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I. INTRODUCTION

Recent years have witnessed remarkable advances, in both large-facility and laboratory-
based (table-top) X-ray sources, that enable a wide range of investigations with unprece-
dented time resolution and element specificity.! * Time-resolved pump-probe experimental
techniques have become popular and now constitute a powerful tool to study the occurrence
of fundamental processes such as internal conversion and intersystem crossing. For instance,
a UV-Vis pump and an X-ray probe may be used to investigate the dynamics of valence

excited states.>©

These experimental advances imply a growing need for reliable and computationally ef-
ficient tools to simulate and interpret experimental spectra.” Over the last five years, a
number of computational approaches have been developed to simulate transient state X-ray
absorption spectra (T'S-XAS) of singlet excited states.>®® 11 Applications include the inves-
tigation of ultrafast internal conversion in organic molecules. Particularly relevant for the
present work is the recent development of coupled cluster approaches to near-edge time-

resolved X-ray absorption spectroscopy (TR-XAS).511-14

In this contribution we broaden the spin adapted equation of motion coupled cluster
singles and doubles (EOM-CCSD) approach!®!6 to the calculation of triplet transient state
X-ray absorption spectra. Several popular quantum chemistry codes contain algorithms
for the solution of the coupled cluster right and left eigenvalue equations for singlet ex-
cited states in both spin-adapted and unrestricted formulations. For triplet excited states,
current implementations are mostly unrestricted.!”2? Indeed, for a closed-shell reference, a
straightforward spin-orbital implementation yields spin-pure states and spin-adaptation is
only needed to reduce the costs of the calculations. An alternative strategy is to enforce
spin-symmetry in the matrix multiplications, as is done in Q-Chem'® using the libtensor
library.?® Nonetheless, a fully spin-adapted implementation is, computationally, the most

efficient strategy.

To the best of our knowledge, the only spin adapted triplet CCSD implementation is the
one of Hald, Hittig, and Jgrgensen,'® which is limited to the solution of the right eigenvalue
equation. A complete spin adapted implementation for the coupled cluster singles and
approximate doubles model (CC2) using the resolution of identity approximation (RI-CC2)
was presented by Hittig, Kohn, and Hald,?* and generalized to intensities by Pabst and
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Kohn. 2

We expand the work of Hald, Hittig, and Jgrgensen!® by deriving and implementing
the CCSD left transformation for triplet excited states. Furthermore, we apply the core-
valence separation in the solution of the eigenvalue equations.'®!4 In this way, we obtain core
excitation energies as well as spectral intensities between valence and core excited triplet
states. This extends the computational methodology used in Ref. 5, which was designed for
probing internal conversions by TR-XAS, to the study of intersystem crossings.

As an illustrative application, we compute the spectral signatures of the intersystem
crossings in acetylacetone, for which recent experimental and theoretical (MOM-TD-DFT)
results are available.® The photoionization dynamics of acetylacetone has also been the
subject of a recent experimental and theoretical effort?® using UV-pump/XUV-probe FEL
at Elettra.?® Finally, we predict the oxygen K-edge spectrum, for which experimental data

are currently not available.

II. THEORY
Coupled cluster theory employs an exponentially parametrized wavefunction,
|CC) = exp(T')|HF), (1)

where |HF) is the closed-shell Hartree-Fock Slater determinant, and 7 is a linear combination

of excitation operators 7,,,
T=> tym, (2)
o

with weights t,, known as amplitudes. Here and in the following |u) refers to excited config-
urations generated by applying the operator 7, to |HF). The explicit form of the operators
7, for a closed-shell ground state can be found in Ref. 27.

The coupled cluster ground state energy and amplitudes are conventionally obtained by
projection of the time-independent Schrédinger equation for |CC) onto the reference |HF)

and the excited configurations |u). The resulting equations may be expressed as

Ecc = (HF|H[HF) (3)
60, = (ul HJHF) =0, (W
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where H = e THeT is known as the similarity transformed Hamiltonian. In the CCSD
model, 7, is restricted to single and double excitations relative to |[HF).

Two different approaches exist for describing excited states in coupled cluster theory.
One is linear response (CCLR) theory,?® where the excitation energies are defined from the
pole-structure of the linear response function, and obtained by solving the non-symmetric

eigenvalue problems

AR, = w,R, (5)
LA =w,Ll, n=12,... (6)

under the biorthonormality condition L%Rn = Opmn. The matrix A, defined by
Ay = (v][H,7,]|HE), (7)

is called the coupled cluster Jacobian. The other approach is equation of motion (EOM-CC)

17,29

theory, where excited states are found from a Cl-like eigenvalue problem using the matrix

representation of H in the basis {|HF),|u)}. Since Eq. (4) is satisfied, the two approaches
give the same expression for the excitation energies.?”

Clearly, only the solution of the right eigenvalue equation, Eq. (5), is needed to obtain the
excitation energies w,. However, both right (R,,) and left (L,,) excitation vectors are needed
for the computation of spectral intensities. In order to calculate transient state absorption
spectra, we need the dipole transition moments between two excited states. Within the
EOM-CC formalism, these can be written as!”3033

Sii—~fl= ) TiTS (8)
X=zy,z
where
X T AX,EOM T T¢X
T = Ly AV Ry — (8 Ry)(L;€7)
— (LTRy)(E7€Y).
The EOM property Jacobian AXFOM for the operator X is given by30:31:34
o _ _

ASEOM — (4] X[v) — (HF| X[HF)3,. (10)

The vectors t and €~ above are the ground-state Lagrangian multipliers and property right-
hand-side vectors, respectively. Their definition can be found in Refs. 15 and 28. Note that
the EOM-CC and CCLR transition moments are not identical.
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In the case of triplet states, the second term in Eq. (9) vanishes as the ground state
Lagrangian multipliers t are necessarily singlet for a singlet ground state. Moreover, for dif-
ferent states (i # f), the last term vanishes by biorthonormality. Thus, only the contraction
of the AXFOM matrix with the left and right eigenvectors needs to be evaluated.

The solution of Eq. (5) for a triplet excited state in spin-adapted CCSD has been discussed
in Ref. 16. We focus here on Eq. (6), which is most conveniently solved using a direct
subspace approach that only requires the ability to calculate the Jacobian left-transformation

of a vector L. The elements of the left transformed vector can be written as
pu = (LTA)M = <HF|£[H,TM]|HF>, (11)

where
L=> 7iL,. (12)

An analogous operator R can be defined when right transforming a vector R.. In the following
subsections, we discuss the explicit parametrizations required to compute the transformed

vector p in the case of a triplet excitation vector.

A. Parametrization of the triplet excitation space

In order to obtain programmable expressions for Egs. (10) and (11), we need explicit
expressions for the excitation operators 7,,. We follow the convention where the letters a
through f (i through o) refer to virtual (occupied) molecular orbitals.

The construction of operators for the singlet excitation space is discussed elsewhere.?”

These excitation operators are used for the ground state operators 7" and A =) i EMTJ. To

span the triplet space, we use the operators

(S)Tai = alaam - alﬂaw (13)
ety = Al o tiatlyaj0 — al saipal sa56 (14)
ity = alyaiaaza;5 — alsaisal,aja (15)

To simplify the notation, we will from now on omit the superscript (3) on the triplet operator
3)r,;, as well as in all amplitudes and terms connected to it. We emphasize once more that

the operator in Eq. (13) is different from the one entering 7" and A. Also note that the

5



above definitions differ from those of Hald, Hittig, and Jgrgensen'® by a scalar factor, but
it is trivial to transform between the two representations. The double excitation operators

can be shown to fulfill the following symmetry relations:

_)

+)Taibj = Tajbi = _(+)Tbiaj = (+)Tbjai7 (16)

(7)7-aibj = _(7)7—bjai- (17)

These relations restrict the number of linearly independent parameters. Thus, a complete
parametrization of the CCSD triplet right excitation operator can be written

R = ZR“ Tai + Z DR D

a>bi>j

+ Z CRY Crg,
ai)>(bj
(ai)>(bj) (18)

Similarly, the CCSD triplet left operator can be written

(T 3 g,

a>b,i>j

+ Z Lab azb]

(ai)> (by) (19)

_ - ZLa Z Lab mb]

abz]

+ Z Lab azbj

abz]

Using the above definitions, expressions for the Jacobian left-transformed triplet vector can
be derived. Since there are three kinds of operators spanning the triplet space in the CCSD

case, it is convenient to also split the transformed vector into three parts:

Pai = <HF’£ [H7 Tai] ‘HF>7 (20)
iy = (HF|L [H, Pryy;] [HF), (21)
w painy = (HF|L [H, Tryy] [HF). (22)
Qs
<3 6
o
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Explicit expressions for these quantities are given in Section II B.

The operation count of one triplet left-transformation as implemented here is gOQN 44
603V3 + 30*V2, if we only count the terms that scale as the sixth power of the system
size. Here, O and V denote the number of occupied and virtual orbitals, respectively, and
N = O+ YV is the number of basis functions. This means that the left transformation in the

36,37 which is consistent with the fact

triplet case is about 3/2 the cost of the singlet case,
that there are 3/2 as many independent parameters in the triplet parametrization. Note,
however, that the results presented here still rely on the implementation of the right linearly-
transformed vector of Hald, Hiittig, and Jorgensen.'® According to the authors,!® their triplet
right transformation costs 3/8N10? + 8V303 + 2V20* vs. 1/4N10? + 4V303 + V20! for a

singlet right transformation, i.e., a factor of 3/2 on the leading term, and a factor of 2 on

the remaining terms.

B. Triplet left-transformation
Following the derivation in Ref. 36, we write the singles part of the triplet left transformed

vector, Eq. (20), as

Pai = P + 0% + 05 + o5 +pE +pk + 0% (23)

7



The various contributions are given by

pfi = ZLfn _gimea + Z gifna tZJ;n, (24)

nf

P = ZLEFW ZL“ i (25)
P = Z GifeaYer + Z GinmaXomn (26)
Py = Z FieYae — Z FrnaXomi (27)
Pl = L Geagm — Y Lot Gimen (28)

efm emn

ph=> L Z[(2§eamf Gepma) Uiy = Geamy th = Gmags ti]

neg

+Y LY Z Gmaon 1 (29)

efn

pu=—> L Z (20imof — Gifom) 15— Gimor t50 — Gigon t30,]

emn

_Ziae Zngeg mn (30)

emn

where L¢/ = (DLef 4+ ()Ll and Opgrs are the Ty transformed two-electron repulsion inte-

grals.

In the above equations we have introduced a number of intermediates. The one-particle

intermediates are the same as in the singlet case,3
Jrea - Fea + Z(zgeamf - gefma) tfn (31)
mf
- Z(nganf - gmfna) tfrm
fmn
-Em - -Fzm + Z(Z@mne - gienm) th (32)

en

+ > (20iens — Gisne) ti,
efn

-Fjb = Z<2gmejb - gmbje) tin (33)

em
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that can also be rewritten as

fea - Bea + Z(zgeamm - gemma) (34)

m

=D hmans = Gmgna) il

fmn
+ Z(2gzenf - gifne) tz{n
efn
‘/—_.jb - ﬁjb + Z(ngbmm - gjmmb)a (36)

m

where fzpq are matrix elements of the 73 transformed one-electron Hamiltonian. The X and

Y intermediates are also very similar to their singlet counterparts:3

X = S, @7
efn

Y;le = Zi’?r{n tir{n (38)
fmn

To handle the doubles part, it is convenient to introduce an operator that generates

permutations among sets of indices:

PIS; Q,Sapqrs = Qpgrs — Qrspg - (39)

Using this operator, the contributions to the doubles part of the linearly-transformed vector,

Eq. (21) and (22), can be written as

(+)paibj = (+)sz4ibj + (+)Pfibj + (+)sz'bj (40)
+Pa(,_b)Pi(,;) [Pgibj +p<?ibj +10(I;;bj + %(-’_)paGibj +pgbj
(_)paibj = (_)Pfibj + (_)szj + (_)paEibj (41)
+ Péz_b)] [pacibj + (7)I0acibj +P£bj +p5ibj

+ (7)I0aGibj +pgbj] ;

where
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(i)pfibj Z(i)Lab Gimin +Zgw]f tmn] (42)
ef
Sl = Z( 'L Geaps (43)
Splie; = Z L Gnans 5, (44)
efmn
pacibj = _% Zzigj [geaim - Z Jnaif tff%] (45)
em fm
Paiby = % ZE% [(QQemjb — Jebjm) (46)
3 g = Guair) ek, = 168
fn
Opny = =D L, [f/eznm > i tnm] (47)
me fn
pg;’bj = Z GiambXmj — Z GiejvY ae (48)
(i)pac:ib] Z (i)L Z Hpeb F (49)
Paiv; = LiFjp + ZLigeaﬂ? - Zngz’mjb (50)

We refer the interested reader to the Appendix A for additional details on our implemen-

tation in Dalton.?"

III. INTERSYSTEM CROSSINGS IN ACETYLACETONE

We have used the methodology described in the previous sections to compute spectral
signatures of intersystem crossings (ISC) in acetylacetone at the carbon and oxygen K-
edges. Spectral signatures of internal conversion (IC) processes have also been computed for
completeness.

In a time-resolved UV-pump/X-ray-probe experiment recently carried out on acetylace-
tone at the carbon K-edge by Bhattacherjee et al.® using table-top instrumentation, the
system is initially brought into a valence excited state by absorption of UV radiation (see
the left scheme in Fig. 1 for a representation of the process). The probe frequency is tuned

to the S5 electronic singlet excited state of 77* character. From Sy, the system can undergo

10
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internal conversion into another singlet S; excited state of nm* character and/or undergo
intersystem crossing into an excited state T} of triplet spin-symmetry. The system can be
probed, at different time delays, with an X-ray pulse. This pulse excites specific inner shell
electrons of the valence excited states that are populated at a given time delay, depending

on the probed K-edge region.

Our calculations focus on the spectral signatures that are due to the process illustrated
by the middle scheme in Fig. 1. They are new, well defined signatures emerging at energies
below the first core excitation of the ground state. As seen in Fig. 1, they correspond to
the process by which one 1s electron fills the vacancy in the valence orbitals (SOMOs) of
the valence excited state, generated either by the pump excitation or by IC/ISC. The final
state is clearly single-excitation dominated, and therefore well described by CCSD. From the
experimental point of view, the core-to-SOMO peaks are a preferred choice when tracking
excited-state dynamics, since they unambiguously originate from the valence-excited states
that are probed.%11238 Other mechanisms can of course also occur, see e.g. the right scheme

in Fig. 1.

Here we compute the spectra as transitions between EOM states generated from the
the ground state Sy. This implies requirements on the excitation manifold. For instance,
single excitations of valence excited states can be double excitations relative to Sy (Fig. 1,
right) such that triple excitations might be important. Therefore, some spectral features
may be missing or be located at too high energy. A possible strategy to partly overcome
this problem is to compute the spectra as linear absorption spectra of a high-spin reference
mimicking the character of the valence excited state, as explored for instance in Refs. 38
and 39. Our current implementation in Dalton does not allow us to carry out these types
of calculations. We note nonetheless that spectral signatures from these other processes are

expected overlap with the ground state spectrum.

Starting from the CASPT2 geometries in Ref. 26, we re-optimized the acetylacetone
molecular structures of the ground state Sy, the two lowest singlet states, S;(n7*) and
So(m*), and the lowest triplet excited state Ty (77*) using QChem'® and (EOM-)CCSD/aug-

cc-pVDZ. In each case the structure found was the enol tautomer.

The bond lengths that changed significantly between the various states are given in

Table I. The full set of coordinates for each geometry is given in the SI file.

11



TABLE I: Atom labelling and selected bond-distances (A) for the relaxed geometry of each

state.

/H State CQOl CgC4 02H

0, o))
‘ H So 1.25 1.37 0.99
C C S 1.33 1.38 0.97

e

0‘5 0‘3 Ci S, | 131 1.49 1.08
H H HH —p 1.24 1.49 0.97

h wprob h wprob

_._._

FIG. 1: Schematic overview of the processes involved in the TR-XAS pump-probe

experiment.

All excitation energies and oscillator strengths were computed with a development version
of Dalton.?’ To generate the spectra, we used Lorentzian broadening with a half width at
half maximum (HWHM) of 0.2 eV. The oscillator strengths f(i — f) between two states ¢

and f are given by the expression

$6 ) = Sy )G = 1), 51)

In the Dalton calculations, we used the 6-311-+-+G** basis set. This basis set has been

shown to yield results for X-ray absorption and ionization of quality almost comparable to

12
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the aug-cc-pVTZ basis set, but with reduced computational cost, both in coupled cluster!!4°

and algebraic diagrammatic construction*"*? theory.

We characterized the valence excited states by means of natural transition orbitals
(NTOs). These orbitals are generated from a singular value decomposition of the single-
excitation part of the right excitation vector.® Since all valence excited states are dominated
by one singular value, we only consider one pair of NTOs for each state. The NTOs were
visualized using MOLDEN.#** In Figure 2, we show the NTOs obtained for the valence
excited states at optimized ground and excited state geometries. We assigned the excited
states by inspecting the NTOs. The energy profiles at the ground state geometry are in line
with the profiles in Ref. 26.

Some notable features are evident in Figure 2. At the minimum of the Sy(77*) state, the
Si(nm*) and Se(77*) states are nearly degenerate (0.06 €V), with reversed energy ordering
compared to the ground state geometry. This suggests the presence of an Sy (nz7*)/Sy(77*)
conical intersection close to the So(77*) minimum, facilitating an internal conversion into
Si(nm*) after initial excitation into the bright Sy(77*) state. This is consistent with the
experimental study of Bhattacherjee et al.,® where So(7m*)/Si(n7*) internal conversion, fol-
lowed by an Sy(n7*)/T)(77*) intersystem crossing, was deemed the most favoured pathway.
We should point out that the triplet To(n7*) state may act as a doorway state. In a study by
Squibb et al.,* dynamics simulations (CASSCF) indicate a Sy — S; — Ty — Ty pathway
where the population of the T, state never exceeds 10%. The conical intersections involved
in these pathways may be investigated using similarity constrained coupled cluster theory,
providing an accurate account of dynamical correlation.*?6

At the ground state geometry, the hole NTO of the S;(n7*) state has a significant contri-
bution on O1 (carbonyl group), see Table I, consistent with the interpretation of this state
involving the excitation out of a non-bonding orbital on this O. This could also explain
why the spectral signature of the S;(n7*) state is weak in the experimental carbon K-edge
spectrum, which has rendered the dynamical evolution of this state unclear.® It also suggests
that an oxygen K-edge spectrum would be able to monitor the dynamical evolution of the
S (nm*) state.

After a few ps, two bands appear in the time-resolved spectrum, at 281.4 and 283.8 eV,
that are believed to stem from the T)(7w7*) state.® In Fig 3, we show the computed CVS-
CCSD/6-311+4+G** ground and excited state carbon K-edge spectra. In Fig 3a, the spectra

13
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Geom. State Hole Particle

S1

w =4.42 eV
(SO)min

f =0.0006

Character nr*

S
w =>5.27 eV
f=0.3209

Character wr*

T
w=3.72¢eV
f =0.0000

Character wr*

S1

w=3.62 eV
(Sl)min

f = 0.0003

Character nr*

S1
w=4.97 eV
f=0.3205

Character wr*

S

w=4.25¢eV
(SQ)min

f=0.2736

Character wm*

S
w=14.31¢eV
£ = 0.0006

Character n*

L KR A KRR A
LA A A AR A A

Ty

w=111¢eV
(Tl)min

f = 0.000

Character wm*

FIG. 2: CCSD/6-311+-+G** excitation energies w (eV), oscillator strengths f from the
ground state, and N'TOs of the singlet and triplet valence excited states here considered,

computed at optimized grouxﬂ and excited state geometries.
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were computed at the ground state geometry. In Fig 3b, we show the computed transient
state spectra for relaxed excited state geometries. Superimposed on the computed spectra
are shaded areas in correspondance to the experimental 77 (77*) bands, whose widths we
have chosen to reflect experimental uncertainty in Ref. 6. Note also that the transient state
spectra have not been scaled to account for the percentage of excited molecules (a standard
down-scaling is 10%). To align the ground state spectrum with experiment, we have applied
an overall shift of —1.4 eV. The computed ground state spectrum coincides with experiment®
for the second and third peaks, but underestimates the separation of the first two peaks.

In all computed spectra, the most intense spectral features in the region 280-284 eV are
due to the two 77" excited states (Se and 77). The intensity of the S;(n7*) state is weak
in comparison. Measurements of T'S-XAS at the carbon K-edge are therefore not suited to
monitor the decay of the S;(n7*) state. The signature of the Sy(7w7*) state, located close to
280 €V in the computed spectra, is not visible in the T'S-XAS, supporting the conclusion that
an internal conversion to the S;(n7*) state occurs rapidly after initial excitation into the
Sy(mm*) state.® On the other hand, the computed spectra show two peaks associated with
the triplet 77 (77*), at 281.3 and 281.7 €Vs (unrelaxed) and 281.8 and 283.1 eVs (relaxed),
roughly reproducing the experimental bands at 281.4 and 283.8 €Vs.® Improved agreement
with experiment may be obtained by accounting for triple excitations, for instance using the
coupled cluster singles doubles and perturbative triples (CC3) model.>*7

Finally, we show in Fig. 4 the computed oxygen K-edge spectra at the Franck-Condon
and relaxed geometries. A notable difference from the carbon K-edge spectra is the strong
spectral signature of core excitations from the S;(n7*) state. We may therefore conclude,
with some confidence, that oxygen K-edge TS-XAS experiments would be ideally suited to
probe the internal conversion from Sy(77*) to Si(n7*). Recall that the strong signature

from S;(n7*) state may be understood from the orbital hole contributions at the O; oxygen.

IV. CONCLUDING REMARKS

We have presented a spin-adapted implementation of the EOM-CCSD left-transformations
that allows for the calculation of the spectral intensity between excited states. Triplet core
excited state were calculated using the core-valence separation, which allow the calculation

of spectral intensities between valence and core excited triplet states.

15
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T, (™)
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(a) All spectra computed at ground state geometry.

— 5o
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Photon energy (eV)

(b) Each spectrum computed at the stationary point geometry of the state it refers to.

FIG. 3: CVS-CCSD/6-311++G** ground and excited state XAS spectra of acetylacetone
at the carbon K-edge. Computed spectra were shifted by —1.4 eV to align the main peak
of the computed Sj spectrum with experiment. Labels indicate on which carbon atom the
K-edge excitation takes place, numbered according to Table I. Yellow columns mark the
location of experimental features interpreted as originating from the T; state by

Bhattacherjee et al.,% emerging approi%mately 2 ps after the pump excitation.
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(a) All spectra computed at ground state geometry.
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(b) Each spectrum computed at the stationary point geometry of the state it refers to.

FIG. 4: CVS-CCSD/6-311++G** ground and excited state XAS spectra of acetylacetone
at the oxygen K-edge. The experimental spectrum is from Ref. 48,49. Computed spectra
were shifted by —2.1 €V to align the main peak of the computed ground state spectrum

with experiment. Labels indicate on which oxygen atom the K-edge excitation takes place,

numbered according to Table I.
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We applied the implementation to compute transient state core absorption spectra in
the acetylacetone molecule. The S, S; and T} states are considered central to the decay
process of this molecule following UV excitation into the Sy state. At the carbon K-edge, the
computed signature of the triplet state was found to be in qualitative agreement with time-
resolved experimental spectra. Theoretical oxygen K-edge spectra, for which experimental
data is currently unavailable, were also computed. They indicate that oxygen K-edge TR-
XAS measurements may monitor the formation by internal conversion, and decay, of the S}

state, which is not captured by the carbon K-edge spectra.
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Appendix A: Implementation

In the following, we summarize how Egs. (23) to (50) have been implemented. Here Greek

indices « through § will refer to atomic orbitals.

1. Singles contributions

The calculation of the B and D contributions is straightforward and equivalent to what

has been done in the singlet case.®® The A and C contributions are calculated as

Pfi +pacz = - Zgiﬁaapaﬁ = - Z C’yicéag'yﬁatipaﬁ (Al)
afB afByo

where C,, are molecular orbital coefficients. Introducing the lambda matrices
A:i =Cyi + Z Cheti (A2)
Ay =Cha = Z Com b (A3)

allows us to write the D intermediate as

Dag =) LiMsmhhe = D tihL5,CorCon

mnef (A4)
+ 3 YA Cor — 3 X CamAl,
ef mn
Using the partially back-transformed vector
Ly, =Y L Ag (AS5)
f
the first part of the E term can be written
paEil = Zifrigeadm- (A6)
emod

The last part of the E and G terms is calculated using the BF term from the integral code,

as it is done in singlet case.?® The first part of the F term can be rewritten as

pat =D LY [5(20cams = Gepma) (2155, — 12)
neg mf (A?)

_%gmaef t{zgn - gmagf t;{n}
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This expression can then be simplified by introducing the two intermediates

Peimp = Y _L35(2t05, — t19) (A8)
ng
Qeimp = — Y _ (L85 — 2018 9], (A9)
ng

giving

pf;l = %Z Peimf(Qgeamf - gefma) - %Z Qeimfgmaef

emf emf
- Z Peimfgeamf - % Z(Pez‘mf + Qeimf)gmaef' (AlO)
emf emf

The second part of the F term can be written as

pZQ = Z Mmion.@maon (All)

mno

where the M intermediate is defined as

Mypion = Y LT 121 (A12)

in “mo
ef

The first part of the G term is calculated using the same approach as the first part of the F

term. That is,

pgil = Z Pamofgimof - % Z(Pamof + Q:;mof)gifom (A]-g)
mof mof
where
Quims = — Y (L + 207190 t4f (Al4)
ng

2. Doubles contributions

The operations in terms A, B and E preserve the column-permutation symmetry of the

given L. This means that

PP O, = P S, =0, (A15)
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if X is one of A, B or E. If we define non-symmetric version of these three terms,

A Fab | 4 .
Py = > _Lan, [gz‘my‘n + ) Gieis tfr{n]
mn ef
B T ~
paibj = Zijfgeafb
ef
E o4 A~
Paib; = Z Lzegf manb tfr{n )

efmn

the + and — contributions, Eqs. (42-44), can easily be recovered,

(Hﬂéi'bj = ZPa(j)Pi(,;)piibj
B 1
( )pégbj = §P cEi,b)jpgibj .

Thus, it is advantageous to calculate first a non-symmetric, general contribution

1 _
Paivj = g(Z + Pcszb)g) [pg‘ibj +pfibj +pibj} +pgibj +P£‘bj +p5ibj +/)gbj,

where £(2 + PU)) takes care of the different prefactors of Eq. (A19) and (A20). E

ai,bj
and (41) can then be written in a more compact way as
) (= 1
(+)paibj :Pa(,b)Pi(,j) [Pm'bj + 5“%2@]

(7)paibj :Pogi_,b)j [paibj + (7)/)51'1;]' + (7)/)5;'1;]'} ;

(A16)
(A17)

(A18)

(A19)

(A20)

(A21)

q. (40)

(A22)

(A23)

leaving only three terms that are different between the (4) and (—) transformed vector.

The term in square brackets in Eq. (A16) is the I intermediate of Refs 15,50 and is stored

on disk. The B term is calculated by using the back-transformed left-vector,

sz’bj = Z Z A’;eAf;fEfjf

Y6 ef

G~ash -

Rewriting the second part of the H term using the intermediate
26
L =) LiA Cj,
e

the term and its contribution to the (4) and (—) doubles become

e 70 A
ngj = ZLZ Geajb = ZL;YJ G~asb

e 7

- - 7o 7é jo jo
(+)pggj _ a(’b> pifj >pggj = [sz — L} — L] +le] G~asb
B _ ZN6 76
( )pggj :Pa(i,b)jpglgj = [LZ] _sz] G~adb-

21
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H2
aibj

Written in this way, (Fp22. and (*)pﬁgj follow the symmetry conditions, Eq. (A15), and we
then calculate the sum (+)pﬁgj + (_)pggj. In addition, the sum and contraction with g.s is
exactly equivalent to the that in Eq. (A24), so we can calculate the sum of the B and H2

terms together,

Te 7o 76 7o
Paiby = Z ZAﬁeAgfme + 2L — L = Lijl | Gyasn (A29)
Y6 ef
where
pﬁ-@ = Pfibj + (+)p$§j + P%ﬁ?j (A30)

This term is, at O>N*, the computationally the most expensive part of the left transforma-
tion. The cost can be somewhat reduced using the symmetry of the integrals and vector
quantities, similar to what is often done in the singlet case.’® Such a transformation reduces
the cost to 20?N*.

The E term is calculated as

paEibj - Z Mminjgmanb ) (A?)l)

mn

USing gmany from disk. The terms in square brackets in Eqgs. (45), (46) and (47) are the C
and D intermediates of Ref. 15, which are already available on disk. All remaining terms

cost at most N° and are thus not performance critical.
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