0ID,0(g)

I Il 1
532 533 534 535 536 537 538 539

(a) 4a.

518 520 522 524 526 528
Emission Energy (eV)
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Electronically inelastic RIXS of gas phase water

Relative Enef'gy ev)

~ O ©
T
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H I "
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532 533 534 535 536 537 538 539
H ta u. Il
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T
Flzl:au}

Weinhardt et al. J.Chem.Phys.136 144311 (2012) | 3 ' ooev
S 540
. PEoR
o
S —_—
@ 05eV
15
] A ] . ] A ] : ] : ] 10 -0.7I5IEV
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- 1 5 G TR bR v :.- I

2 3 4 5 8 7 8 i B
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| M) Check for updates Ultrafast dissociation features in RIXS spectra
of the water molecule

Cite this: Phys Chem. Chem. Phys,

2018, 20, 14384 Emelie Ertan, © *? Viktoriia Savchenko,” Nina lgnatova, ™ Vinicius Vaz da Cruz,®

Rafael C. Couto,” Sebastian Eckert, (19 Mattis Fondell,® Marcus Dantz,
Brian Kennedy,® Thorsten Schmitt,” Annette Pietzsch,® Alexander Fohlisch,®
Faris Gelmukhanov,™ Michael Odelius "' * and Victor Kimberg (0 *<
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Quasi-elastic RIXS of liguid water

| nature =£\{_\«\_

COMMUNICATIONS

Probing hydrogen bond strength in liquid
water by resonant inelastic X-ray
scattering

Vinicius Vaz da Cruzl, Faris Gel'mukhanov, Sebastian Eckert, Marcella lannuzzi, Emelie Ertan,
Annette Pietzsch, Rafael C. Couto, Johannes Niskanen, Mattis Fondell, Marcus Dantz, Thorsten

Schmitt, Xingye Lu, Daniel McMally, Raphael M. Jay, Victor Kimberg, Alexander Féhlisch & Michael
odelius =

Nature Communications 10, Article number: 1013 (2019)

Theory

4 2 0
Energy loss (eV)



Slide 27 of 38

Quasi-elastic RIXS of liquid water

CPMD of liquid water (64 H,O in PBC)

Scan potential along OH, and OH,

distances for each water molecule
(Unrestricted Kohn-Sham BLYP)

Perform 2D quantum dynamics
simulation of the RIXS process

Sum RIXS from different
environments

Nature Communications 10, Article number: 1013 (2019)
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Quasi-elastic RIXS of liguid water

Energy (eV)

Nature Communications 10, Article number: 1013 (2019)



Slide 29 of 38

IR spectroscopy versus Quasi-elastic RIXS

Wave number (cm™)

24196 20,164 16,131 12,098 8066 4033 0 540
. T I T I T T :m:
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| 122 - liuuid o B I
~— RIXS-gas i E 534 :
80 | == R-gas  iffi |4 531k || 3
: : 9"‘ 'l‘ : — (S .
1 I vl —
I il | ~ s |i = = [1b;'4al)
60 i E %J % — | 155 4a])
i 1 ~
il =) N
] ! — 6 o ‘q.‘ -
40 il | 2 e
Wave number (cm™) : L RIXS/
]
20 ¢ E 3 v 7
L A 4 -
v //
L 4
l:' I ] ] ] 1 h 4
3.0 2.5 2.0 1.5 1.0 0.5 0.0 0 IR

Energy loss (eV)

Nature Communications 10, Article number: 1013 (2019)
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Excited state proton transfer in 2-thiopyridone(aq)

Time-resolved UV pump - X-ray probe

optical pump
X-ray probe
: H
N-_S |
9 N~_,S
L ’
]
1

Y,

time delay

Excited state
proton transfer
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Excited state proton transfer in 2-thiopyridone(aq)

2-TP 2-MP

photo-excitation ) 2-TP(Sn=1_2) 2'MP(Sn=1,2)
phase
- 2-TP(T,) 2-MP(T,)
2-TP(S,)

N\

temperature
P non-adiabatic

dynamics — Energetics

— Spectral signature
s@ — Peak positions

2-TP

Vib. Res.Raman(t) Rui Du et al. , J. Phys. Chem. B, 115, 8266 (2011)
(10.1021/jp203185a)

S1s XAS(t) Benjamin E. Van Kuiken, Matthew R. Ross, Matthew L.
Strader, Amy A. Cordones, Hana Cho, Jae Hyuk Lee, Robert W.
Schoenlein and Munira Khalil, Struct. Dyn. 4, 044021 (2017)
(10.1063/1.4983157)

N1s RIXS(t) Sebastian Eckert et al., Angewandte Chemie, 56, 6088 (2017)
(10.1002/anie.201700239)

N1ls XAS(t) Sebastian Eckert, Jesper Norell, Raphael M. Jay, Mattis
Fondell, Rolf Mitzner, Michael Odelius, and Alexander Fdhlisch,
Chem. Eu. J., 25, 1733 (2019) (10.1002/chem.201804166)


https://doi.org/10.1002/anie.201700239
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Excited state proton transfer in 2-thiopyridone(aq)

N1ls XAS(t) experiments

4.7 3.5 eV
EBDI N L I L L -
2 [ 1]
= En:ja] T K
= :_ H ]
E 4[: [ M 5 Li pili il i
2 20 ;U 200 300 400
= r e Wavelength [nm]
1 L
- D I T I I PR N ]
< - . . - l
(b) .
15
—_ 40 ns =4
8 :
10 +
.E i - e
=~ 2.5 ns
S 5F
- i
E U [ o h'ﬁf
= : 0.1 ns
_ﬂ L
-5 £ — 343 nm
! 258 nm x2
i I i i i I i i i I i i i I i i i I i I I

394 395 3296 397 398 399 400 401 402
Photon energy [eV]

XAS(t) Sebastian Eckert, Jesper Norell, Raphael M. Jay, Mattis
Fondell, Rolf Mitzner, Michael Odelius, and Alexander Fohlisch,
Chem. Eu. J., 25, 1733 (2019) (10.1002/chem.201804166)
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energy electronic transitions in 2-thiopyridone(aq)

d

HOMO-1 HOMO LUMO LUMO+1

R I
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Excited state proton transfer in 2-thiopyridone(aq)

Total energy calculations RASPT2+PCM (eV)

State! 2-TPrc 2-TPr 2-MPgr 2-TPg

So 0.00 0.00 058  0.00*

Si(n, 7*) 3.87 294 538 3507
(m,7%) 3.89 3.15 512 3.46

T, (7, ) 3.16 2.66  4.42 3.20 *
(n, )

3.60 2.95 4.85 3.40 1
Ss(n, 7) 5.08 - - -
Sa_c(’ﬂ'j ﬂ'*) 5.13 - - =

FC=Vertical excitation energy R=Adiabatic energy

XAS(t) Sebastian Eckert, Jesper Norell, Raphael M. Jay, Mattis
Fondell, Rolf Mitzner, Michael Odelius, and Alexander Fohlisch,
Chem. Eu. J., 25, 1733 (2019) (10.1002/chem.201804166)
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Excited state proton transfer in 2-thiopyridone(aq)

N1ls XAS simulations
RASPT2+PCM o ot prp

|N S |N\ SH | ~
L ) (J

Energy [eV]
O NWAU O
i I

N BRI rtl """"" LR IV o ]
| ESU
Sz(ﬂj - J'lj*) —_N\ = N J\ —Js, E o0 E
m I ] s g
Sl(n ) = AT 1l I s 5 % }
3 i E < f f f : : -
TZ(n = J1:*) E AN il y 4 1! N T, 15 o’ — ~ g \//‘_
ru T i E ns x
* —_ i 2 1p h
Tl(ﬂ: - JT ) "E 1 o Tl /‘\7/\ — Tl jg 5 2.5ns =1 -_
T [ 1 1 - : S ol o~
€ H N__5S 4 N_ _SH +H_N_S . 2 0.1ns
= jU /\jj| ) /\ :jU /\ ; S \/—
i = 1 B 1 = J S 258 nm x2
D PERFERTIR BT R N N R RN RSN L P R

394 395 396 397 398 399 400 401 402

L L L L I llllllll l IIIIIIII I lllllllll I IIIIIIII I IIIIIIIII I -l
Photon energy [eV]

395 400 395 400 395 400
Photon energy [eV]

XAS(t) Sebastian Eckert, Jesper Norell, Raphael M. Jay, Mattis
Fondell, Rolf Mitzner, Michael Odelius, and Alexander Fohlisch,
Chem. Eu. J., 25, 1733 (2019) (10.1002/chem.201804166)
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Excited state proton transfer in 2-thiopyridone(aq)

N1ls XAS simulations Energetic and

RASPT2+PCM .. - 2 TP spectroscopic

N S N SH N S 1
N conclusions
U w Lj

6
— 5
52 =
g I [ ;
Ll g'} B N — 2-TP T, 0.76ns N sh
. : N R rtl """"" |"': AR j\|d H 3 N‘E U
SZ(J'[j — IT ) ot _A_./V\.._ R e S, g B6% 2-MP S,
* E 4 1 i 7.3ns 2-TP°S,
S,(n->x) £ P WA e [, A P |
. > 1 1 1 "hot" 2-TP 5, 35ns Us
T2(n — It ) -!_g /\_‘: 1 -T2 ) P
* — I f I ] 2-TP S,
Tl(J-E é J-E ) ."E‘ -‘--._.ﬂ-‘,\n:-_ S | f\\-./\v/\\—-‘“a: T].
g 1 I - ]
T H_N_S -+ _N__SH +H_N_S -
salitiea i ed)
So
TEEE T Ligaliaauy | T [ gyl gy |

395 400 395 400 395 400
Photon energy [eV]

XAS(t) Sebastian Eckert, Jesper Norell, Raphael M. Jay, Mattis
Fondell, Rolf Mitzner, Michael Odelius, and Alexander Fohlisch,
Chem. Eu. J., 25, 1733 (2019) (10.1002/chem.201804166)
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Excited state proton transfer in 2-thiopyridone(aq)

S1ls XAS TDDFT(g)
5 S1ls XAS simulations
-:;i- RASPT2+PCM
E 2TP 2MP
2 Sy— 70 (a)2-TP (b) 2-MP (c) 2-TP"
= T < 8f
v S 1F
T1 TT ‘A—()Ei)i} — 1 0 - 1 ] 1 1 1 ]
[ | ./\__JL_ A _/\_ s,
T L [T 1 3 H ] ] - ]
£y N AN EF NS + n__sH S AP .
c sans 2MP, T LY | T T Nl
? {] : @ | Z LjTJ| u| /\| Lf\r/| |:SfJ
e H 5 N SH 24652470247524652470 247524652470 2475
é‘ Photon energy [eV]
[
8
£
2465 2470 2475
Energy (eV)
Van Kuiken et al. Struct. Dyn. 4, 044021 (2017)
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Electronic states approach

State specific electron relaxation
High-resolution spectral features
Relativistic and dynamical effects

Excited state X-ray spectra
< (M@,b

"’o%i
Stockholm
University
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e,
HAD

N
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