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Abstract The suitability of di-thiosubstituted derivatives
of formic acid dimer, both in hydroxyl and carbonyl
position, as possible hydrogen-bonded electron transfer
linkers in a hypothetical donor—acceptor dyad for photo-
voltaic cells and artificial photosynthesis reactors has been
studied from a theoretical point of view. To this purpose,
the valence singlet electronic excited states of the four
possible di-thiosubstituted isomers have been characterized
through multi-state complete active space second-order
perturbation theory (MS-CASPT2). These hydrogen-bon-
ded systems present electronic spectra consisting of nm*
and n* excitations, both intra- and intermonomer. The
eventual comparison of the calculated spectroscopic char-
acteristics of the isolated hydrogen-bonded linkers with the
experimental spectrum of the chromophore in a donor—
acceptor dyad could allow establishing whether the linker
would compete with the electron donor in the photon
absorption process. Additionally, the analysis of the
structural changes undergone by these species upon elec-
tronic excitation to the S; would allow determining
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whether the population of this state of the linker upon
UV-vis light absorption could compromise the formation
of the charge transfer complex, key in the performance of
photovoltaic devices.

Keywords Hydrogen-bonded linkers - Formic acid
dimer - Di-thiosubstituted derivatives - MS-CASPT2 -
Solar cells - Charge transfer - Donor—acceptor dyad

1 Introduction

In the last decades, the increasing demand of new materials
and electronic nanodevices for high-performance organic
solar cells [1-5] has motivated a growing interest on solar
energy convertors based on the same key process, a pho-
toexcitation leading to a charge separation [1, 5]. The
simplest version of such photovoltaic devices is a donor—
acceptor dyad at least composed by an electron donor
chromophore, an electron acceptor and a linker that con-
trols their distance and electronic interactions. In an
organic photovoltaic cell, the dyad is connected to two
electrodes, which convey the two-formed charges in a
circuit, producing electrical current.

The process of charge separation starts when a photon
hits the chromophore, generating an exciton. Under normal
conditions, the exciton does not travel long distances, and
the chromophore remains in the so-called excited state that
usually decays rapidly, relaxing either radiatively or ther-
mally. Nevertheless, under certain circumstances, the
above relaxation mechanisms compete with other pro-
cesses such as charge transfer (CT), for instance in those
cases where the chromophore is connected to a strong
electron acceptor. In these situations, the exciton could be
forced to dissociate driving the system into a CT complex,

@ Springer



Theor Chem Acc (2013) 132:1338

31

HCSSH-HCOOH HCOSH-HCSOH

Fig. 1 Formic acid dimer di-thiosubstituted derivatives

where the electron has been transferred to one of the
acceptor’s lowest lying unoccupied MOs (LUMOs) and the
hole still remains on one of the donor highest lying occu-
pied MOs (HOMOs). This hybrid state, lying at the inter-
face between donor and acceptor moieties, governs in solar
cells both the voltage-dependent photocurrent as well as
the open circuit voltage [5]. The efficiency and the rate of
this final step depend on macroscopic values as charge
carriers’ average mobility, materials’ average dielectric
constant, and distance below which the CT complex
polarons thermally relax, [5, 6] but also on microscopic
aspects such as coulombic interactions caused by mole-
cules orientation toward the heterojunction [5, 7].

Inspired by the efficiency of biological photosynthesis,
the number of biomimetic studies on the control of electron
transfer reactions through a network of hydrogen bonds
(HBs) has significantly increased [4, 8]. Indeed, it has been
shown that hydrogen-bonded donor—acceptor assemblies
ensure more efficient electronic communication than
comparable o- or m-bonding networks [9, 10].

However, in the event that the electronic absorption
spectra of the hydrogen-bonded connector and that of the
electron donor overlap, the efficiency of the entire device
can be seriously compromised, directly, due to the reduc-
tion in potentially absorbable photons by the electron
donor, preventing the formation of excitons, or indirectly,
since geometric changes in the hydrogen-bonded linker,
due to its electronic excitation, could interfere with the
formation of the CT complex and/or its dissociation, ulti-
mately provoking a collapse of the hydrogen-bonded
photovoltaic device. Therefore, the spectroscopic charac-
terization of the connector is of fundamental importance
for the successful design of a charge separation reaction
center. The aim of this paper is to present such a spectro-
scopic characterization for the linkers built-up from the
substitution of two oxygen atoms in formic acid dimer and
leading to the four hydrogen-bonded complexes: HCSSH—
HCOOH, HCOSH-HCSOH, HCSOH-HCSOH, and
HCOSH-HCOSH, shown in Fig. 1. Similar species based
on double HB interactions between a carboxylate anion and
an amidinium cation have been used in dyads with pho-
tovoltaic activity. The comparison of the results for the di-
thiosubstituted dimers with those obtained for formic acid
dimer and its mono-thiosubstituted derivatives will allow
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Table 1 Summary of formic acid dimer and its monosubstituted
derivatives vertical energies and oscillator strengths for the electronic
transitions absorbing below 10 eV, analyzed in Ref. [27]

HCOOH- HCOSH- HCSOH-
HCOOH HCOOH HCOOH
AEleNV  f AEleN  f AE/N  f
Intra-monomer
Ne—oT_, 6.13 0.000 6.17 0.001 6.27 0.001
ne—x7._(S) 6.21 0.001 494  0.000 3.82 0.000
Te—oTary 8.25 0.655 8.31 0.456 8.33 0.471
TexT_,(S) 7.56" 0.000 5.98 0.396 5.58 0.477
Inter-monomer
Ny T,y 9.13 0.002 8.71 0.000 8.92 0.001
ne—xm._ (S) 9.17 0.000 10.63 0.000 8.62 0.002
Te—x Ty 9.80 0.000 9.59 0.004 9.84 0.035
TeexTi_ (S)  9.93 0.005 9.71 0.011 8.73 0.003

(S) only applies to HCOSH-HCOOH and HCSOH-HCOOH dimers
and denotes, in the intramonomer section, transitions occurring in the
thiosubstituted monomer and, in the intermonomer section, transitions
where the electron is promoted from an orbital from the thiosubsti-
tuted monomer

* Excitation energy underestimated due to the very low reference
weight in the CASPT?2 calculation. This transition is expected to peak
at 8.25 eV [27]

determining the effect that a second sulfur atom has in the
UV absorption spectra of these systems and whether their
spectroscopic properties could broaden the range of chro-
mophores with which the new linkers can be used.

Finally, the characterization of the structure and bonding
of the first electronic excited state in these systems will
allow estimating the impact that, in the CT complex of the
photovoltaic device, has the change in the structure of
the linker in the hypothetical case, these electronic states
are populated by UV-vis photons.

To our knowledge, no experimental spectroscopic
studies on formic acid dimer di-thiosubstituted derivatives
have been reported to date (Table 1).

2 Computational details

The ground state structures of the four studied dimers were
optimized using the B3LYP [11, 12] functional in
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Theor Chem Acc (2013) 132:1338

¢

IT,
IS

C=5

1]
%

*
s

C=5

Fig. 2 Exemplary SA-CASSCF valence molecular orbitals used in
the calculation of A’ and A” electronic transitions of the HCSSH-
HCOOH dimer. Sulfur and oxygen atoms are represented in yellow
and red, respectively. The n superindex of 7" orbitals denotes the total
number of nodes of the MO. Similar orbitals or linear combinations of
them were obtained in the excited state calculations of the rest of di-
thiosubstituted dimers. Framed in green, the orbitals included in the
active space employed in the geometry optimizations of the S; states

conjunction with the Pople basis set 6-311+4G(3df,2p)
[13], recommended in previous works for the optimization
of species containing sulfur atoms [14—16]. Tables 2, 3, 4,
and 5 collect the valence vertical electronic excitation
energies and oscillator strengths, calculated with the
CASSCF method [17] along with a triple-zeta contracted
set of natural orbitals ANO-L (C,0[4s3p2d]/S[5s4p2d]/
H[3s2p]) [18]. Other excitations (double or Rydberg tran-
sitions) above the highest valence states were not included
in the tables for simplicity.

Four active spaces of the sizes (12,14), (12,11), (12,14),
and (12,10) were employed to model the UV absorption
spectra of HCSSH-HCOOH, HCOSH-HCSOH, HCSOH-
HCSOH, and HCOSH-HCOSH. All the above active
spaces have in common two lone pairs, n.-, (X=0, S),
lying at the dimer plane and sitting at the carbonyl/thio-
carbonyl position, and 3 pairs of frontier m orbitals,
including a bonding (m!_,), a non-bonding (m?_,) and an
antibonding (m;_,) orbital, where in the first two cases the
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Table 2 MS-CASPT2 excitation energies AE (eV, nm), configura-
tion interaction coefficients (CI) and oscillator strengths (f), for the
valence lower-lying excited states of the HCSSH-HCOOH dimer

State MS-CASPT2//CASSCF(12,14)/ANO-L
symmetry N
Main CI AE/eN  AEmm f
configuration coefficient
VA" ()" nemy —» e, —0.94 279 444 0.4901
QNS w 0.91 450 276 0.0864
2'A7 (S3)*  ne—o — m_, —0.85 593 209 0.1802
3A Sy o, 076 6.84 181 0.1704
DE —0.50
3IA7 (S5)° Nemy — T, 0.87 734 169 0.0211
4'A" (Se)®  ne—y —m_, —0.84 742 167 0.0006
4N (S p o, —071 786 158 0.0289
nj(z::O — nz:o —0.55
S'A (89" m_ —m, —0.56 836 148 0.0000
2 *
n_ o, 053
'n:g:n — T 0.45
6'A’ (S9)* DE —0.79 8.56 145 0.0009
7'A" (S10)° n_ —m_, —070 9.28 134 0.0002
T[12::0 - n::o —0.43
8'A’ (S1))* DE —0.69 9.46 131 0.0008
nl — nz:S 0.49

Ground state total energy:
—1023.972452 Eh

DE double excitations

* Intramonomer excitations, ® intermonomer excitations

superindex represents the number of nodes of the corre-
sponding MO, (See Fig. 2).

All the remaining orbitals until completing the final
sizes correspond to virtual orbitals included to avoid
intruder states. All CASSCEF calculations were carried out
using the state average formalism, under C; symmetry
constraints, entailing the number of roots necessary for
describing all valence excited states, that is, 8 roots of both
A’ and A” symmetries for HCSSH-HCOOH, 6 and 3 roots
of A’ and A” symmetries for HCOSH-HCSOH, 8 and 6
roots of A’ and A” symmetries for HCSOH-HCSOH, and 5
and 3 roots of A’ and A” symmetries for HCOSH-HCOSH.
Dynamic correlation was incorporated via a second-order
perturbation theory treatment of the CASSCF wave func-
tion through the MS-CASPT2 method [19]. A real level
shift [20] parameter of 0.3 was employed in order to
remove further problems connected to intruder states.

Excited state geometry optimizations were performed at
the CASSCF/aug-cc-pVTZ [21-23] level of theory, using
the (8,6) active space defined in Fig. 2. The same protocol
was employed for optimizing the ground states in order to
analyze the structural changes undergone by these species
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Table 3 MS-CASPT?2 excitation energies AE (eV, nm), configuration
interaction coefficients (CI), and oscillator strengths (f), for the
valence lower-lying excited states of the HCOSH-HCSOH dimer

Table 4 MS-CASPT2 excitation energies AE (eV, nm), configura-
tion interaction coefficients (CI) and oscillator strengths (f), for the
low-lying excited states of the HCSOH-HCSOH dimer

State MS-CASPT2//CASSCF(12,11)/ANO-L State MS-CASPT2//CASSCF(12,14)/ANO-L
Symmetry - - symmetry -
Main CI AE/eV  AEmm f Main CI AE/eNV  AEmm f
configuration coefficient configuration coefficient
VA" (S)  Dey — T, —0.94 362 343 02494 U'A"(S)  nam) — Ty —079 356 348 0.0119
2'A7 (Sy)  Neo — T, —-0.91 4.95 251 0.6738 N(asp) — TEZ(A—B) —047
1 *
2N w w074 534 232 00051 S1an(Sy) g — Ty 070 167 337 0.6679
2 * _ *
Tees — n(c:o—c:s) 048 n(A+B) - A+B) 0.58
Las 2 ¥ _ Tar 2 ¥ _
3'A" (Sy) Memo = Mlerotems) 0.71 5.77 215 0.0066 2'A" (S3) Tia) = Tiarn) 0.62 5.03 246 0.0109
2 % — 2 *
Moo = n(c:ofc:s) 0.47 n(B) - n(A—B) 0.35
3'A” (Ss)  Ne—s — T, —0.94 6.28 198 0.0000 3'A (Sy) ”?B) N TEZFA+B) —0.65 5.44 228 0.0009
1A/ 2 % _ 5
AN S w o, —070 742 167 0.0000 N 047
1 Tees — n?c:aﬂ::s) —0.55 “'[?B> — TEZFA—B) 0.32
! 2 * —
SN (S)  m,—m ., —070 784 158 0.0000  31av(sy DE 601 206 0.0000
T, — LA 0.54 4'A”(S¢)  DE 6.19 200 0.0000
5'A" (Sy) nz_B) — nZ‘AfB) 0.59 6.90 180 0.0000
: 6'A" (S9)  Map) — T,y 048 706 176 0.0000
— f iti ive li inations of th
(+)' and (—) sta'nd or pQSltlve ar'ld.negatlve inear combinations of the Nase) = Ta_p) —0.76
orbitals of the different dimer moieties
4'A’ (So) DE 7.08 175 0.0000
. o . . . 1
upon electronic excitation. Finally, the bonding in the 3 A (Sw) DE 709 175 0.0008
. . . . . 1 2
excited states will be investigated in the frame of the AIM 0 A (1) npy — 'y 037 721 172 0.0000
theory of Bader [24], through the mapping of the topology TEEB) — TaLp) 0.66
of the electron density and localization of bond and rin
K ¢ y caliza dand ring 15 ) LN . 0.42 736 168 0.0000
critical points. . 037
Ground and excited state geometry optimizations were T 7 Masm)
carried out using Gaussian 09 [25], while vertical energies an) — Ty g —0.68

and oscillator strengths were calculated with MOLCAS 7.4
[26] suite of programs.

3 Results and discussion
3.1 UV vertical excitation energies

Before start discussing the calculated UV vertical absorption
energies of di-thiosubstituted dimers, we shall briefly revisit
the main characteristics of the electronic spectra of formic
acid dimer and its monosubstituted derivatives, analyzed in
detail in ref. [27]. For the sake of clarity, a summary of the
vertical energies and oscillator strengths for the electronic
transitions absorbing below 10 eV for these species has been
included in Table 1. The calculated UV spectra of these
three species are characterized by an imaginary division line
which separates intramonomer transitions, taking place in a
single moiety, and intermonomer or CT transitions involving
the two constituting monomers.

@ Springer

Ground state total energy:
—1023.974778 Eh

DE double excitations

(A) and (B) denote the two identical dimer moieties. (4) and (—) stand for
positive and negative linear combinations of the orbitals of the different
dimer moieties

Within both regions, electronic transitions were found to
be arranged according the two established patterns: n* —
nn* — nn* — ne* characteristic of formic acid dimer
spectrum and nn* — nn* — nn* — n* governing the
absorption spectrum of the mono-thiosubstituted dimers.
This change of pattern has its origin in a red-shift of the
electronic vertical excitation energies which unevenly
affects nm* and mr* transitions upon sulfur substitution,
which was also found to affect the oscillator strengths of
these excitations.

Reprinted from the journal
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Table 5 MS-CASPT2 excitation energies AE (eV, nm), configura-
tion interaction coefficients (CI), and oscillator strengths (f), for the
low-lying excited states of the HCOSH-HCOSH dimer

State MS-CASPT2//CASSCF(12,10)/ANO-L
symmetry
Main CI AE/eV  AEmm f
configuration coefficient
1'A” (S)) ng) — n?m —0.95 4.89 253 0.0000
2'A" (S,) n(a) — Ty —-0.92 4.96 250 0.8380
1 "
2°A’ (S3) n%A7B> = Tpsm) —0.73 5.73 216 0.0190
Tc(2A+B) — Mrp 058
1Ao7 2 %
3'A" (S4) Tiam) — Tap) 0.64 6.01 206 0.0000
n%AJrB) = Tiaip) 0.71
1Ao7 2 * .
4'A’ (Ss) TiaB) — WA B) 0.71 8.06 154 0.0000
2 *
Ta+B) " T(a+B) 0.63
TAr 2 *
5'A" (Se) TiaB) — Tasn) 0.59 8.08 153 0.0000
T[%AJrB) — n?AfB) -0.74
3'A" (S7) ng) — nE‘A) 0.94 8.27 150 0.0001

Ground state total energy:
—1023.962576 Eh

(A) and (B) denote the two identical dimer moieties. (4) and (—) stand for
positive and negative linear combinations of the orbitals of the different
dimer moieties

3.1.1 HCSSH-HCOOH

The MS-CASPT2//SA-CASSCEF vertical absorption ener-
gies for HCSSH-HCOOH dimer are collected in Table 2.
According to these results, its UV absorption spectrum
would consist of a very intense band peaking at 2.8 eV (S;)
followed by three less intense absorptions in the region of
4.5-7 eV (S,-S4). The S; and Sj states present an nm*
character and are localized in the thiosubstituted monomer
and in the formic acid moiety, respectively, while the S,
and S, have a predominant mr* nature.

A careful comparison between Tables 1 and 2 reveals
that di-thio-substitution within the same monomer breaks
the clear division between intra- and intermonomer exci-
tations characteristic of the unsubstituted and monosubsti-
tuted dimers. In addition, no clear pattern among nm* and
n* transitions is observed in the electronic spectrum
summarized in Table 2 in contrast to HCOOH-HCOOH,
HCSOH-HCOOH or HCOSH-HCOOH [27].

There are, however, some absorptions common to the
electronic spectra of these four species, such as the intra-
monomer transitions taking place in the common moiety to
the four dimers, that is, the HCOOH monomer. Specifically,
SR excitations, peaking
around 6.1 and 8.3 eV for the unsubstituted and monosub-
stituted dimers [27] (See Table 1), were calculated at 5.93

*
the n._, —» 7 and 7, — m._,

Reprinted from the journal

and 8.36 eV for HCSSH-HCOOH (See Table 2). The small
energy differences registered for the above transitions can be
either attributed to the use of different basis sets in both
works or alternatively to the different chemical environ-
ments surrounding the fragment where the excitations occur.
Interestingly, the oscillator strength of these transitions is
also affected by the introduction of a second sulfur atom in
the molecule. Thus, the intensity of the nm* transition
becomes 100 times stronger in the HCSSH-HCOOH dimer,
while the nm* transition goes from being one of the
most intense absorptions in HCOOH-HCOOH and its
mono-thiosubstituted derivatives to a dark state in HCSSH—
HCOOH.

In general, double thio-substitution within the same
monomer affects in a larger extent the rest of the transi-
tions. Specifically, intramonomer excitations occurring in
the sulfur-substituted monomer and CT transitions shift to
lower energies as compared to HCSOH-HCOOH or
HCOSH-HCOOH, being this shift slightly larger when the
second sulfur substitution takes place in the carbonyl
position.

Finally, it is interesting to mention that simultaneous
substitution of the hydroxyl and carbonyl oxygens by sul-
fur in the same monomer greatly stabilize the ©!_ — 7:_
transition. As a consequence, while this transition is
observed at 6.84 eV for the HCSSH-HCOOH complex, it
was not found among the transitions absorbing below
10 eV in formic acid dimer or its mono-thiosubstituted
derivatives.

3.1.2 HCOSH-HCSOH

Table 3 summarizes the MS-CASPT2-calculated valence
vertical transition energies and relative intensities for for-
mic acid dimer di-thiosubstituted in the carbonyl and the
hydroxyl positions of different monomers. The n.—, —
T;_, transition is not reported because it was omitted from
the calculation due to the huge number of double excita-
tions which precede it and that complicated the perturba-
tion treatment.

Similarly to HCSSH-HCOOH, the electronic absorption
spectrum of HCOSH-HCSOH is governed by nm* intra-
monomer excitations, which carry the largest oscillator
strengths, see Table 3. A closer look to this table reveals
that intra- and intermonomer excitations localize into two
different regions of the spectrum, reminding unsubstituted
and monosubstituted dimers spectra, although in this case,
intra- and intermonomer mn* excitations are difficult to
distinguish since the m* orbitals involved in these transi-
tions spread over the whole molecule.

Also for this species, we find some absorptions peaking at
the same wavelengths as in the spectra of monosubstituted
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derivatives. In particular, this applies to n._; — m;__ and
n._, — T._, transitions peaking at 3.62 and 4.95 eV, also
present in HCSOH-HCOOH and HCOSH-HCOOH dimers,
respectively. This also applies to mn* S3 and S, states, which
appear red shifted by 0.2 eV, most probably due to the m*
orbital mixing mentioned above. Red-shifts between 1.3 and
2.8 eV were also registered for the transitions Ss—S; taking
the thiohydroxyl and thiocarbonyl-substituted derivatives as
a reference, leading fortuitously to the recovery of the
nn* — nn¥ — nn* — nn* ordering characteristic of formic
acid dimer.

3.1.3 HCSOH-HCSOH

An inspection of Table 4, containing the vertical excitation
energies and oscillator strengths for HCSOH-HCSOH,

[0.950] [2.653]
0.990 2.283 _
U
[186.5]
185.0

[1.621]

[183.4]
180.3

[1.332] [3.033]

1.366 2.466
-
[170.0]
[1.766]) | 1767

[194.9]

[1.331]

1.354 (1.331]

Fig. 3 Optimized geometries for the ground (Sy, first column) and

the first excited (S;, second and third columns) states of

di-thiosubstituted derivatives of formic acid dimer. Values in normal

@ Springer

[0.949] [2713] *
2 L [1.759] 3

[2.548]

[0.950]

[2.498]

reveals that both the lone pairs and ©* orbitals describing
the lower-lying excitations in this dimer appear as linear
combinations of the former orbitals sitting on the two
monomers, preventing the discrimination between intra-
monomer and CT transitions, similarly to what observed
for the dimer described in Sect. 3.1.2. Also in this case, the
pattern nn* — nn* — nn* — nn* was found to govern
the two regions in which can be divided the spectrum,
typically associated to intra- and intermonomer regions.
The organization of the transitions according to this pat-
tern is attributed, in this case, to the high symmetry of this
dimer, C,,, which leads to the degeneration or near
degeneration (recall that all the calculations were per-
formed under C; symmetry constraints) between pairs of
transitions with the same character. The first pairs of nm*
and mn* transitions peak at ca. 3.6 and 5.4 eV very close

| [1.754]

.3

[1.331] Dihedral(2H-85-5C-75)=[52.3]

+ o *9

Dihedral(4H-90-6C-75)=[-56.9]

[2.628]

162.5] : L 2P
[ 2(_.\ 3

Dihedral(4H-90-6C-75)=[-58.8]

[2.643]

o

B4
[170.3]
[15

P

;’jj "0 9o

(1.331] Dihedral(2H-75-5C-90)=[-68.3]

font correspond to B3LYP/6-3114+G(3df,2p) optimized parameters

and CASSCEF(8,6)/aug-cc-pVTZ optimized parameters are in square
brackets. Bond distances are given in Angstrom and angles in degrees
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Fig. 4 Molecular graphs for the ground (leff) and first excited state minima (right) of HCSSH-HCOOH, HCOSH-HCSOH, HCSOH-HCSOH,
and HCOSH-HCOSH. Electron densities at the BCPs (blue) and RCPs (yellow) are in a.u

to the wavelengths where the same electronic states
absorb in the dimer monosubstituted in the carbonyl
position, pointing to the very little influence of the nature
of the monomer where the excitation does not take place.
As expected, this is not the case of S;—Sg nn* and S1;-S1,
¥ transitions which experience red-shifts that can
amount up to 2.5 eV.

Also interesting, the comparison of the present spectrum
with that calculated for the di-thiosubstituted dimer in the
hydroxyl and carbonyl position in Table 3 allows estab-
lishing the effect of the position of di-thio-substitution—
carbonyl or hydroxyl—on the electronic energies. Thus,
from the generalized red-shift of the electronic spectrum of
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HCSOH-HCSOH compared with that of HCOSH-
HCSOH, we conclude that a second oxygen-by-sulfur
substitution occurring in carbonyl position has a larger
effect on the electronic energies.

Introducing a second sulfur atom in carbonyl position
has also a great impact in the oscillator strengths and
therefore in the shape of the electronic spectrum. In this
respect, the intramonomer mm* transitions, which were
predicted to contribute to the greatest extent to the UV
spectrum of the HCSOH-HCOOH dimer, become darker
states in this dimer, while the opposite is observed for
intramonomer nm* excitations which become the brightest
transitions in the di-thiosubstituted monomer.
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3.1.4 HCOSH-HCOSH

Finally, this section analyzes the calculated UV absorptions
for the di-thiosubstituted dimer in the hydroxyl positions.

This species only differs from the dimer discussed in the
previous section, HCSOH-HCSOH, in a double proton
transfer, being the former species 3.8 kcal/mol more stable.
At 298 K, this process involves an energy barrier of
5.5 kcal/mol that would prevent interconversion between
both species.

Due to its Cy;, symmetry, this dimer shares some of the
features already described for the electronic spectrum of
the thiosubstituted dimer in both carbonyl positions. As for
HCSOH-HCSOH, the lowest lying nm* and nn* transitions
in this dimer appear grouped in pairs of doubly degenerate
excited states absorbing at the same energy as their mon-
osubstituted analog HCOSH-HCOOH, whereas the
remaining excitations are shifted to lower energies with
respect to the same species. Contrary to the expectations,
however, these doubly degenerated transitions do not
follow the nm* — nn* — nn* — nn* sequence observed
for the other C,, system. Indeed, the only calculated CT
nm* transition, S;, (the other was omitted from the multi-
configurational calculations to avoid problems in the per-
turbation treatment) appears above the least stable mm*
transitions, breaking the pattern.

Finally, the comparison of this spectrum with those of
the other two di-thiosubstituted dimers in different mono-
mers allows confirming our conclusions on the larger effect
which has the position of thio-substitution on the shift of
the electronic energies. In fact, the electronic spectrum for
this species is significantly shifted to higher energies than
that calculated for the hydroxyl and carbonyl substituted
dimer, which in turn is blue shifted compared to that of
HCSOH-HCSOH.

Neither the position nor the dimer in which second thio-
substitution occurs seem to have any effect on the oscillator
strength since as for the other species studied here the most
intense absorption corresponds to an intramonomer nm*
transition.

At this point, it is worth stressing that HCOSH-HCOSH is
the only dimer among all the studied not absorbing above
280 nm. This, coupled to the fact that interconversion between
HCOSH-HCOSH and HCSOH-HCSOH is not likely to
occur, turns this dimer into a potential linker to be used in
photovoltaic devices working in the visible/near UV regime.

3.2 Geometries and bonding of the first excited states
Considering that a large change in the geometry of the
hydrogen-bonded linker upon excitation might seriously

affect the efficiency of the photovoltaic device, hindering
the formation of the CT complex, we have optimized the
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first excited state S; of all the dimers. Recall that,
according to the results discussed in the previous sections,
this state corresponds to the brightest transition in HCSSH-
HCOOH and has a non-negligible oscillator strength for
HCOSH-HCSOH. Although for the two other dimers,
HCSOH-HCSOH and HCOSH-HCOSH, the S, does not
correspond to the brightest state, due to their symmetry,
analogous geometries as the ones optimized here are
expected for the states carrying the largest oscillator
strengths, that is, S,, which involve similar excitations.

Figure 3 collects the CASSCF geometries for the
ground and first excited states of all the dimers considered
in this work. The most remarkable difference between
these pairs of structures is the out of plane deviation of
the carbonyl/thiocarbonyl group of the monomer where the
excitation takes place. This loss of planarity of the mole-
cule is accompanied by a rearrangement of the bond
distances and bond angles. Specifically, the population of
the ©* orbital after the promotion of an electron from the
lone pair sitting in the same moiety results in a stretching
by 0.01-0.04 A of the C-XH (X=0, S) bond distance and
in a considerably larger elongation of the C=X (X=0, S)
bond which in average amounts to 0.17 A.

This excitation also affects the two HBs that hold
together the two monomers, which significantly weaken in
the excited state, but has no influence in the geometry of
the moiety acting as a spectator during the excitation.

These changes in the geometries lead to a reorganization
of the electron density of these species, see Fig. 4. Thus, on
going from the Sy to the S|, we register an average decrease
in the electron density which amounts to 0.037, 0.143,
0.008, and 0.029 e.a.u’ for the C=S, C=0, C-SH, and
C-OH bonds, respectively.

These results are useful in providing the trends which
should be expected in the geometry changes upon excita-
tion. It is important, however, not to forget the well-known
poor performance of CASSCF for the description of
hydrogen-bonded structures. Hence, the CASSCF geome-
tries and electron densities of Figs. 3 and 4 are only
qualitatively interesting. A quantitatively meaningful
description requires a method capable of accurately char-
acterizing excited states and at the same time including
dynamic correlation.

4 Concluding remarks

This paper reports on the calculated valence excited states
of the four di-thiosubstituted formic acid dimer derivatives
which differ in the position (carbonyl and hydroxyl) and
subunit which occupy the two sulfur atoms.

Due to the dimeric structure of these species, their
absorption spectrum can be divided in two regions,
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Fig. 5 a Simulated absorption
spectra based on MS-CASPT2
vertical excitation energies and
oscillator strengths for
HCOOH-HCOOH (purple
line), HCOSH-HCOOH
(orange line), HCSOH—-

HCOOH (black line) (ref. [27]).

b Simulated absorption spectra
based on MS-CASPT?2 vertical
excitation energies and
oscillator strengths for
HCOSH-HCOSH (pink line),
HCOSH-HCSOH (light blue
line), HCSOH-HCSOH (green
line), and HCSSH-HCOOH
(red line)
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typically ascribed to intra- and intermonomer or charge
transfer absorptions. Except in the case of HCSSH-
HCOOH where intra- and intermonomer transitions appear
mixed, for the rest of the dimers excited states appear
organized into two different regions of the spectrum, sep-
arated by an energy gap comprised between ca. 0.5 and
2.0 eV.

Interestingly, all the dimers studied here present one or
several nm* and mn* excitations peaking at the same
wavelength as in the mono-substituted dimers with which
they share the moiety where the excitation takes place.

This evidences the very little effect the electronic
structure of the monomer acting as a spectator has in the
intramonomer transitions. Obviously, this does not hold for
the highest lying nn* and nn* states, typically of CT
character, where the nature of the two moieties involved in
the excitations determines the position of the absorption. In
general, the above transitions shift further to the red upon
introducing a second sulfur atom, especially if the second
thio-substitution takes place in the carbonyl position. This
is consistent with the fact that the calculated transitions for
HCSOH-HCSOH appear at lower energies compared with
HCOSH-HCSOH, whose spectrum is in turn red-shifted
with respect to HCOSH-HCOSH. Finally, these shifts,
which affect irregularly the different electronic transitions,
lead to the organization of the nn* and nn* according to
different patterns. Thus, an nn* — nn* — nn* — n*
pattern similar to the one found for formic acid dimer was
registered for HCOSH-HCSOH, HCSOH-HCSOH, and
the lowest energy region of the HCOSH-HCOSH spec-
trum. In contrast, no apparent ordering among the nn* and
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n* electronic transitions was found in HCSSH-HCOOH,
and an unexpected pattern was observed for the highest
energy region of the HCOSH-HCOSH spectrum, where
¥ excitations appear slightly stabilized with respect to
the nm* transition.

Similarly to formic acid dimer and its mono-thiosub-
stituted derivatives, theory predicts transitions absorbing in
the lower energy segment in which can be divided the
spectrum to contribute to a larger extent to the UV
absorption spectrum. However, whereas in the case of
formic acid dimer and its mono-thiosubstituted derivatives,
the largest oscillator strength is calculated for nn* excita-
tions, introducing a second sulfur atom in the molecule
renders these transitions dark and augments significantly
the intensity of the nm* transitions which dominate the
spectrum of di-thiosubstituted derivatives.

In sum, except for HCOSH-HCOSH which is trans-
parent in the visible, UVA and UVB regions, caution
should be exercised when using the remaining dithiosub-
stituted dimers as hydrogen-bonded linkers in photovoltaic
devices with chromophores absorbing above 280 nm, see
Fig. 5. Moreover, the corresponding electronic excitations
could lead to the out of plane displacement of the carbonyl/
thiocarbonyl moiety where the excitation takes place,
potentially compromising the formation of the charge
transfer complex.
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