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The low-lying excited singlet states tvhns-pcoumaric acid (CA) anttans-p-coumaric thio acid (CTA) are
investigated in view of characterizing the chromophore of the photoactive yellow protein (PYP), with particular
regard to the impact of sulfur on the chromophore’s electronic structure. The comparative ab initio study,
performed with the highly accurate EOM-CCSD method, shows that the electronic state ordering upon vertical
excitation and following in-plane geometry relaxation indeed depends in a very sensitive fashion on the presence
of either sulfur or oxygen. The study identifies three relevant excited singlet states, two of which are of
w—* type while the third state is ofi—xz* character. The study highlights the role of the latterz* state

which is shown to be the lowest-lying excited state of CTA at all in-plane geometries under consideration,
whereas this is not the case for CA.

I. Introduction n n .
\C—'(—/' J,I“ 0,

The electronic structure of the excited states of coumaric acid L ‘&,-.,c{ rf ) L _
(CA) and its sulfur containing analogue, coumaric thio acid OI'”C"\C__{ f‘e’ {X/u !
(CTA,; Figure 1), has recently attracted much interest, in view A \II i
of investigating the photochemical processes in the photoactive B
yellow protein (PYP). PYP is a photoreceptor protein occurring A X=0 X=8
in halophilic bacteria, which mediates the repulsive motional LuMO+ \—¢ P

response of these bacteria to blue light (negative photot&xis).
Its chromophore is theansp-hydroxythiocinnamate anion (i.e.,

=
the phenolate anion of coumaric thio acid) which is covalently R @) AV
bound to a cysteine residue of the protein via a thioester EiMg O M ) 9a"(n¥)
o \-_.)' I
H(V)

linkage3~5 The earliest, subpicosecond events in the photocycle
of PYP are thought to involve the isomerization of the

chromophore’s double borid! via a S—Sp conical inter- ,--“".:’J |
Homo @)/ N .
U] [N Ta"(x)

section®~10 thus initiating the further steps in the photocycle. 8a'(n)
At a later stage of the cycle, the chromophore is protonated. :
Besides experimental studies of the native protein, the PYP i =t

chromophore has been investigated in the denatured form of HOMO-3 | )

the proteid12and in solution phas¥ 16 Although no experi- S0d0) i)

mental study to date seems to have addressed the isolated,

neutral coumaric thio acid and its ester derivatives, a gas phaserigure 1. Upper part: Ground-state equilibrium geometry of coumaric
study of neutral coumaric acid has been carried out by Levy acid (Xx=0) and coumaric thio acid (¢S) [the point marked in the
and co-workerd? These experiments provide strong indications figure denotes the coordinate origin]; lower part: relevant valence
that several excited electronic states are involved, for both the orbitals and low-lying electronic transitions of coumaric acid and
neutral and anionic species. Furthermore, the experiments pointeumaric thio acid.

to the extreme sensitivity of the spectroscopic properties and
photochemical processes to the details of the chromophore’s
local environmer-1?2 as well as the chemical nature of the

observations. Mantiez and co-workers carried out calculations
for the low-lying excited states of the neutral coumaric acid
substituents bound to the coumaric acid gréti$ chromophoré and identified several conical intersections.
. . . Molina and Mercha!® addressed selected geometries of the
On the theory side, recent electronic structure studies have . - -
- . . . . methyl thioester of the coumaric acid chromophore, correspond-
addressed different aspects in connection with the experimental. . : . h
ing to different intermediates of the photocycle. In a time-

dependent density functional theory (TDDFT) study for a model

:B‘r’]i\‘;‘g‘r‘s’%cﬁggzﬂ?&"r"ence should be addressed. of the PYP active site, Thompson et28Imapped out the
8 |rkutsk State Universgit'y_ isomerization and proton transfer steps of the photocycle, on a
* Ecole Normale Supeeure. time scale up to nanoseconds. Groenhof ét aked combined
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TDDFT and molecular dynamics simulations to study the Il. Computational Details
isomerization transition state and more recently undertook
excited-state quantum mechanics/molecular mechanics (QM/
MM) calculationd® characterizing the S-S conical intersection
in the protein environment. Finally, Yamada etalsed the

The ground-state geometry of the trans forms of CA and
CTA, respectively, was optimized using the conventional CCSD
method®® to be consistent with the EOM-CCSD level of
. o . description for the excited states. The 6-31G* basis set was
QM/MM (ONIOM) method to characterize the “driving force employed throughout Among several isomers of the chro-

for the |somer|zat|9n ata mlcroscopu? level. . ) __mophores (see discussion below), the thermodynamically most
The above experimental and theoretical studies have identifiedfayorable one was identified; all excited-state calculations were
the following factors which have a key impact upon the capried out for this most stable isomer. The minimum character
properties and spectroscopy of the chromophore: (i) the effectsgf the ground-state structure was verifféd.
of the local environment, in the protein or in solution phase,  The full (in-plane) geometry optimization for the excited
(ii) the anionic or neutral nature of the chromophore, and (iii) states was performed by the EOM-CCSD method via the
the role of sulfur as compared with oxygen in the coumaric anaytical energy gradient techniqéfeAt each stationary point
ester bond (which, in the protein, links the chromophore to the gptained, including the ground-state equilibrium geometry, the
protein pocket). The present work focuses on the third aspect, properties of the relevant excited statexcitation energies,
which has not been investigated in detail as yet. In this first gggillator strengths, dipole moments and charge distributions
study, we consider the neutrafans-pCA and its sulfur  \ere computed with the same ab initio approach. The type of
substituted analogu&rans-pCTA, and compare the low-lying  the excited state stationary points (minima or transition states)
excited singlet states of both species. It is shown that the || pe addressed in forthcoming work, given that the usual
electronic structure properties of the excited states indeed dependjiprational analysis, i.e., calculation of vibrational frequencies
in a very sensitive fashion on the presence of either oxygen or at the points in question, represents a challenging computational
sulfur in the chromophore. Besides the role of two close-lying task at the EOM-CCSD level for systems of this size (54
n—n* excited states, the present study highlights the presenceyiprational degrees of freedom). Specifically, no analytical
of ann—x* state, which is the lowest-lying excited state in CTA  second derivative computational technique is currently available
at all (in-plane) geometries considered. In contrast, the situationfgr EOM-CCSD energies.
is significantly different in the case of CA. In all excited-state calculations, the 6-31G* basi$’sets
Given that the active form of the chromophore at the earliest, used, in conjunction with the five-component representation of
subpicosecond and picosecond stages of the photocycle, is thehe d functions. The total number of molecular orbitals was 184
anionic rather than neutral species (the chromophore is proto-and 188 for CA and CTA, respectively. The core orbitals were
nated much later, on a microsecond time s9aleur results kept frozen in all ground and excited-state coupled-cluster
for CTA cannot be directly related to experimental observations calculations.
of the excited-state processes occurring during the initial steps The ground and excited-state geometry optimizations were
of the photocycle. Indeed, preliminary calculations which we performed using the ACES Il ab initio program pack&gEor
undertook for the anionic chromophore, as briefly summarized separate calculations of the vertical excitation energies, we also
in the Concluding Remarks, provide evidence for pronounced used the MOLPRO program $&where a very efficient version
differences between the electronic structure of the neutral vs of the EOM-CCSD method is available.
anionic species, in accordance with earlier observations in ref
19. We do not propose a detailed discussion of the anionic Ill. Results

species in the present work, since the isolated @Ad CTA A. XA’ Ground State of CA and CTA. In their respective

chromop_hor(_as eXh'.b't autc_)lonlzmg_excned states (e., metaStableelectronic ground states, CA and CTA have a planar equilibrium
states lying in the ionization continuuf&f*which require an

. . X configuration of Cs symmetry, depicted in Figure 1; this
appropriate electronic structure treatment, A detailed charac- configuration accommodates the presence of the phenolic ring,
tenggﬂon of these(:jj'p.emels will thfrerf]ore be r'eserve'd for future the G—Cg double bond, and the&0; carboxylic bond. Four
studies. As an additional remark, the protein environment Is o e, an¢ planar isomers (all of trans type; the rotation of the
expected to significantly ;tab|llze the_anlonlc_ chromophqre _by X—H group is not considered) exist which are distinguished
the presence of counterions (thus increasing the ionization by (i) the position of the two double bonds with respect to the
potential to create true bound statés)Hence, the actual

. ) Cs—Cy single bond (s-cis for the double bonds lying on the
electronic structure of the chromophore is expected to be 5 -9 Sing ( yingd

e . . h same side of the single bond, and s-trans for the double bonds
significantly influenced by the environment and can be thought ) o5 osite sides) and (i) the position of the phenolic hydrogen
of as intermediate between the anionic and neutral species.

H, with respect to the carbonyl oxygen of the para-substituent
In the present work, the excited states of CA and CTA have (here denoted as syn vs anti isomers). According to our CCSD
been characterized by the equation-of-motion coupled-clusterground state optimization calculations (Table 1), the thermo-
singles and doubles (EOM-CCSD) approdett’ The EOM- dynamically most favorable form for both CA and CTA is the
CCSD method properly takes electron correlation effects into s.cis-syn isomer. The other isomers are slightly higher in energy,
account and possesses high accuracy. As a further advantag@ith a difference of about 1.0 kcal/mol between the s-cis and
for the present study, analytical energy gradients are avad&ble, s-trans isomers, and, as expected, a much smaller difference of
making feasible a full geometry optimization for the excited about 0.1 kcal/mol between the syn and anti isomers. (For
states. Finally, one should mention the size-consistency propertycomparison, the difference between trans and cis isomers with
of the coupled cluster approach, in addition to the possibility respect to the &=Cs double bond is about 4 kcal/mol.) Table
to use it in large-scale rooting calculations. 1 also summarizes corresponding results obtained by the DFT-
Finally, it is worthwhile to note thap-coumaric acid is of (B3LYP)/6-31G** and MP2/6-31G* methods, all of which
high importance itself due to the known anti-cancer activity of corroborate the CCSD predictions.
this substanc& The present study is thus of interest in this Selected ground state geometrical characteristics of the
regard as well. (energetically most favorable) s-cis-syn isomer of CA and CTA
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TABLE 1: Total Ground State Energies of Four Relevant Isomers of CA and CTA as Predicted by Optimization with the

CCSD, DFT, and MP2 Approaches

CCSD/6-31G* DFT/6-31G** MP2/6-31G*
isomer CA CTA CA CTA CA
S-Cis-syn —571.757238 —894.344210 —573.462684 —896.414835 —571.725801
s-cis-anti —571.757042 —894.344006 —573.462530 —896.414689 —571.725616
s-trans-syn —571.755685 —894.341712 —573.461151 —896.411900 —571.724255
s-trans-anti —571.755779 —894.341817

a Corresponds to a transition state, associated with an imaginary frequertysyimmetry as

details).

TABLE 2: Ground State Geometrical Parameters for
s-cis-syn-CA and -CTA Obtained with the CCSD, DFT, and
MP2 Approaches

obtained by vibrational analysis (see text for

the chromophore. A second low-lyimag orbital exists, denoted
(LUMO++1), with a predominant location within the aromatic
ring. Further, the figure shows an orbital denoted (HOMO-3),

CCSD/6-31G* DFT/6-31G**  MP2/6-31G* which is ann-type (nonbonding) orbital related to the lone pair
parameter CA CTA CA CTA CA of the heteroatom. As will become apparent below, the orbitals
0,-C, 1371 1370 1361 1.360 1371 shown prove to be the most relevant for the low-energy
C—C, 139 1396 1.399  1.399 1.397 excitations in CA and CTA.
C—Cs 1397 139 1390 1.390 1.393 In the following, two low-lying excited singlet states of A
Co—Cs 1402 1402 1407  1.407 1.404 symmetry are denoted d#\'(V) and *A’'(V') (V stands for
g“:gs i'g’ég %'gég i'géé %géé 1"3132 “valence”). Although these states can mix, we distinguish them
5—Co . . . . . ) ! L . .
Ce—C; 1403 1403 1403 1404 1.400 (where possible) on the basis of their principal configurations
C—C; 1.470 1.469 1.458  1.455 1.460 or/and differences in their oscillator strengths (see below). The
C—Cs 1.346  1.347 1.347 1.350 1.348 1A’ states result frome—xa* excitations, involving mostly the
22_89 igg 1;‘?? igé 1‘213 1‘212 HOMO — LUMO transition in the case ofA’(V) and the
—U2 . . . . . s i H \/'
CamX 1359 1802 1361 1832 1364 HOMO — (LUMO+1) transition in the case dA'(V') (see

obtained with CCSD optimization are presented in Table 2. For

comparison, the table also gives corresponding results obtained
by the DFT and MP2 methods. As can be seen, all sets of
theoretical data are in very good agreement, with deviations

Figure 1). A further low-lying excited singlet state, of'A
symmetry, has a principal configuration stemming from the
LUMO electronic transition and is denotéd’ (n—zx*).
Although the pattern of (Hartreg~ock) orbital energies and
shapes is very similar for CA and CTA, the energetic ordering

—

with respect to the bond lengths reported not exceeding 0.01°f states will turn out to be significantly different. Anticipating

A. The same holds for the remaining bond lengths and valence
angles (not shown in the table); angles vary by no more than

1°

the discussion in section IV.A, this is primarily due to a shift

in energy of the (HOMO-3j-type orbital; the presence of sulfur
vs oxygen strongly impacts upon the relevant orbital energy.

Despite the overall good agreement, a noticeable difference C. Lowest Excited States of CA and CTAIn the following,

occurs between the CCSD vs DFET/MP2 results regarding the We focus on the lowest excited singlet states of CA and CTA.
C4—C7 bond length, which is longer by 0.01 A according to Weé will consider transition energies and oscillator strengths at

our CCSD calculations. The shorter bond length predicted by selected geometries of the chromophores. In this first study, all

the MP2 method most likely correlates with the instability of
the planar s-cis-syn isomers of CA and CTA with respect to
small rotations about the 4£C; bond found at this level of

calculation (see Table 1). This instability is neither predicted
by CCSD nor, interestingly, by DFT (even though DFT also

calculations were restricted to the in-plane geometry of the
molecules; forthcoming studies will address torsional displace-
ments that are key for the transis isomerization. The
geometries in question are the equilibrium configuration of the
ground state (¥A') and the constrained, in-plane equilibrium

underestimates the bond length): both CCSD and DFT thus configurations of the excited states. For the vertical transitions,

predict the planar configuration to be a true minimum. The MP2

i.e., transitions at the ground-state equilibrium configuration,

result should be considered an artifact (especially given that 'esults can be compared with previous studies by Mertand

planar and nonplanar stationary points differ merely by thou-

co-worker$ for CA and, on a more qualitative level, a study

sandths of kcal/mol) and is presumably related to the significant Py Molina and Mercha'® for the methy! thioester of CTA.

role of electron correlation effects in the ground states of CA
and CTA. More specifically, the CCSD wave function features
a relatively high weight of doubly excited configurations (of

As a remark on nomenclature, the adiabatic potential energy
surfaces (PESs) of the singlet states are denoted, &,,,
etc. The $surfaces thus correspond to the energies obtained as

about 30%). Such situations are apparently not well describedthe § + 1)st root of the Hamiltonian at all nuclear conforma-

at the MP2 level.
B. Orbital Pattern of CA and CTA. The ground state
(Hartree-Fock) electronic configurations of both systems are

tions. Note further that we make use of spectroscopic terminol-
ogy, by which distinct stationary points of a PES are denoted
as “states”.

similar and reveal the same types of highest occupied (HO) and 1. Vertical Excitations in CAAccording to the EOM-CCSD

lowest unoccupied (LU) molecular orbitals (MO). The most
important orbitals are shown in Figure 1, from which one can
infer that the HOMO and LUMO are ofr and 7* type,
respectively. Given that the HOM©G> LUMO transition is
accompanied by a change in bondirgantibonding patterns
with respect to the €=Cg double bond, this transition is
expected to play a key role in the transs isomerization of

calculations reported in Table 3, the first three lowest excited
singlet states of CA correspond¥a’(V'"), *A’(V), and!A" (n—

) in order of increasing transition energy (see first row of
Table 3, ¥A' geometry). These states cover a rather narrow
energy window of about 0.5 eV, between 4.8 and 5.3 eV. The
EOM-CCSD transition energies of Table 3 are in fair agreement
with corresponding EOM-CCSD results by Magez and co-
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TABLE 3: Energies? and Oscillator Strengths for the Lowest Excited Singlet States of CA for Different Geometrigsof the
Molecule

transition energies oscillator strengths

geometry method A"V IA'(V) IA"(n— %) A'(V") IA'(V) A" (n— %)
XA EOM-CCSD 4.84 5.13 5.30 0.061 0.739 < 0.001
EOM-CCSD 4.92 5.14 5.55
CIS/6-31G* 5.86 5.26 6.47 0.015 0.806 < 0.001
A"V EOM-CCSD 4.67 5.03 5.35 0.138 0.664 < 0.001
A'(V) EOM-CCSD 4.81 4.84 5.22 0.389 0.447 < 0.001
IA"(n— %) EOM-CCSD 5.67 5.32 4.53 0.024 0.794 < 0.001

a For all our EOM-CCSD and CIS results, the corresponding CCSD and HF energy calculated B 'tigedtmetry is taken as origifi See text
for details.® Reference 8.

TABLE 4: Ground and Excited State Dipole Moments (a.u.)
at the Equilibrium Geometry of the Ground State

TABLE 5: CCSD Prediction of the Atomic Charge
Distributions? for the Ground and Three Lowest Excited
Singlet States of CA Calculated at the XA' Geometry

electronic state 0O yo z0 —
coumaric acid atom XA IA'(VY) IA'(V) IA"(n — %)
X1A! —0.763 0.134 0.0 0. —0.26 +0.0? —0.23 +0.08 —0.20 +0.28 —0.28 —0.02
A'(V') —1.145 0.224 0.0 C: +0.38 +0.37 +0.39 +0.37
A'(V) —3.278 0.020 0.0 Cs —0.08 —0.09 —0.03 —0.09
A" (N — %) 1.111 0.638 0.0 C; -0.01 +0.01 0.00 —0.03
coumaric thio acid Cs +0.04 +0.07 +0.05 +0.06
XA —1.086 0.152 0.0 Cs +0.01 —0.04 +0.07 —0.03
A'(VY) —2.375 0.195 0.0 Cs —-0.01 —0.01 0.00 —0.02
1A — —
QQQ_ ) gjé; %ﬁ% %‘% C;  +0.07 —0.07 +0.05 —0.08 +0.04 —0.28 —0.05 +0.02
Cs —0.08 —0.07 —0.15 —0.03
. L Gy +0.64 +0.64 +0.60 +0.53
workers® the maximal deviation occurs for tRA" (n—x*) state 0, -0.48 —0.48 —052 —0.25
(0.25 eV). We attribute this deviation to the differences in the X=0 —-0.22 -0.22 —-0.25 —-0.18

molecular ggometry, in particular fqr the posit?on of the phenolic aCharges on hydrogens are included on the neighboring atoms.
group (relating to the syn vs anti isomers discussed above). bgym of charges for the phenolic group of atofSum of charges

To estimate the importance of electron correlation for the for the alkyl group of atoms.
excited states under consideration (in particular regarding doubly
excited configurations), we performed calculations for vertical
excitations using the configuration interaction singles (CIS)
method®®> On comparing EOM-CCSD and CIS transition
energies (Table 3), substantial discrepancies are apparent,
affecting the electronic states in a very different fashion.
Although the deviation for théA’(V) state is small (0.13 eV),
the differences for théA' (V') and?A" (n—x*) states are of about
1 eV, such that theA'(V) state is predicted to be the lowest
excited-state according to the CIS calculation. The same
qualitative result was obtained in a TDDFT study by Sergi et
al.;38 the predicted excitation energy for th&'(V) state (3.76
eV) was however far too low. The above clearly signifies that
methods such as CIS and TDDFT which do not properly account
for electron correlation effects are not appropriate for the study
of the systems under consideration.

EOM-CCSD predictions of the oscillator strengths (Table 3)
show that the most intense low-lying vertical transition is to
the *A’'(V) excited state. This transition is about 1 order of
magnitude stronger than that to th&'(V') excited state. The
oscillator strength of excitation to th&A"(n—x*) state is
extremely low. This is not unexpected since trends* orbitals For the 'A'(V) state, a charge migration of about 0.21
in question have little overlap. “electrons” is observed from the phenolic ring to the alkyl

Table 4 summarizes the dipole moments calculated at thefragment, in accordance with the dipole moment values. By
X1A' geometry. Pronounced changes in dipole moments with contrast, a reversed charge transfer of about 0.09 “electrons

5.6

IA N(n_n*)

W
S
1

lAv(V)

Energy (eV)

S
o]
1

4w

T T T
lA V(VI) 1AI(V) lAII(n_T[*)

Geometry
Figure 2. Schematic diagram showing the low-lying singlet excited
states of coumaric acid (CA) at the optimized geometry of the ground

XA’ state and at the respective in-plane optimized geometries of the
AV, TA'(V), and A" (n—x*) excited states.

T
X4’

redistribution indeed occurs in tAa'(V) and'A" (n—x*) states.

respect to the ground state are observed forlfi¢V) and
IA"(n—n*) states. Specifically, théA'(V) state features a

substantial increase in the absolute value of the dipole moment,

whereas in théA"(n—x*) state, the dipole moment direction

takes place in the case of th&''(n — x*) state. The electronic

distribution in the!A'(V') state is similar to the ground state.
2. Geometry Relaxation in Excited CRigure 2 depicts the

results of in-plane geometry optimization for t(V"), 1A' (V),

is reversed. This suggests significant charge migration effectsand *A"'(n—xz*) excited states of CA, on the grounds of the
between the phenolic ring and the alkyl fragment. To further EOM-CCSD data reported in Table 3. In the figure, the
clarify this point, we calculated atomic charges in theAX stationary points corresponding to tAa'(V'), 'A’(V), and
ground state and the excited states under consideration, see Tabl\" (n—z*) (constrained, in-plane) equilibrium geometries are
5. As can be inferred from the table, a substantial charge fixed along the horizontal axis, and a cut through the S,
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TABLE 6: Selected Bond Lengths at the Equilibrium Geometry of the Ground State and In-Plane Equilibrium Geometries of

the Excited States

coumaric acid

coumaric thio acid

parameter XA IA'(V") IA(V) IA"(n — %) XIA! AV IA'(V) IA"(n — %)
0.—C 1.371 1.360 1.356 1.376 1.370 1.361 1.346 1.375
Ci—C 1.396 1.425 1.418 1.396 1.396 1.418 1.427 1.396
C,—Cs 1.397 1.404 1.416 1.395 1.396 1.428 1.369 1.396
Cs—Cy 1.402 1.442 1.439 1.407 1.402 1.437 1.445 1.406
Csi—GCs 1.410 1.435 1.452 1.413 1.410 1.444 1.447 1.413
Cs—Cs 1.388 1.433 1.386 1.390 1.388 1.404 1.384 1.389
Ce—Cy 1.403 1.414 1.421 1.400 1.403 1.418 1.410 1.401
Cs—Cy 1.470 1.434 1.421 1.457 1.469 1.429 1.406 1.459
C:—Cg 1.346 1.367 1.388 1.388 1.347 1.374 1.420 1.381
Cs—Cy 1.479 1.469 1.449 1.380 1.483 1.463 1.428 1.399
Cy—0O, 1.217 1.222 1.231 1.344 1.217 1.225 1.243 1.323
Co—X 1.359 1.362 1.371 1.369 1.802 1.811 1.826 1.789
TABLE 7: Energies? and Oscillator Strengths for the Lowest Excited Singlet States of CTA for Different Geometrigsof the
Molecule
transition energies oscillator strengths
geometry method A"V IA'(V) A" (n — 7%) A"V A'(V) A" (n — %)
XIA! EOM-CCSD 4.79 4.93 4.31 0.348 0.556 < 0.001
CIS/6-31G* 5.85 5.11 5.21 0.012 0.956 < 0.001
A'(V") EOM-CCSD 4.75 4.69 4.34 0.234 0.689 < 0.001
A'(V) EOM-CCSD 5.00 4.50 4.27 0.039 0.914 < 0.001
A" (n — 7%) EOM-CCSD 5.37 4.98 3.83 0.019 0.880 < 0.001

aFor all our EOM-CCSD and CIS resullts, the corresponding ground CCSD and HF energy calculated &t theaxhetry is taken as origin.

b See text for details.

and S potential energy surfaces is shown at each point. As a along with a strong contraction of the neighboring-Cg bond.
reference for the results at excited-state geometries, we indicatdndeed, the &-Cg and G—Cg bond lengths become nearly

the vertical excitation results (cut at thel!AX geometry)
discussed in the preceding section.

The most pronounced effect of geometry relaxation clearly
occurs at théA" (n—s*) equilibrium geometry. Here, the energy
of the'A" (n—x*) state is lowered by as much as 0.75 eV, and
the state becomes the lowest excited statg), (81 fact,
energetically lower than the;States at the other geometries

identical. The mechanism underlying these changes is discussed
in section IV. B.

The geometrical changes for the other excited states are
different. The structure of théA’(V') state exhibits a rather
moderate geometry modification which essentially affects the
aromatic fragment of the molecule, consistent with the anti-
bonding character of the 9&z*) MO involved in theA’(V')

under consideration. In addition, the respective ordering of the excitation (see Figure 1). A rather pronounced alteration of the

IA'(V') and 'A’(V) states is exchanged at tH&\''(n—x*)
geometry as compared to thelAX geometry. This was
concluded from the oscillator strength value for the fitAt
excited state at thBA"' (n—a*) geometry, which is much higher
than the corresponding value for the secbitstate, suggesting
that the former should be assigned' g (V).

ThelA'(V') and'A’(V) states are stabilized by 0.17 and 0.29
eV, respectively, as a result of geometry relaxation. Their
energetic ordering relative to tHa" (n—x*) state remains the

alkyl part occurs for théA'(V) state. In the process, the/€
Cs double bond substantially extends, which can be interpreted
as a result of populating the '8a*) MO whose character is
antibonding for this bond. Clearly, this is a reflection of the
fact that the'A’(V) state is involved in the transcis isomer-
ization process (see below).

3. Vertical Excitations in CTAAt the equilibrium geometry
of the X!A" ground state, our EOM-CCSD calculations reveal
the following ordering of the three lowest excited singlet states

same as for vertical transitions. However, one can see that atof CTA: A" (n—x*), 1A'(V"), and!A’(V), in order of increasing

theA'(V) stationary point, théA'(V') and'A’(V) excited states

energy (Table 7). The twéA’ states mix substantially here,

closely approach each other, suggesting an avoided crossingand their assignment should therefore be understood in an

situation. On the other hand, tHA' states were shown to
interchange at theA” (n—x*) geometry (see above). Therefore,

approximate fashion, based on differences in the oscillator
strengths for the corresponding transitions. The state ordering

their PES intersect and one can very likely expect an intersectionfor CTA is evidently different from CA at its ground-state

close to the!A’(V) geometry (as a general consequence of the
Truhlar-Mead principlé/ see also discussion in Ref. 38). Our
prediction of alA’'(V')—1A’(V) conical intersection is also in
line with findings by Martnez and co-worker&who provided
evidence for a conical intersection of thea®d S states at the
planar geometry of molecule, involving only bond alterations.
In the following, we discuss the geometry changes ac-

equilibrium geometry. A dramatic lowering, ofl eV, has
occurred for the transition energy of tRA"(n—x*) excited
state. Moreover, one can see a moderate energy lowering for
both thelA’(V') and!A’(V) states.

As observed before for the case of CA, transition energies at
the CIS level of calculations deviate strongly from the EOM-
CCSD results, by up to 1 eV. A comparison with results from

companying the excited-state relaxations. Table 6 reports variousthe literature is possible only at a qualitative level, referring to
bond lengths for the relaxed structures and includes corresponda study of the methyl thioester of the coumaric acid chro-
ing results for CTA, to be discussed below. For fi#¢'(n— mophore carried out by Molina and Merfeh® Although these

7r*) state, a marked elongation of the carbonyg=D, double authors focused on the anionic species, they give selected results
bond is observed, halfway approaching a single bond length, on the cis form of the neutral species (see structure IV in Ref.
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TABLE 8: CCSD Prediction of the Atomic Charge
Distributions2 for the Ground and Three_Lowest Excited
Singlet States of CTA Calculated at the XA' Geometry

Gromov et al.

By comparison with Figure 2 for CA, the most notable feature
in the case of CTA is that théA"(n—x*) state remains the
lowest excited state (Hat all geometries under consideration.

atom XA A"V IA'(V) IA"(n — 7¥) Similarly to the observations for CA, this state is also subject

O, —0.26 +0.08® —0.22 +0.19 —0.21 +0.24 —0.27 0.0 to the most extensive relaxation: here, the energetic lowering

C, +0.38 +0.38 +0.38 +0.37 is of 0.48 eV (smaller, though, than for CA). The energetic

G -0.08 —0.09 —0.02 —0.08 ordering of the!A’ states is reversed at th&" (n—z*) geometry,

Cs 0.01 +0.06 —0.03 —0.03 which is again very likely the sign of a (conical) intersection

C, +0.04 +0.07 +0.05 +0.06 bet théA’ PES

Cs  0.00 —0.04 +0.08 ~0.03 etween S: , ,

Cs —0.01 +0.02 —0.01 —0.02 ThelA'(V') state was found to be subject to minor geometry
relaxation effects, of about 0.04 eV. Interestingly, ##¢(V)

g; J_rg‘gg 0.08 J_rg'gg 0.18 J_rg‘gi’ 024 _8'8% 0.0 state is predicted to lie belobA'(V') at thelA'(V') geometry.

Co +0.26 +0.25 4024 +0.09 This suggests that an intersection of the PESs of these states is

0, —0.43 —0.46 —0.48 —0.26 not far from the!A’'(V') point.

X=8 +0.09 +0.07 +0.05 +0.21 Finally, the relaxation of théA'(V) state is substantial, about

aCharges on hydrogens are included on the neighboring atoms.
bSum of charges for the phenolic group of atoSum of charges
for the alkyl group of atoms.

524
1Ar(V)

lA V(VI)

1 L4 ”(n-TE*)
4.0

T T T
1A I(Vr) IA ’(V) lA”(}'l-TE*)

Geometry
Figure 3. Schematic diagram showing the low-lying singlet excited
states of coumaric thio acid (CTA) at the optimized geometry of the

ground XA’ state and at the respective in-plane optimized geometries
of the tA'(V'), A'(V), and *A"'(n—x*) excited states.

T
Xa

19), predicting that the—x* transition is lowest in energy in
accordance with our result.

With regard to oscillator strengths (Table 7), th&'(V)
transition is the most intense one, like in CA; the oscillator
strength is about 1.5 times as high as the one forl&i¢v’)
transition. The oscillator strength for tAA" (n—x*) transition
is again found to be extremely low.

Further, some analogy with respect to CA is observed with

regard to the excited-state dipole moments reported in Table 4.

However, both!A’ excited states now exhibit an appreciable

0.43 eV; however, this state still lies above ¥ (n—x*) state
at thelA’(V) geometry. The'A'(V) state is thus the second
lowest state, witHA’(V') lying substantially higher.

The bond lengths pertaining to the excited-state stationary
points for CTA are included in Table 6 and are compared there
with the corresponding ground-state data. Analysis of the
IA"(n—x*) structure indicates that the character of the geometry
alterations correlates with that observed in the case of CA. Thus,
one observes a rather pronounced stretching of tfeGg
double bond, along with a substantial contraction of the- C
Cy bond and a moderate elongation of the-Cg bond. As for
the 1A’(V) structure, it is characterized by a pronounced
elongation of the €-Cg bond accompanied by a moderate
contraction of the @-Cy bond. The resulting lengths of the
C;—Cs and G—Cg bonds are nearly identical, and almost of
single bond character. In th&\'(V') state, an aromatic ring
extension is again mostly involved in the relaxation.

IV. Discussion

The above observations can be summarized as follows: (i)
The relevant low-lying excited singlet states of both CA and
CTA are twor—n* states,’A’'(V') and*A'(V), and ann—a*
state,’A" (n—x*); the underlying orbital pattern is depicted in
Figure 1. (ii) The substitution oxyger sulfur has an enormous
impact on the electronic spectrum in CTA as compared with
CA: thelA"(n—x*) state becomes the lowest vertically excited
state and, further, the lowest excited state at all in-plane
geometries considered. (iii) In-plane geometry relaxation leads
to a pronounced energetic re-ordering in both CA and CTA
which points to the existence of several conical intersections.
The prediction of the intersection between ##e(V') and the
IA'(V) excited states of CA is in agreement with recent

increase of their dipole moment values, as a result of the strongobservations by Mamez and co-worker(iv) In both CA and

V/V' mixing. The!A" (n—x*) state displays a reversed dipole
moment direction, similarly to the case of CA. In agreement
with these observations, the charge distributions for the ground

CTA, thelA" (n—x*) state is subject to a pronounced in-plane
relaxation involving elongation of the carbony$€0, double
bond and contraction of the neighboring-€, bond. In CA,

and corresponding excited states of CTA (Table 8) indicate an the 'A”(n—x*) state becomes the lowest excited state at its in-
electron migration from the phenolic ring to the alkyl fragment plane equilibrium geometry, lower in energy than any other S
in both thelA’(V") and'A'(V) states, and a reversed charge State (see Figure 2). (v) Significant geometry relaxation is also

transfer in the case dA""(n — 7*) state.

4. Geometry Relaxation in Excited CTResults of in-plane
geometry optimization for the excited states of CTA are shown
in Figure 3, using the EOM-CCSD data of Table 7. As in Figure
2 for CA, the stationary points corresponding to the in-plane

observed for théA'(V) state, involving extension of the;&
Cs double bond, pointing to the role of this state in trans-cis
isomerization.

In the following, interpretations are suggested for these
observations.

equilibrium geometries of the respective excited states are fixed A. The Role of Sulfur. The substitution oxygen~ sulfur

along the horizontal axis, and cuts through the &, and S

brings about a substantial lowering in energy of #¢'(n—

potential surfaces are shown as a function of these selectedr*) state. This effect is most likely related to an energy increase

geometries. Again, the vertical excitation data corresponding
to the ground state Y’ geometry are given as a reference.

of the nonbondingr() molecular orbital when going from CA
to CTA: in CTA, this MO was found to be about 1 eV higher
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than in CA. By contrast, the energies of the HOMO, LUMO,

J. Phys. Chem. A, Vol. 109, No. 20, 200829

involving a more complicated twisting process which also affects

and LUMO+1 molecular orbitals change to a much lesser neighboring bonds}.The CA chromophore in the gas phase

extent. Hence, thea — x* transition energy (HOMO-3—
LUMO, see Figure 1) decreases substantially.

was shown to undergo the same type of photochemistry, with
the yield of the reaction product showing a marked dependence

The reason for the marked increase in energy of the on the excitation energy. Although the present analysis is

nonbonding molecular orbital in CTA lies in the contribution
of the 3p and 3g atomic orbitals (AOs) of sulfur to that MO.

restricted to in-plane geometries and thus does not allow us to
obtain a precise picture of the isomerization process, we

The energies of the latter AOs are much higher than the energiescomment here on certain aspects which can be inferred from

of the corresponding Z@mnd 2g AOs of the carboxyl oxygen

which contribute to the nonbonding MO in the case of CA. (The

ionization potentials for the 3p AO of sulfur and the 2p AO of

our results.

By inspecting the orbital pattern of Figure 1, the trans
photoisomerization should very likely be initiated in the

oxygen are 10.4 and 13.6 eV, respectively.) Further, the overall electronic state involving the HOMELUMO excitation pattern,

weight of the sulfur AOs in the nonbonding MO of CTA is

i.e., a bonding— antibonding transition with respect to the-€

found to be about twice as high as the corresponding weight of Cg bond. The electronic state which predominantly features this

the carboxyl oxygen in the nonbonding MO of CA. As a result,
the energy of the nonbonding MO in CTA is significantly higher
than in CA.

B. Geometry Relaxation of the lA"”(n—z*) State. The
relaxation pattern of théA" (n—x*) excited state is uniform
for CA and CTA. It involves a very pronounced elongation of
the carbonyl G—O, double bond, halfway toward a single bond,
along with a marked contraction of theg©Cy single bond
(Table 6). By then — z* excitation, the carbonyk bond is
apparently weakened while the adjacent carbcarbon bond

excitation pattern is théA'(V) state. At the XA’ planar
geometry, this state is the second excited staggi(SCA and

the third excited state gpin CTA. As pointed out above (section
l11.C), the G—Cg bond significantly lengthens on geometry
relaxation in this state, as expected due to the antibonding
character of the dominant LUMO molecular orbital. The-C

Cg bond is thus stretched by 0.04 A in CA and 0.07 Ain CTA.
By comparison, geometry relaxation in th&'(V') state does

not much affect the £&-Cg bond. For thé A" (n—x*) state, the
extent of the change in bond length is comparable to the change

acquires double bond character. A similar pattern has recentlyfor the 'A’'(V) state, 0.04 and 0.03 A in CA and CTA,

been observed for cytosine in a study by Robb and co-wofRers.
These authors refer to an “uncoupling” of the carbamyiond
followed by a “recoupling” with a neighboring system. In
the process, the length of the=8Cg double bond increases by
0.04 A (0.03 A in CTA) as compared with the ground state.
Note that this increase can be favorable for the trans

respectively, but the full occupation of the HOMO in e’ (n—

7*) state suggests that the;€Cg double bond character is
essentially retained. Hence, isomerization is not expected to
occur from the!A" (n—x*) state.

Another observation from our results concerns the pronounced
role of V=V' mixing, especially in the case of CA. As pointed

isomerization (see section IV.C). Although this analysis of the out in section I11.C, this mixing signals an avoided crossing or
geometry relaxation is in agreement with the picture proposed conijcal intersection situation. This can be accompanied by a
by Robb and co-workers, one should note, though, that the significant change in oscillator strengths: for example, in the
interpretation given in ref 39 regarding the role of tes* case of CA, we have determined the oscillator strength to be
state in the ultrafast photophysics of cytosine has more recentlyp 389 fA'(V')] vs 0.447 FA'(V)] at the *A’(V) geometry (near
been criticized, see ref 40. thelA'(V')*A’(V) degeneracy, see Figure 2) as compared with
Since the'A”(n—n*) state becomes the lowest excited state 0.061 LA'(V")] vs 0.739 FA’(V)] at the Franck-Condon (X2A")
in CA as a result of its very extensive adiabatic relaxation, one geometry. Relevant intersections could arise at the planar
might conjecture whether this state plays a role in the recent geometry, as can be inferred from Figures 2 and 3 (and as has
experimental spectroscopic observations for CA by Levy and been confirmed by the calculations of ref 8), and as a function
co-workerst’ These experiments have been interpreted $§8far  of the twisting coordinate. The latter case will evidently be of
in terms of the twar—s* states,’A’(V') andA’(V) in our key importance for the isomerization path.
nomenclature. Consistent with our results for the respective  These conclusions are consistent with the analysis of ref 8
oscillator strengths (see section Ill.C.1 and Table 3), the red relating to an $barrier which occurs as a result of apg-55;
end of the fluorescence excitation spectrum, where transitions gy gided crossing or conical intersection in the case of CA. The
to the*A’(V") state are expected, is less intense, while a high- presence of this barrier was previously conjectured by Levy
intensity region sets in toward the blue end. and co-worker¥ in the context of the experimental results
Though transitions to theA" (n—x*) state have an extremely  described in ref 17. Based upon our observations and those of
low oscillator strength (see Table 3), intensity borrowing could refs 8 and 17, the following picture of the CA photochemistry
take place via vibronic coupling mechanisms totA&V') and can be suggested. We first consider the case where; thi@i®
IA’(V) states. This can make tha" (n—x*) transitions visible is excited. Although the Sstate is of V character at the planar
in the spectrum. The presence of vibronic coupling is suggested X 1A' geometry (whereas;Ss of V character), Schanges its
by the broad and irregular appearance of the spectral featureselectronic character V- V at the barrier along the “isomer-
especially at high energies. However, an involvement of the ization coordinate”. As mentioned above and shown in ref 8,
!A"(n—n*) state would entail a characteristic vibrational this barrier occurs as a result of the-5; avoided crossing or
structure, relating in particular to=€0 stretch excitation, which  conical intersection. The;Sranch beyond the barrier is thus
cannot be discerned from the experimental (emission) spEctra. of \V character and leads up to the/Sy intersection in the
For a detailed interpretation of the fluorescence absorption vicinity of the 90 twisted geometr{.For higher energies, a
spectrum of Levy and co-workers, calculations using the linear direct excitation of $should be considered, which could involve

vibronic coupling model of ref 41 could be envisaged.
C. Perspective on trans-cis Isomerization.Photon absorp-

a barrierless trans-cis isomerization along a path which would
be of V character throughout. Notice, though, that the analysis

tion by the native PYP chromophore leads to its trans-cis of ref 8 suggests an extremely rapid decay of an initial S

isomerization with respect to the££Cg double bond (possibly

population via an in-plane,SS; conical intersection.
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According to the experimental results by Levy and co- sz—x* character in both CA and CTA", the analogue of the
workers!’ the trans-cis photoisomerization in CA sets in for  1A’(V) state of neutral CA and CTA. Although a significant
excitation energies higher tham.27 eV (about 0.15 eV above lowering of the!A” (n—x*) state does occur in CTA this state
the origin of the experimental spectrum). This energy was remains at comparatively high energies and does not change
interpreted to be required to reach theismerization barrier. the overall energetic ordering, which remains the same for CTA
According to ref 8, the barrier height is of 0.19 eV, consistent as compared with CA However, effects of geometry relax-
with the experimental prediction of 0.15 eV. A complementary ation, in addition to the stabilization by the protein environment,
estimate from our data can be obtained from the adiabatic energymay play a role in lowering the energy of this state. This is
of the A'(V) state (4.84 eV), in whose vicinity th&A'(V)/ beyond the scope of the present work.
1A'(V") conical intersection should lie, see Figure 2, as compared The electronic structure properties of the anionic vs neutral
with the adiabatic energy of tH&\'(V') state (4.67 eV), which species should be considered as “limiting cases”. The stabiliza-
can be taken as the origin of the experimental spectrum. Thetion of the excited states via the redistribution of the negative
difference of 0.17 eV is again in good agreement with the charge between the chromophore and neighboring amino acid
estimated barrier height from refs 8 and 17. residues or solvent molecules play an important role in native

A conical intersection between tH»A'(V) and lA”(n—n-*) PYP1021|t will therefore be essential to include the environment

states of CA, whose presence we conjecture in accordance withe€Xplicitly at the electronic structure level. Clearly, the combined,
Figure 2, could be one of the reasons for the observed decreaséorrelated effects of oxygen/sulfur substitution, the anionic/
in the isomerization yield on further increasing the excitation Neutral nature of the chromophore, and the properties of the
energy'” Once the'A'(V)/ A" (n—a*) conical intersection chromophore’s local environment determine the specific excited-
becomes accessible, the system can be trapped HAtHe— state properties of the PYP chromophore.

7r*) state, where isomerization appears less likely. On the other

hand, a trapping in the vicinity of the,&; intersection could Acknowledgment. Financial support by a DFG/CNRS
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above considerations regarding the HOMIOJMO excitation
pattern essentially remain relevant. Again, ta&V') state lies
below thelA'(V) state at the XA’ geometry, and a conical
intersection is expected to occur between the two states as ca
be inferred from Figure 3. Thus,~W' mixing is again expected

to play a key role. In addition, a further mechanism should arise
involving the!A" (n—x*) state, which is the Sstate in CTA at

all in-plane stationary points considered here. More details on
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