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S1 Spectra Simulation

Both XANES and XPS spectra were obtained in the sum-over-states approach, as the Fourier

transform of the the first-order response function given by

RW(t) = <%> 6(t) Z |1hey|? exp [—i (wge — 07,0 ) £ — 2gee(t)] + coc. (1)

where ) run over the core-excited (core-ionized) states and wy. is the energy gap between
these and the ground-state for XANES (XPS) spectra. 7., indicates the finite lifetime of
the core-excited/core-ionized state (that give rise to the homogeneous broadening of the
spectral lines), while g..(t) is the so called line-shape function, which encodes the coupling
of the electronic states with the intra-molecular vibrations (and the environment) in terms
of displacements of ES equilibrium position along the normal modes coordinates. These
displacements can be computed with the vertical gradient approach, implemented in iSPEC-
TRON,? i.e. by projecting energy gradients of each excited (cationic) state e onto the GS

normal modes.
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S2 Computational protocol: additional information

In the following we present the details of the computational protocol used for the computation
of XANES and XPS spectra. A schematic representation of this protocol is provided in Figure
1 of the manuscript. The key steps are to get the fundamental quantum chemistry quantity

are:
1. MP2 geometry optimization on the molecular ground state;

2. Hartree-Fock (HF) single point calculation to select initial orbitals for the active space.
Localized 1s orbitals on the atoms of interest are always considered, as they facilitate
the interpretation of core-excited signals from different atoms of the same type. If
delocalized canonical core orbitals are obtained, suitable linear combinations of them
are performed, and the wanted localized core-orbitals obtained. Note that the use of
localized core-orbitals may lower the orbitals symmetry (that can be applied to speed
up the calculations). For the molecular systems here considered, a C point group

symmetry was employed in all the calculations.
3. Active space construction, consisting of three different sub-spaces:
(a) RASI: one core orbital is placed herein and kept frozen to avoid orbital rotation;

the upper limit of holes is set to 1;

(b) RAS2: occupied (at SCF level) valence orbitals of prior importance to describe

static correlation are placed herein;
(c) RAS3: virtual orbitals that could give rise to bright transitions are placed herein

and the upper limit excitation is set to 4.

For the systems considered in this work, we included in RAS2 7 and n type orbitals
(when present) since they can give rise to bright shake-up transitions. In the RAS3 sub-

space, only a few orbitals were manually inserted, namely the 7* type orbitals, which
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are expected to be involved in the brightest states. The remaining large set of mixed
valence/Rydberg orbitals found there, is optimized automatically by the RASSCF
routine to properly describe the remaining states. In some cases, to avoid the rotation

of some valence orbital outside of RAS2, these were kept frozen.
. RASSCF calculations are performed separately for:

(a) the GS wave-function and energy (state specific RASSCF computation);

(b) the core-excited states manifold (state average RASSCF calculation); in order to
force the formation of the core-hole configurations, the HEXS projection technique

(implemented in OpenMolcas) is applied to the RAS1 state.

For the molecular systems considered here, a C; point group symmetry was always

employed.

. RASPT2 calculation on the top of both ground and excited state RASSCF wave-
funcions. In this step, a technical (but important) issue has to be considered: the
number of frozen orbital has to be set to zero. It is in fact typical, to reduce the
computational cost, that the RASPT2 routine avoid to consider the orbitals placed at
low indices in the list of molecular orbitals (were core orbitals typically lie). Never-
theless, the rotation of a core orbital in RAS1 forces a valence orbital to be found at
low indices: if the number of frozen orbitals is not set to zero, the contribution of this

(important) orbital to the dynamic correlation would be lost.
In particular we applied single state (SS-) RASPT2 corrections on the top of GS

calculations and a multi-state (MS-) corrections on the top of the core-excited states.

. Transition dipole moments (TDMs) computation. These are computed between the
GS and the core-excited manifold of states by means of RAS state interaction (SI)

routine;
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7. MP2 GS normal mode and frequency calculation and numerical (MS-)RASPT?2 gradi-
ents on the excited states of interest (at the Franck-Codon geometry). These are the

necessary quantities to compute the vibronic couplings in the DHO model.

A similar protocol has been used to simulate XPS. In this case, however, instead of core-
excited states for a neutral molecule (considered above), the ground-state of the core cation
molecule has to be considered. This is achieved by decreasing the number of active electrons
by 1, and by enforcing the spin multiplicity of the final state to be equal to 2. The core-hole
is still produced by the application of HEXS keyword to RASI.

In order to correctly describe core excitation and core ionization processes we employ a
relativistic atomic natural orbital basis set (ANO-RCC). Table S1 reports the basis sets used

to describe the atoms present in the studied molecules.

Table S1: Summary of the basis sets used for the computation of XANES and XPS spectra.

Element Basis set
H 8sdp3d1f.2slp
C 14s9p4d3f2g.4s3p2d
N 14s9p4d3f2g.4s3p2d1f
O 14s9p4d3f2g.4s3p2d1f
F 14s9p4d3f2g.4s3p2d1f

In particular, we employ a Double-( basis set for hydrogen, an augmented double-( for

carbon, a triple-( for nitrogen, oxygen and fluorine.

S2.1 Level of theory of the computations

In the following we report the level of theory employed in each computation. The details
of the RASSCF/RASPT2 computations are presented here in a contracted form, given as
SA-a-RAS(b, c|d, e| f, g)/SS(or MS)PT2, where: a is the number of excited state taken into
account in the state-average procedure; b is the maximum number of holes in RAS1; ¢ is
the number of orbitals in RAS1; d is the number of electron in RAS2 ; e is the number of

orbitals in RAS2; f is the maximum number of electron in RAS3; g is the number of orbitals
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in RAS3. The data are reported in Table S2, indicating also the spectroscopic observable

that was obtained with each given computation.

Molecule K-edge Target state(s) Level of Theory Used for
Ethene Cu,  GS RAS(1,12,1]4,11)/SSPT2 XANES /TP
Core (sym. a/) SA-8-RAS(L,1[2,1|4,11)/MSPT2 XANES
Core (sym. a”) SA-8-RAS(1,1]2,1]4,11)MSPT2 XANES
Core cation RAS(1,1]2,1|2,1)/SSPT2 Ip
Vinyl fluoride Cu, GS RAS(1,1]4,2|4,11)/SSPT2 XANES/IP
Core (sym. a’) SA-6-RAS(1,1]4,2]4,11)/MSPT2  XANES
Core (sym. a”) SA-6-RAS(1,1]4,2|14,11)/MSPT2  XANES
Core cation RAS(1,1/4,2|2,1)/SSPT2 IP
Cur GS RAS(1,1/6,3]4,11)/SSPT2 XANES /TP
Core (sym. a’) SA-6-RAS(1,1]4,2|14,11)/MSPT2  XANES
Core (sym. a”) SA-6-RAS(1,1]4,2]4,11)/MSPT2  XANES
Core cation RAS(1,1]4,2|2,1)/SSPT2 Ip
F  GS RAS(1,1[4,2]4,11)/SSPT2 XANES,/IP
Core (sym. a’) SA-6-RAS(1,1]4,2]4,11)/MSPT2  XANES
Core (sym. a”) SA-6-RAS(1,1]4,2|4,11)/MSPT2 XANES
Core cation RAS(1,1]4,2|4,11) /SSPT2 P
1,1-difluoroethene | Cp,  GS RAS(1,116,3|4,12) /SSPT2 XANES/IP
Core (sym. a’) SA-8-RAS(1,1/6,3|4,12)/MSPT2  XANES
Core (sym. a”) SA-8-RAS(1,1]6,3]4,12)/MSPT2  XANES
GS RAS(1,1/6,3/2,1)/SSPT2 IP
Core cation SA-1-RAS(1,1]6,3|2,1) /SSPT2 IpP
Cr, GS RAS(1,1[6,3]4,12) /SSPT2 XANES
Core (sym. a') SA-8-RAS(1,1/6,3|4,12)/MSPT2  XANES
Core (sym. a”) SA-8-RAS(1,1]6,3]4,12)/MSPT2  XANES
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RAS(1,1/6,3]2,1)/SSPT2
RAS(1,1/6,3]2,1)/SSPT2
RAS(1,1/6,3|4,12) /SSPT2
RAS(1,1/6,3]4,12) /SSPT2
RAS(1,1/6,3|4,11)/SSPT2
SA-8-RAS(1,1]6,3|4,11)/MSPT2
SA-8-RAS(1,1[6,3|4,11)/MSPT2
SA-1-RAS(1,1/6,3|4,11)/SSPT2
RAS(1,1/6,3]4,11)/SSPT2
SA-1-RAS(1,1/6,3|4,11) /SSPT2
RAS(1,1]10,5/4,16) /SSPT2
SA-6-RAS(1,1]10,5/4,16)/MSPT2
SA-6-RAS(1,1]10,5/4,16) /MSPT2
RAS(1,1/12,6/4,8)/SSPT2
SA-4-RAS(1,1]12,6/4,8) /MSPT2
RAS(1,1/12,6/4,9) /SSPT2
SA-4-RAS(1,1]12,6/4,9)/MSPT2
RAS(1,1|12,6/4,13) /SSPT2
RAS(1,1]12,6/4,13) /SSPT2
RAS(1,1/12,6/4,9) /SSPT2
SA-4-RAS(1,1]12,6/4,9)/MSPT2
SA-4-RAS(1,1]12,6/4,9)/MSPT2
RAS(1,1|12,6/4,13) /SSPT2
RAS(1,1]12,6/4,13) /SSPT2
RAS(1,1]12,6/4,12) /SSPT2
SA-6-RAS(1,1|12,6/4,12) /MSPT2
SA-6-RAS(1,1]12,6/4,12) /MSPT2

IP
XANES/IP
XANES
XANES
IP

IP

IP
XANES
XANES
XANES
XANES
XANES
XANES
XANES
XPS
XPS
XANES
XANES
XANES
XPS
XPS
XANES
XANES
XANES



GS RAS(1,1/12,64,13) /SSPT2 XPS
Core cation SA-1-RAS(1,1]12,6/4,13)/SSPT2  XPS
Co GS RAS(1,1]12,6/4,13) /SSPT2 XPS
Core cation SA-1-RAS(1,1]12,6/4,13)/SSPT2  XPS

Cu, GS RAS(1,1]12,6]4,13) /SSPT2 XPS
Core cation RAS(1,1]12,6/4,13) /SSPT2 XPS
Glycine (cyclic) Ng, GS RAS(1,1]12,6]4,9)/SSPT2 XANES

Core (sym. a’) SA-6-RAS(1,1/12,6/4,9)/MSPT2  XANES
GS RAS(1,1/12,6/4,8)/SSPT2 XANES
Core (sym. a”) SA-4-RAS(1,1]12,6/4,8)/MSPT2  XANES
Formaldehyde C GS RAS(1,1]2,2]|4,12) /SSPT2 XANES/IP
Core (sym. a”) SA-8-RAS(L,1[2,2|4,12)/MSPT2 XANES
Core cation RAS(1,1|2,2|4,12)/SSPT2 P

Table S2: Summary of the level of theory used for the computation of XANES, XPS and IPs
for the systems studied in this work. For each system, we report the excited /ionized atom,
the nature of the target state (core-excited state of different symmetry or core-cation state),
the level of theory employed, and the spectroscopic observable in which the calculation was
used.

For the simulation of the vibronic band of formaldehyde carbon K-edge. Duschinsky and
Herzberg-Teller (HT) effects are also taken into account. These can be computed providing
some additional computations to be performed, namely: (a) Geometry optimization in the

1st 7 state; (b) frequency and normal modes of the 1s!Uz*!!]

state at the geometry obtained
in (a); (c) Transition dipole moments derivatives in Cartesian coordinates. All these QC data
are than processed by the code FC-classes which eventually produce the desired spectra.

The level of theory used to compute the above mention additional QC computations are

reported in the Table below.
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Table S3: Level of theory used to calculate the different QC data required for the consider-
ation of Duschinsky and HT effects in the carbon K-edge of formaldehyde.

Targhet Sym. Level of theory

ES OPT. Co,  SA-4-RAS(1,1/2,2]4,14)/MSPT2
ES FREQ. C;  SA-8-RAS(1,1]2,2]4,12)/MSPT2
TDM deriv. C;  SA-8-RAS(1,1]2,2|4,12)/MSPT2
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S3 Core-excited/ionized states lifetime

Here we report the phenomenological lifetimes that we employed in the computations. These

give a symmetric (Lorentzian-like) contribution to the line-shape broadening of XANES and

XPS spectra.

Molecule K-edge Lifetimes (fs)
ethene C 1.0
Vinyl fluoride C 1.0
F 1.0
1,1-difluoroethene C 1.0
cis 1,2-difluoroethene C 1.0
tetrafluoroethene C 1.0
glycine C 1.25
N 1.25
O 1.25
Formaldehyde C 3.3

Table S4: Core excited states lifetimes used to compute XANES and XPS for the systems

studied in this work.
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S4 Active spaces and multi-configurational character of
core-excited states

In what follows, we present the active spaces (AS) and the main configuration state functions
(CFSs) that contribute to the wave-functions of the computed core-excited states. Since all
the computation are performed employing the C symmetry, the core-excited states belonging
to different irreducible representations can be labeled accordingly. Moreover, these were

computed separately, providing a speed-up of the calculations.

S4.1 Ethene

a) Orb. symmetry: g |Orb. symmetry: a”|

RAS| ii RASI i RAS III

Rya Rys Rys
3 & Rylo

Rys

Ryz

Core excited state (sym. @)
2

o
~—~

Core excited state (sym. a”’)
b4
T

Figure S1: Active space used to compute ethene carbon K-edge XANES. a) optimized AS
for states of a’ symmetry. b) optimized AS for states of a” symmetry.
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Table S5: Main core excited states of @’ symmetry that give rise to ethene XANES. The
orbital involved in the excitation process are highlighted in figure S1-(a).

Root AE |TDM|* Configuration = Weight
1 287.38 5.17e-04 1! Ry, 0.83
17l Rys a0l 0,07
17l Ryst < 0.06

2 288.30 1.94e-03 1t Ry, ] 0.80
1sMrl Ry, M7= 0.06
sl Ry, M0 0.05

3 288.46 9.18¢-05 15t Ry, 1 0.81
1sM 7 Ry W 0,07
1st 7t Ry, M= 0.08

4 291.08 1.39e-03 15l RysH 0.76
1sMal RysMasl 0.08
1sMal RysMa<ll 0.08

Table S6: Main core excited states of a” symmetry that give rise to ethene XANES. The
orbital involved in the excitation process are highlighted in figure S1-(b). The shake-up state
highlighted with a black arrow in Figure 3 of the main text, is here marked in red.

Root AE |TDM|> Configuration = Weight

1 28496 6.10e-03 1M1 0.81
1st 72 0.15
2 293.13 1.56e-03 1l 0.15
1! Ry 0.06
1l g=(2l 0.72
3 29420 1.64e-03 sl Ryt 0.73
152l 0.09

1M+l Ry ] 0.05
1M+l Ry ] 0.06

5 297.36 8.53¢-10 15t Ry 0.72
Lst Ml Ryt 0.05
Lst el RysM0.08
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S4.2  Vinyl fluoride

a) |Orb. symmetry: ¢’ | |Orb. symmetry: a”|
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Figure S2: Active space used to compute Cpr K-edge XANES of vinyl fluoride. a) optimized
AS for states of @’ symmetry. b) optimized AS for states of a” symmetry.
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Figure S3: Active space used to compute Cp, K-edge XANES of vinyl fluoride. a) optimized
AS for states of @’ symmetry. b) optimized AS for states of a” symmetry.
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Figure S4: Active space used to compute F K-edge XANES of Vinyl fluoride. a) optimized
AS for states of @’ symmetry. b) optimized AS for states of a” symmetry.
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Figure S5: Active space used to compute the ionization potentials for the two carbon atoms
of Vinyl fluoride. a) optimized AS for Cyp. b) optimized AS for Cg,.

|Orb. symmetry: g’ | |Orb. symmetry: a”|
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T ot Ryz Rys Rys Rys
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L0 W s e e
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Fluorine core cation

Figure S6: Active space used to compute the F ionization potentials for Vinyl fluoride.
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Table S7: Core excited states of @’ symmetry that give rise to the carbon K-edge XANES of
Vinyl fluoride. The orbital involved in the excitation process are highlighted in figure S2-(a).

Root AE  |TDM|* Configuration Weight

1 28993 223e-03  1slURysM 0.85
2 290.79 1.92e-03  1slRy,M 0.20
st Ryslt 0.19
1t Ry, ] 0.50
3 291.11 2.99e-03  1sMM Ry, 0.62
15 Ry, ! 0.25

Table S8: Core excited states of a” symmetry that give rise to the carbon K-edge XANES
of Vinyl fluoride. The orbital involved in the excitation process are highlighted in figure
S2-(b). The shake-up state highlighted with a black arrow in Figure 3 of the main text, is
here marked in red.

Root AE |TDM|*  Configuration = Weight

1 28721 6.72e-03 10l 0.74
15 gy =l 0.14
2 294.60 1.59¢-03 1l 0.10
15 Ryl 0.08
18 oM r* (2] 0.67
3 295.63 6.64e-04 1sM Ryl 0.64
1sM gyt r*i2l 0.07

1sMm M MRyl 0.07

4 298.62 1.30e-04 st Ry, 11 0.60
15 Ryg!] 0.08

18[1]7T2[1]7T*[1]Ry7[1} 0.08

15[1]7T2[1]7r*[1]Ry7[1} 0.05

5  300.05 1.08¢-03 st Ry 0.61
Lst WM Ry 0.08
1M MM Ry 0.07

6  301.24 1.21e-04 1stmMa Ry 0.59
1M, Ryl 0.23
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Table S9: Core excited states of @’ symmetry that give rise to the carbon K-edge XANES of
Vinyl fluoride. The orbital involved in the excitation process are highlighted in figure S3-(a).

Root AE |TDM|*  Configuration = Weight

1 28741 6.97e-04 1s Ry, M 0.06
st Ry, M 0.69

1M, Ry Ml 0.15

2 288.21 9.12e-04 1s Ry, 1! 0.73
15 Ry, ] 0.05

18[1]7T2[1]Ry1 (1) 7] 0.13

3 289.34 1.65¢-03 15 Ry 0.77
1stm W Rys Ml 0.13

Table S10: Core excited states of a” symmetry that give rise to the carbon K-edge XANES
of Vinyl fluoride. The orbital involved in the excitation process are highlighted in figure
S3-(b). The shake-up state highlighted with a black arrow in Figure 3 of the main text, is
here marked in red.

Root AE |TDM|*>  Configuration  Weight

1 285.27 5.71e-03 1t 0.82
15y =2l 0.13

2 293.32 1.97¢-03 15 Ryl 0.72
Lst Wl Ryl 0.05

3 294.30 3.04e-04 1t 0.10
1My M= 2] 0.77

4 296.28 4.48¢-04 sl Ryt 0.24
15, M=l 0.56

5  296.43 7.57e-04 15 Ryg!!] 0.55
15ty Wz*2 0.31

6  297.80 3.19¢-03 15 Ryl 0.06
15t Ry, 0.72

1sMm M MRyl 0.05
1sMm MM Ry, 0.05
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Table S11: Core excited states of @’ symmetry that give rise to the fluorine K-edge XANES
of Vinyl fluoride. The orbital involved in the excitation process are highlighted in figure

S4-(a).

Root AE  |TDM|?* Configuration Weight

1 690.99 3.5le-04  1slMRysM 0.81
2 691.59 7.26e-04  1slRy,M 0.70
1t Ry, 1] 0.05
15 Ry, ! 0.07

Table S12: Core excited states of a” symmetry that give rise to the fluorine K-edge XANES
of Vinyl fluoride. The orbital involved in the excitation process are highlighted in figure

S4-(b).

Root AE  |TDM|?* Configuration Weight

1 690.10 3.16e-04 157 0.85
2 696.09 3.17e-04  1slRy,M 0.58
st Ry, 0.14
sty M 72 0.12
3 696.80 7.35¢-05  1slU Ry, 0.09
15y M) 0.70
6  699.85 2.15e-04  1sl Ryl 0.14
st Ry, [ 0.60
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S4.3 1,1-difluoroethene
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Figure S7: Active space used to compute Cp, K-edge XANES of 1,1-difluoroethene. a)
optimized AS for states of a’ symmetry. b) optimized AS for states of a” symmetry.
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Figure S8: Active space used to compute Cp, K-edge XANES of 1,1-difluoroethene. a)
optimized AS for states of a’ symmetry. b) optimized AS for states of a” symmetry.
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Figure S9: Active space used to compute the ionization potentials for the two carbon atoms
of 1,1-difluoroethene. a) optimized AS for Cp,. b) optimized AS for Cg,.
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Figure S10: Active space used to compute the ionization potential for the fluorine atom of
1,1-difluoroethene.
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Table S13: Core excited states of a’ symmetry that give rise to the carbon K-edge XANES
of 1,1-difluoroethene. The orbital involved in the excitation process are highlighted in figure

S7-(a).

Root AE |[TDM|? Configuration =~ Weight
1 29242 5.98e-04 1st Ry 0.63
1sMms M Ryl 0.27

2 292.76 7.00e-03 15 Ry, ] 0.53
1t Ry 1] 0.07

157y 1 Ry, M7+ 11] 0.05

157y M Ry, M7+ 11] 0.32

3 293.73 2.43e-03 15t RysH 0.60
1smg W Rys Ml 0.06

1srs W Rys Ml 0.26

4 294.56 2.24e-03 1! Rys M 0.65
1sMms M Ry Ml 0.23

Table S14: Core excited states of a” symmetry that give rise to the carbon K-edge XANES
of 1,1-difluoroethene. The orbital involved in the excitation process are highlighted in figure
S7-(b). The shake-up state highlighted with a black arrow in Figure 3 of the main text, is
here marked in red.

Root AE  |TDM|?* Configuration Weight
1 290.01 8.29¢-03 151 0.94
2 206.76 1.60e-03  1sMggltg*2 0.90
3 297.66 2.03e-04  1sMRyM 0.81
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Table S15: Core excited states of a’ symmetry that give rise to the carbon K-edge XANES
of 1,1-difluoroethene. The orbital involved in the excitation process are highlighted in figure

S8-(a).

Root AE |[TDM|? Configuration =~ Weight
1 287.35 2.10e-04 1 RysM 0.79
1My M Ryg M+l 0.12

2 28849 3.18¢-03 15! Ry, 0.72
157y 1 Ry, M 7+ (1] 0.21

3 289.53 1.49¢-03 15t Ryt 0.82
1stms W Ry Ml 0.10

Table S16: Core excited states of a” symmetry that give rise to the carbon K-edge XANES
of 1,1-difluoroethene. The orbital involved in the excitation process are highlighted in figure
S8-(b). The shake-up state highlighted with a black arrow in Figure 3 of the main text, is
here marked in red.

Root AE |TDM|>  Configuration = Weight
1 28558 4.65¢-03 1M1 0.90

2 202.80 1.30e-03 1s Ry, 1] 0.83
1sWr WM Ry 0 0.08

3 295.64 6.52e-04 1M M2l 0.91
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S4.4 Cis 1,2-difluoroethene
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Figure S11: Active space used to compute C K-edge XANES of cis 1,2-difluoroethene. a)
optimized AS for states of @’ symmetry. b) optimized AS for states of a” symmetry.

a) Orb. symmetry: ¢’ | |Orb. symmetry: ¢’

2 N Ry> Ry Rys Rys

10,
Ryr Ryo “’d

Carbon core cation
o
3
w
o
Z
2

o
~

Fluorine core cation
)
fe

Figure S12: Active space used to compute the C and F ionization potentials for cis 1,2-
difluoroethene. a) optimized AS used for the computation of C IP. b) optimized AS used for
the computation of F IP.
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Table S17: Core excited states of a’ symmetry that give rise to the carbon K-edge XANES
of cis 1,2-difluoroethene. The orbital involved in the excitation process are highlighted in
figure S11-(a).

Root AE |[TDM|? Configuration =~ Weight
1 289.12 3.50e-03 1st Ry 0.59
1My M Ry M+l 0.22

2 290.16 1.87¢-03 15! Ry, 0.54
1t Ry 1] 0.08
157y 1 Ry, M7+ 11] 0.26

3 291.08 6.43e-04 1s Ry, 0.67
1st W Rys Ml 0.19

Table S18: Core excited states of a” symmetry that give rise to the carbon K-edge XANES
of cis 1,2-difluoroethene. The orbital involved in the excitation process are highlighted in
figure S11-(b). The shake-up state highlighted with a black arrow in Figure 3 of the main
text, is here marked in red.

Root AE |[TDM|? Configuration ~ Weight

1 287.61 6.61e-03 15+l 0.78
1575 7r*02] 0.17
2 295.18 1.72¢-03 15 Ry, 1] 0.06
15 Rygl!] 0.66

15Uy W1 Rygll] 0.06
Lstm WM Ry 0.06

3 296.13 5.32e-04 1t 0.14
sl RygH 0.05

17y M r*12 0.73

4 29831 3.03e-04 1! Ry, 1] 0.53
st Ryl 0.10

15U 7rg W71 Ry 1] 0.08

15y M2 0.15

15t 7rg M1 Ry 1] 0.08

5  298.87 1.96e-05 15 Ry, 1] 0.13
17y M r*12] 0.75

6  301.20 2.60e-04 1smMr* Ryl 0.65
Lsm WM Ry 0.26
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S4.5 Tetrafluoroethene
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Figure S13: Active space used to compute C K-edge XANES of tetrafluoroethene. a) opti-
mized AS for states of @’ symmetry. b) optimized AS for states of a” symmetry.
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Table S19: Core excited states of a’ symmetry that give rise to the carbon K-edge XANES
of tetrafuoloethene. The orbital involved in the excitation process are highlighted in figure

S13-(a).

Root AE |[TDM|? Configuration =~ Weight
1 291.92 7.08e-03 st Ry, 0.64
1sMas U Ryl 0.26

2 29290 2.08e-03 15t Ry, 1] 0.34
15t Ryg!!] 0.39

18[1]7r5[1]Ry7[1]7r*m 0.14

3 293.63 3.93e-04 1s Ry, 0.27
1s Ryg!!] 0.44

[
[
1sms W Ry, Mz 0.06
1sm W Ry, Mzl 0.12
1sMas M Ryg Ml 0.06
4 296.73 2.84e-03 sl Ry, 0.72
1M M Ry Ml 0.16

5 297.29 4.61e-05 1sm;WRysMal 0.71
15[1]7T5[1]Ry6[1]7r*[1} 0.21

6  298.56 2.51e-03 15 Ry, 1] 0.55
1stms W Rys Ml 0.06
1stm W Rys Ml 0.24
1stm W Ry, M+l 0.10

526



Table S20: Core excited states of a” symmetry that give rise to the carbon K-edge XANES
of tetrafluoroethene. The orbital involved in the excitation process are highlighted in figure
S11-(b). The The shake-up state highlighted with a black arrow in Figure 3 of the main
text, is here marked in red.

Root AE |TDM|? Configuration Weight

1 290.66 8.98¢-03 15+ 0.86
1t M r*(2] 0.07
2 297.13 7.3le-04 1st Ry, 1 0.87
3 298.51 8.50e-04 1l 0.06
1sM gt *i2l 0.78
4 29953 1.88e-05 1751 Ry, 2 0.82

1strs M Ry, M Ry,M0.06
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S4.6 Glycine
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Figure S14: Active space used to compute N K-edge XANES of glycine. a) optimized AS
for states of @’ symmetry. b) optimized AS for states of a” symmetry.
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Figure S15: Active space used to compute Oy K-edge XANES of glycine. a) optimized AS
for states of @’ symmetry. b) optimized AS for states of a” symmetry.
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Figure S16: Active space used to compute O¢ K-edge XANES of glycine. a) optimized AS
for states of @’ symmetry. b) optimized AS for states of a” symmetry.
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Figure S17: Active space used to compute N K-edge XANES of glycine in the "cyclyc"
conformer which present intramolecular hydrogen bond. a) optimized AS for states of o’
symmetry. b) optimized AS for states of a” symmetry.
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Figure S18: Active space used to compute N K-edge XPS of glycine in the "linear" confor-
mation.
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Figure S19: Active space used to compute O K-edge XPS of glycine in the "linear" confor-
mation. a) Optimized AS used to compute the Oy XPS signal. b) Optimized AS used to
compute the Og XPS signal.
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Figure S20: Active space used to compute C K-edge XPS of glycine (conformer A). a)
Optimized AS used to compute the Co XPS signal. b) Optimized AS used to compute the
Cp, XPS signal.

Table S21: Core excited states of @’ symmetry that give rise to the nitrogen K-edge XANES
of glycine (conformer A). The orbital involved in the excitation process are highlighted in
figure S14-(a).

Root AE |[TDM|? Configuration =~ Weight
1 401.37 4.34e-04 1 Ry, 0.78
1M, M RysM el 0.07

2 402.90 5.64e-05 15t Ry, 0.11
15 Ry 1] 0.68

1stm W Rys M+ 0.05

3 403.77 1.08e-04 15l Ry, 1] 0.68
1s Ry 1] 0.11

1sMa, M Ry, M 0.05

S31



Table S22: Core excited states of a” symmetry that give rise to the nitrogen K-edge XANES
of glycine (conformer A). The orbital involved in the excitation process are highlighted in

figure S14-(b).

Root AE |[TDM|? Configuration =~ Weight
2 402.84 1.48¢-03 157 0.12
st Ry 0.67

18{1]7T4[1]7r*[1]Ry5m 0.06

3 405.22 7.41e-04 st RysH 0.76

Table S23: Core excited states of a’ symmetry that give rise to the oxygen K-edge XANES
of glycine (conformer A). The orbital involved in the excitation process are highlighted in

figure S15-(a).

Root AE |[TDM|? Configuration =~ Weight
1 536.24 7.71e-04 st Ry, 0.63
1M, M RyeMa*ll - 0.08

1sMr M Ryl 0.21

2 53821 1.60e-04 sl Ry, 0.25
15t Ry, 1] 0.38

157, 1 Ryyy M 7+ 11] 0.09

st W Rys Ml 0.11

3 539.13 2.2le-04 1sl Ry, 1] 0.36
1s Ry, 1] 0.27

1sM, M Ry, Mzl 0.12

1sMm, M Ry, Ml 0.08

Table S24: Core excited states of a” symmetry that give rise to the oxygen K-edge XANES
of glycine (conformer A). The orbital involved in the excitation process are highlighted in

figure S15-(b).

Root AE |TDM|>  Configuration = Weight
1 53597 6.37e-04 15+l 0.85
2 539.45 2.23e-04 1s Ryg!!] 0.77
1sm WM Ry 0.09
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Table S25: Core excited states of a’ symmetry that give rise to the oxygen K-edge XANES
of glycine (conformer A). The orbital involved in the excitation process are highlighted in
figure S16-(a).

Root AE  |TDM|?* Configuration Weight

1 535.37 6.27e-05  1slRysM 0.51
st Ry 0.29
2 536.35 1.68e-04  1slRysM 0.29
st Ry 0.52
3 537.38 3.46e-05  1slRysM 0.06
15 Ryl 0.76
4 53935 1.20e-05  1sl Ry, 0.80

Table S26: Core excited states of a” symmetry that give rise to the oxygen K-edge XANES
of glycine (conformer A). The orbital involved in the excitation process are highlighted in

figure S16-(b).

Root AE |TDM|?> Configuration Weight
1 53294 2.46e-03 1M1l 0.90

2 53744 1.28¢-04  1sMRygl! 0.07
s Ry 11 0.79

5 539.64 9.11e-05  1slRygM 0.73
s Ry, 11 0.07
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Table S27: Core excited states of @’ symmetry that give rise to the nitrogen K-edge XANES
of glycine (conformer B). The orbital involved in the excitation process are highlighted in
figure S17-(a). In red are labeled the transition originating from the intramolecular hydrogen
bonding that are marked in figure 4 of the main manuscript with an asterisk.

Root AE |TDM|*  Configuration = Weight
1 40143 3.99e-04 1st Ryl 0.75
157, M Ryt 7+ (1] 0.08

2 403.77 1.94e-04 15 Ry, 1] 0.20
15t Ry, 0.49

1sm W Ry, M7+ 0.06

3 404.55 7.11e-04 15l Ry 0.52
st Ry, [ 0.21

1sMm, M Ry, Mz 0.05

4 405.72 3.77e-03 15 Ry, ! 0.05
st Ry, 11 0.71

1M, M Ry, M+l 0.07

Table S28: Core excited states of a” symmetry that give rise to the nitrogen K-edge XANES
of glycine (conformer B). The orbital involved in the excitation process are highlighted in
figure S17-(b).

Root AE  |TDM|?* Configuration Weight

1 40291 1.24e-03  1sTRysM 0.44
st Ry, 0.36
2 403.96 3.86e-04  1slRysM 0.34
1t Ry, ] 0.45
3 40642 7.78¢-04  1sMRys;M 0.76
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S4.7 Formaldehyde
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Figure S21: Active space used to compute C K-edge XANES of formaldehyde trough the
DHO model.
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Figure S22: Active space used to compute C and O ionization potentials of formaldehyde.
a) Optimized active space used to compute C IP. b) Optimized active space used to compute

O IP.
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Figure 523: Active spaces of formaldehyde used to compute; a) Frequencies and normal
modes of the 1s!U7*[Y state in its minimum:; b) transition dipole moments derivatives in
Cartesian coordinates. Note that, in contrast with the other cases, no symmetry is employed

in these computations.
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Figure S24: Active space of formaldehyde used to optimize the molecular structure of the
1sl7*[) state. Note that, in contrast with the other cases, this computation employ the Cy,

syminetry.
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S5 Normal modes

In the following we report some information about the normal modes of formaldehyde and

Vinyl fluoride, as these have been explicitly referred to in the main text.
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Figure S25: Graphical representation of Vinyl fluoride normal modes. Red and blue arrows

here are used to point out respectively, positive and negative displacements along each single
normal mode.

Table S29: Normal mode and frequency of Vinyl fluoride. A graphical representation of the
normal modes is given in figure S25

Modes | Red. mass (amu) Freq. (cm™1)
01 2.35 485
02 1.494 735
03 1.39 869
04 2.27 937
05 1.10 965
06 2.86 1189
07 1.20 1357
08 1.18 1434
09 4.08 1709
10 1.06 3209
11 1.10 3247
12 1.12 3318
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Figure S26: Graphical representation of formaldehyde normal modes for the ground state (a)
and for the 1sM7* state (b). Red and blue arrows here are used to point out respectively,
positive and negative displacements along each single normal mode.

Table S30: Normal mode and frequency of Formaldehyde computed on the top of the GS
minimum. A graphical representation of these normal modes is given in figure S26-(a).

Modes

Red. mass (amu) Freq. (cm™1)

01
02
03
04
05
06

1.36 1195
1.33 1278
1.17 1547
5.50 1753
1.04 2970
1.12 3042

Table S31: Normal mode and frequency of Formaldehyde computed on the top of the 1s/!7*[1]
state minimum. A graphical representation of these normal modes is given in figure S26-(b).

Modes

Red. mass (amu) Freq. (cm™1)

01
02
03
04
05
06

1.32 223
1.32 1255
.86 1383
1.15 1637
1.04 3541
1.13 3710
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S6 Shake-up transitions

Shake-up transitions are mainly described by two-electron excitations configurations. These
involve the excitation of a core electron combined with a valence transition. Shake-up states
are of interest because: (a) being two-electron excitations, only multi-configurational meth-
ods can be used to target them; (b) These states are dark in common XANES setups (being
dominated by double-electron configurations), but can nonetheless become bright in the case
of TR-XANES, as core-level transitions from a valence excited state; (c) They could be used
to probe the valence electronic structure trough X-ray stimulated Raman processes.

The following table reports the shake-up features observed for the series of ethylenes/fluoro
substitued ethylenes. We compare, for these systems, the difference between the GS —
1st7 M transition and the GS — 1sMallz* transition (shake-up feature) with the 77
excitation energy. In doing so, we are guided by the idea that the shake-up transition
could be interpreted as the results of two subsequent excitations: first, the core-excitation
is performed, and, on the top of that, a valence excitation follows. The shake-up energy
is then viewed as the sum of the core-excited state energy (for example 1s— 7*) and the
valence excitation energy (for example m — 7*). Interestingly, we observe that the simple
picture proposed above is approximate, as energy blue- and red-shifts are observed when the

shake-up state is obtained through different core-excitations.

Table S32: Outline of the chemical shift of the shake-up features for the fluorosubstituted
ethenes/ethylenes compared with 77* excitation energies of these systems.

Molecule Excited core  Eq n 121150 <01 (e\/) E 0 (eV)
ethylene Cu, 8.2 8.3
Vinyl fluoride Cur 7.4 8.2
Cpu, 9.0 8.2
1,1-difluoroethene Cr, 6.8 8.1
Cu, 10.0 8.1
cis-1,2-difluoroethene Cyr 8.5 8.1
tetrafuoroethene Cp, 7,9 8.5
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S7 XANES of fluorinated ethanes

The sensitivity of the XPS and XANES techniques to the local/chemical environment, is
clearly demonstrated by studying the carbon K-edge of a set of fluorinated ethylenes. The
substitution of an hydrogen with a strongly electronegative fluorine, alters the binding energy
of the nearby carbon, thereby increasing its effective nuclear potential experienced by the
electrons. This translates into a blue shift of the carbon core-excited state energies in the
substituted systems with respect to the bare ethylene.

If both carbons are equally functionalized (cis-1,2-difluoroethylene and tetrafluoroethy-
lene of Figure S27(d) and S27(e), respectively), they are chemically indistinguishable and
the carbon core orbitals degeneracy is retained. The XANES spectra, in these cases, show a
blue shift of the 1s — 7* transition which increases with the degree of fluorination. In par-
ticular, the main XANES peak experiences a blue-shift from ~285 eV (Cpg,) through ~287.5
eV (Chr) to ~291 eV (Cp,). If, in contrast, the two carbons have a different fluorination
degree (Figure S27(a) and S27(b)), both chemical equivalence and core orbitals degeneracy
are lost. These systems (vinyl fluoride and 1,1-difluoroethylene of Figure S27(b) and S27(a),
respectively) show a splitting of the 1s — 7* transition. In particular, while the fluorinated
carbon exhibits a strong blue-shift of the 1s — 7* transition, the unmodified carbon exhibits
only a minor 0.5 eV blue-shift from its original position, a second-order effect due to the

altered chemical environment of its first neighbor.
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Figure S27: Left: XANES spectra for some fluorinated ethanes/ethylenes at the carbon K-
edge. The contributions of individual core-transitions are highlighted with sticks of different
color (green and orange, respectively), while the total spectra are depicted in blue. The red
curve represents the experimental spectra from Ref. 3. The theoretical spectra are displayed
with their line-shape below the experimental IP threshold (indicated by the black mark on
the top edge of the spectra), whereas above it they are reported only as sticks. Shake-up
(or mixed core-valence) states have been highlighted with black arrows. No shift has been
applied to the theoretical spectra. The blue arrows highlight the fluorination-induced blue-
shift. Right: schematic representation of the dependence of the molecular orbital (and in
particular of the carbon core orbital) energies on the degree of fluorination.
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S8 Glycine: single-configuration vs multi-configurations
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Figure 528: Comparison of the glycine most stable conformer spectra obtained employing (a)
multiple-excitations as described in the computational details above, and (b) restricting the
configuration state functions space to a single electron excitation. The transition discussed
in the main text which shows a strong intensity dependence when single- and multiple-
excitations are considered, is highlighted by a black arrow. A shift of —2.9 eV was applied
to the spectrum in (b) to match the energy position of the higher level of theory in (a) and
facilitate the comparison. The percentage of single-excitation character is reported, for both
calculations, at the bottom of the Figure.
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S9 The C—F example

In this section we provide additional details about the C—F example reported in the main
text, by showing how the DHO model can be used to signal a significant change in the excited
state geometry, and therefore a potential issue for the applicability of the DHO model itself.

Let us compare the ionization of the different centers of Vinyl fluoride, reported in Table
S33 in terms of mode dependent Huang-Rhys (HR) factors and reorganization energies ().
One notices that HR and A\ are higher when the fluorine is ionized, compared to the core-
ionization of Cyp or Cpy,. Common HR factors in optical spectroscopy are rarely as large as
0.5, while the fluorine core ionization leads to HR factors much greater than one. In these
cases, the DHO model would predict an extremely large vibronic coupling, accompanied by a
significant change in the excited state equilibrium geometry with respect to the GS minimum
geometry. Indeed we note that such large values may signal an issue in the applicability of
the DHO itself: as an example, we report that the optimization of the F 1s core cation
ground state (performed at the same RASPT2 level of the core cation calculations reported
above), reveals that the core ionization process leads to the dissociation of C—F bond.

In passing, we note that the sign of the mode-dependent displacement that connects the
(neutral) ground state minimum to the core cation minimum (also reported in Table S33),
can give valuable information about the ionization induced structural changes. In fact, the
displacement along the C—F stretching (mode 4, also depicted in Figure S25) is positive
at the fluorine K-edge and negative at the carbon K-edge, signaling an elongation and a

contraction of C—F bond distance, respectively.
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Table S33: DHO parameters for the ionization of the different centers of Vinyl fluoride.

K-edge Mode Freq. (cm™!) Displ. (Bohrxy/(amu)) HR (n.a.) A (eV)

Cur 04 937 -0.18 0.13 0.02
07 1357 0.16 0.14 0.02

11 3247 0.06 0.51 0.02

Cm, 04 937 -0.48 0.91 0.11
06 1189 -0.27 0.37 0.05

10 3209 0.10 0.15 0.06

F 04 937 0.61 1.43 0.17
06 1189 0.73 2.62 0.39

09 1708 0.32 0.74 0.16

In following the same steps of the C—F example reported in the main text, we evaluated
the same DHO parameters also for core-excitations, initially focusing on the 1s— 7* transi-
tion. It is noted that the total reorganization energy always increases: from ca. 0.7 to 1.14

eV for F, from 0.06 to 0.2 eV for Cyp and from 0.2 to 0.3 eV for Cg,.

Table S34: DHO parameters for the 1s— 7* transition of the different centers of Vinyl
fluoride.

K-edge Mode Freq. (em™') Displ. (Bohrxy/(amu)) HR (n.a.) X (eV)

Cur 06 1189 0.24 0.28 0.04
09 1709 -0.24 0.40 0.08

11 3247 0.12 0.21 0.08

Cm, 09 1709 -0.24 0.42 0.09
10 3209 0.18 0.45 0.18

F 04 937 1.00 3.88 0.45
06 1189 0.97 4.65 0.69

Finally, we compare the DHO parameters for different types of fluorine core-excited
states: in particular, we focus on the excitation of a 1s electron to either Ry, 7 or o*
orbitals, which present an increasing anti-bonding character. As discussed in the main text,
we observe here that the population of a Ry virtual orbital produces an almost neutral effect
on the distortion of the excited state geometry (the HR values, in fact, are comparable or
smaller to the ones obtained for the fluorine core-ionization); at variance, the population of

m* and ¢* induces a significant increase in the HR factors, and therefore a large change in
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the molecular structure of the excited state. In particular, the population of a ¢* orbital

leads to HR factors of about 11, that are clearly too large to be realistic.

Table S35: DHO parameters for different fluorine core excite states of vinyl fluoride.

Excitation Mode Freq. (em™') Displ. (Bohrx/(amu)) HR (n.a.) A (eV)

1s— Ry 04 937 0.51 1.02 0.12
06 1189 0.56 1.57 0.23
08 1434 0.31 0.57 0.10
Is— 7~ 04 937 1.00 3.88 0.45
06 1189 0.97 4.65 0.69
Is— o* 04 937 1.69 11.1 1.29
06 1189 1.55 11.8 1.75

The DHO is therefore proven to be a feasible model for the carbon K-edge, where HR
values remain relatively small. Still, the presence of HR values close to one may constitute
a warning that some modes can have different frequency in the GS and in the ES. Inter-
estingly, in the case of F K-edge, the DHO itself signals its inability of correctly describing
some transitions, displaying extremely large HR values that can be used as an indication of
extreme phenomena such as the bond dissociation (which is indeed observed in the case of

F ionization).
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S10 Duschinsky and Herzberg-Teller

In the following we outline some technical details about the Duschinsky and HT effects that
give rise to the vibrational resolved spectra of formaldehyde presented in Figure 7-(b,c) of
the main text. In particular: in Table S36 we show the frequency of the GS and 1s!H7*[!
state; in Table S37 we show the structure of the transformation matrix M# that projects the
157 state normal modes onto the basis of the GS normal modes; finally, in Table S38

we show the transition dipole moment derivatives along the normal coordinates of 1s!z*1.

Table S36: Normal coordinates shift and frequency change computed for formaldehyde within
the Duschinsky rotation framework. The “Schift” column represents the shift vector K.*

Mode  Shift (Bohrxy/(amu)) Freq. GS (em™!) Freq. 1sta*lt) (cm™?)

1 0.32e-03 1195 223
2 -0.96e-03 1278 1255
3 -0.61e+01 1547 1383
4 0.15e+02 1753 1637
) 0.86e+01 2970 3541
6 0.16e-01 3042 3710

Table S37: Transformation matrix M from the normal mode of 1sl7*! state to those of
the GS for formaldehyde. The largest values are highlighted in red. Note the strong mixing
between mode 3 and mode 4.

Modes 1 2 3 4 5 6
1 0.99945 -0.00000 0.00004 0.00024 0.00003 0.00001
2 0.00000  0.99866  0.00029 -0.00033 0.00001 0.02785
3 -0.00021 0.00010 0.59269 0.80533 -0.01229 -0.00005
4 -0.00011  0.00044 -0.80543 0.59267 -0.00609 -0.00018
5 -0.00004 0.00011 0.00238 0.01351 0.99990 -0.00418
6 -0.00001 -0.02831 -0.00011 0.00021 0.00418 0.99954
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Table S38: Transition dipole moments derivatives along the normal coordinates of 1s!z*!]
state of formaldehyde.

Modes X y Z
1 -0.0000052  0.0000001 -0.0000075
2 0.0000004  0.0000000 -0.0003846
3 -0.0000004  0.0000000 0.0001210
4 -0.0000002  0.0000000 0.0007860
5 -0.0000001  0.0000000 0.0004649
6 0.0000011  0.0000000 -0.0010520
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