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ABSTRACT: We present an analysis of the optoelectronic
properties of merocyanine dyes by means of valence bond self-
consistent field (VBSCF), time-dependent Hartree-Fock (TD-
HF), density functional theory (DFT), and high-level ab initio
calculations. The electronic structure of merocyanines can be
described as a superposition of two resonance structures, a
neutral one and a zwitterionic one. Calculated valence bond
(VB) weights for these resonance structures demonstrate the
importance of strong accepting groups when increasing the
weight of the zwitterionic structures of different merocyanines.
The dependence of exciton and charge reorganization energies
on VB weights’ composition is analyzed, demonstrating that the
special case of equal contributions of both structures, the so-
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called cyanine limit, goes along with minimal exciton and charge reorganization energies. For the latter, it is shown that the
external (outer-sphere) reorganization energy plays a crucial role. Furthermore, a careful investigation of the excited-state
behavior of merocyanines indicates that a possible excited-state torsion might be another important parameter for merocyanine-
based optoelectronic devices, whereas internal (inner-sphere) charge reorganization energies of a variety of merocyanines are in a

typical range for molecular semiconductors.

1. INTRODUCTION

The world’s increasing energy consumption enforces the
development of sustainable energy resources among which
solar cells are the most promising. In contrast to their silicon-
based inorganic counterparts, organic solar cells (OSCs)
promise to have some major advantages such as low material
and production costs and their potential fabrication on highly
flexible substrates because of low processing temperatures."”
Although polymer-based organic bulk heterojunction (BHJ)
solar cells are easy to produce from solution, only a distribution
among the polymer lengths and weights can be achieved via
synthesis, making any fine-tuning of the inherent properties
difficult.’ In contrast, the purification by chromatography or
gradient sublimation of small organic molecules results in
ultraclean products with properties determined by adjustable
molecular features.”

Among many other small organic molecules, dipolar
merocyanine dyes, a class of donor—acceptor (DA) chromo-
phores with a central polymethine chain, have been successfully

applied in recent years as p-type semiconductors in organic
"+ as well as in solar cell devices.””® The
partially high performance of these merocyanine-based devices
was surprising because the use of highly dipolar molecules as
organic semiconductors opposes the Bissler model for charge
transport in amorphous semiconductor materials.””"" This
model states that high charge carrier mobilities are to be
expected exclusively for apolar molecules, whereas a broadening
of the density of states is to be expected for polar molecules
because of dipolar disorder. However, for highly dipolar dyes
such as merocyanine dyes, the formation of centrosymmetric
dimers with vanishing dipole moments is well-established in
solution'”"* and in the bulk state,"”"> which obviously reduces
the dipolar disorder in accordance with the Bissler model.
Because of the diversity of possible building blocks as well as
substitution patterns, merocyanine dyes are a class of molecules

thin-film transistors”
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of great structural varietzf with easily adjustable optical and
electronic properties."*™>> To select those merocyanines that
are suitable for optoelectronic and nonlinear optical applica-
tions,"*™>° the so-called cyanine limit'®™** (also called the
polymethine limit) has been used as a criterion. The cyanine
limit is connected with the electronic character of the ground
and the first excited state of a merocyanine dye, which are
commonly represented by a superposition of the neutral and
zwitterionic resonance structures given in Figure la. Within the
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Figure 1. (a) Charge distribution in push—pull merocyanine dyes
according to a simple two-state model governed by the strength of the
electron-donor (—NR;) and -acceptor (Acc) groups. The ¢* parameter
allows the easy classification of a molecule between more neutral (¢* <
0.5) and more zwitterionic (> > 0.5) character in the electronic
ground state with the special case, the cyanine limit, where both
contribute equally. (b) Merocyanine dyes MD376° and MD353°
investigated in this manuscript in their two resonance structures. The
reduced substructures for the calculation of the reorganization energies
are highlighted in color for MD376 (blue) and MD353 (red).

two-state model, the wave function of the ground state can be
generally written as ¥ = ¢,@ ey + 2@ itterionic- If the overlap
between @ eura and Ppitterionic 1S neglected, then the wave
functions of the ground and excited state can be approximated
as ¥ = ((1 - CZ))I/Z ¢neutral * C¢zwitterionic' For fully neutral
structures, ¢* becomes 0, whereas for fully zwitterionic states, it
is equal to 1. At the cyanine limit (i.e., ¢ = 0.5), both resonance
structures contribute equally to both the ground and the
excited state (Figure 1a).

The contributions of the two resonance structures can be
determined via theoretical (e.g, by VB methods) or
experimental (via electro-optical absorption (EOA) and UV/
vis spectroscopy) methods, the latter of which determine the
dipole difference (Ay) as well as the transition dipole moment
(#yg) in dilute solution between the ground and excited state.
From these quantities, the ¢ value can be calculated as®~*"*~*

_1 -1/
¢ = Jh- Ap(4(u)* + Au*) 7] W

At the cyanine limit, the ground- and excited-state characters
nearly coincide, leading to a variety of exceptional properties,
such as strong absorption bands and the narrowest bandwidth
possible.'®™>* These properties result because the equilibrium
geometries of both states are nearly identical, and the minimal
bond length alternation®*™ in the merocyanines’ central
polymethine chain is found. The resulting negligible geometric
change upon optical excitation when going from the ground to
the excited state for a molecule at the cyanine limit was the
basis for the design of our merocyanine dyes for applications in
organic electronics and photovoltaics®™® because these should
lead to minimal exciton reorganization energies and the highest
tinctorial strength. The strong influence of the reorganization
energy on the efficiency of exciton diffusion and charge transfer
is indicated, for example, by the Marcus rate equation into
which the reorganization energies enter exponentially.”” Hence,
small reorganization energies, as expected for merocyanine dyes
at the cyanine limit (¢ = 0.5), should lead to higher device
efficiencies, whereas large reorganization energies are expected
for more polyene-like (¢* < 0.5) or more zwitterionic (¢* > 0.5)
merocyanine dyes. Notably, such molecules are also less
suitable because they possess smaller transition dipole mo-
ments.

As shown by the success of the merocyanine-based solar
cells, the strategy often seems to work. However, it has never
been carefully investigated whether the relationship between
the cyanine limit and the exciton reorganization energy really
exists and whether the ¢* parameter and concomitant dipole
moment change Ay = 0 is really a device-efliciency-determining
parameter because it is not yet possible to deduce ¢* by
experimental means for the solid-state material and because
many other parameters (e.g, relative molecular orientation,
aggregation, morphology) have a profound influence on the
solar cell performance as well. With respect to these questions,
we combined valence bond (VB) calculations and time-
dependent (TD)-HF calculations. VB theory is well-suited to
investigate the electronic structure of the ground state in terms
of resonance structures because its determinants closely reflect
the characters of Lewis structures (e.g., the two resonance
structures depicted in Figure 1). TD-HF is used to compute
reorganization energies in solutions that necessitate computa-
tions of electronically excited states.

For our study, we selected two scaffolds that came up as the
most successful lead structures during our experimental work
on solution- and vacuum-processed BH]J solar cells.”® The first
one contains the dicyanovinylindanedione heterocyclic accept-
or unit (MD376) for which a number of derivatives could be
developed that show power conversion efficiencies (PCEs) up
to 6.1% in combination with Cg, fullerene acceptors.’”” The
second one contains a pyridinedione heterocyclic acceptor unit
(MD353) that also provided decently performing BH]J solar
cells (PCEs up to 3.1%)° with regard to our formerly
investigated best photorefractive dyes with perfect cyanine-
type absorption spectra.15

In our study, we first compared calculated VB weights with
experimentally deduced ¢* values of the merocyanines MD353
and MD376. Secondly, we analyzed which structural elements
of the merocyanines are responsible for their respective
position relative to the cyanine limit. For this, we calculated
VB weights for different fragments of MD353 and MD376. In
all VB calculations, the highly polar crystal environment of the
merocyanines was taken into account via an effective solvent
permittivity (¢,). Thirdly, we chose two model systems
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(highlighted in color in Figure 1b) to investigate how exciton
and charge reorganization energies correlate with ¢* of a given
system. Finally, we calculated exciton and charge reorganization
energies for a variety of merocyanines of contrasting
experimental performances in order to assess additional
parameters influencing the solar cell performance such as
molecular packing in the solid state as well as geometric
changes within the crystal.

2. COMPUTATIONAL DETAILS

All alkyl substituents of MD353 and MD376 (Figure 1b) were
replaced by hydrogens because their influence on the VB
weights turned out to be insignificant. (See Results and
Discussion.) The merocyanines and their model systems were
optimized with B3LYP-D3/cc-pVDZ**™** and COSMO™
(solvent: DMSO) using the Turbomole program package.’’
For the VBSCF calculations, the XMVB program package”**’
was used, which is interfaced to GAMESS-US.** All GAMESS-
calculations were carried out using HF/6-31G.*"** The
necessity of polarization functions was checked upon, but
their use changed VB weights by only about 1%. For a proper
calculation of the resonance structure composition, block-
localized wave functions using hybrid atomic orbitals were
used.**** To obtain a converged solution in terms of blocks, we
used consistent blocks for all structures. In these calculations,
the environment was again taken into account via VBPCM.*

For all HF and DFT calculations, the Gaussian09 program
package (revision D) was used.*® Because of charge-transfer
contaminations in TD-DFT calculations, all exciton reorganiza-
tion energies were calculated using TD-HF/cc-pVDZ. Charge
reorganization energies were calculated with B3LYP/cc-pVDZ.
PCM using state-specific solvation was used as a solvent model
during the calculations of either type of reorganization
energy.47 Gas-phase exciton reorganization energies of the
merocyanines were calculated with SCS-CC2/cc-pVDZ.***
For these computations, the Turbomole program package was
used.

In general, the calculation of reorganization energies involves
four single-point calculations. The ground-state (neutral)
reorganization energy is obtained as the difference between
the ground-state (neutral) energies of the optimized ground-
state (neutral) and excited-state (charged) geometries,
respectively (Figures 2 and 3). The excited-state (cationic)
reorganization energy is equivalent to the energy difference
between the excited-state (cationic) energies of the optimized
excited-state (charged) and ground-state (neutral) geometries,
respectively. The reorganization energy is the sum of its inner-
sphere reorganization energy (ie., its intramolecular vibrational
relaxation and its outer-sphere reorganization energy), which
resumes to the solvent reorganization because of the altered
electronic and geometric structure of the molecule. The two
parts will be referred to hereafter as internal (inner-sphere) and
external (outer—sphere) reorganization energies.

If the computations are carried out for vacuum conditions,
then only the internal reorganization energies are obtained,
which are solely connected with relaxation effects within the
molecule. If environment effects are included, either in a
molecular picture or via a continuum approach, then effects
which result from the relaxation of the environment (external
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Figure 3. Charge reorganization energy and its decomposition into the
neutral reorganization energy and the cationic reorganization energy.

3. RESULTS AND DISCUSSION

3.1. Comparisons between Computed and Measured
¢® Values. The zwitterionic VB weights of MD353 and
MD376 (without alkyl substituents) are listed in Table 1 and
are compared to the experimental ¢* values determined in
dioxane. It was chosen because of its low permittivity and very
good solubility properties. The VB weights were calculated for
cyclohexane, which features a similar permittivity (¢ = 2.02) as
dioxane (¢ = 2.21). However, in contrast to dioxane,
cyclohexane does not show any effects of microsolvation,
which are difficult to model by continuum solvent approaches.

The computed zwitterionic VB weights and the correspond-
ing experimental ¢* values do agree within the error limits. The
same is true for dipole moments g, and experiment and theory
also coincide in the trends because both predict MD353 to be
more zwitterionic than MD376. Smaller deviations probably
result because the experimental values are deduced under the
assumption of the two-state model and because of the neglect
of the overlap between the neutral and the zwitterionic
determinants. Further deviations between experiment and
theory might result because the molecular properties are
measured in solution but afterward corrected to the gas-phase,
according to the Onsager continuum model.”” However, only
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Table 1. Comparison of Calculated VB Weights As Well As Ground State Dipole Moments (i) with the Experimentally

Determined ¢* and Mg Values of MD353 and MD76

zwitterionic VB weight (%)
45.6
37.1

merocyanine

MD353°
MD376"

& value (exp.) #g (D) (theo.) #g (D) (exp.)
0.45" 116" 12.8
0.40° 7.6° 62

“Ground-state dipole moments were determined by EOA spectroscopy and corrected to the gas-phase by solvent correction within the
approximation of the Onsager continuumm model.**~> YObtained as relaxed ground-state properties with SCS-CC2/cc-pVDZ.
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Figure 4. Stepwise buildup of MD353 (upper two rows) and MD376 (lower two rows).

the dipole moment difference Ay is corrected, whereas the
solution value of the transition dipole ,, moment is used in the
Onsager model. This justifies the use of solution values for the
VB weights. Moreover, gas-phase calculations of partially
charged or zwitterionic species lead to artifacts, yielding too
small zwitterionic weights. Table 1 also compares the ground-
state dipole moments, which coincide well.

To analyze which elements of the merocyanines are
responsible for variations in the electronic structure, we varied
the structures as depicted in Figure 4. Because of convergence
problems in the VB computations, the indoline moiety at the
donor in MD353 was not added. The corresponding VB
weights computed for gas-phase (¢, = 1) and polar DMSO (¢,
= 46.826) environments are given in Table 2. The latter mimics
the highly polarizable solid-state environment. Note that the
values obtained for both environments show the same trends as
a function of the molecular structure. Table 2 clearly shows that
the decisive structural entity in MD353 is the conjugated
heterocyclic acceptor group, which becomes aromatic in the
zwitterionic structure (going from MD353-6 to MD353-7).

Table 2. Zwitterionic VB Weight (%) of the Fragments of
MD353 and MD376 Calculated for Gas Phase and DMSO

MD353 MD376
nonpolar (gas polar nonpolar (gas polar
phase) (DMSO) phase) (DMSO)

MDxxx-1 6.6 133 6.6 133
MDxxx-2 7.3 15.1 40.0 67.5
MDxxx-3 6.0 9.6 38.1 65.3
MDxxx-4 6.1 112 27.5 473
MDxxx-5 not planar not planar 333 58.6
MDxxx-6 9.3 26.3 42.3 67.3
MDxxx-7 29.7 62.8 282 45.5

The aromatization is responsible for the proximity of the final
structure with respect to the cyanine limit in accordance with
earlier experimental work.'®™>® This becomes particularly
evident upon comparison of the VB weights of the ring-closed

MD353-6, which is not conjugated, in contrast to MD353-7.
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Figure S. Correlation of (a) exciton reorganization energy and (b) total charge reorganization energy of the two model systems MD353-7 (red) and
MD376-2 (blue) with their zwitterionic VB weights (TDHF/cc-pVDZ, IEFPCM with state-specific solvation).>® The lines are a guide to the eye.

The zwitterionic VB weights in Table 2 show that in the case
of MD376, the combined and potentially synergetic effects of
several accepting groups are needed to polarize the
merocyanine toward the cyanine limit and even beyond it
(structures 2, 3, 5, and 6). Additional substituent effects exerted
by the ring closure at the accepting moieties show only minor
changes of the VB weights’ composition. In contrast, the
anellation of the phenyl ring at the donor unit clearly reduces
the zwitterionic character because the donating free-electron
pair of the amine nitrogen (+M effect) is now shared between
the phenyl group and the polymethine chain. (Compare impact
of phenyl group in structure 3 for MD353.)

3.2. Correlation between Electronic Structures and
Exciton Reorganization Energies. To investigate the
correlation between the electronic structure of a merocyanine
and the reorganization energies, a series of molecules with a
constantly changing electronic character (from neutral to
zwitterionic) is necessary. Because variations in the substitution
pattern always lead to various other effects (e.g, changes in
geometry, solvation, packing, etc.) overlaying the targeted
relationship between the electronic character and the
reorganization energies, we carried out a series of VB
calculations in a continuum solvation model of increasing
solvent polarity. By increasing €, the electronic structures of
the merocyanines shift from a predominantly neutral form in
the ground state via the cyanine limit toward the zwitterionic
form. In each solvent and thus for each VB weight composition,
charge and exciton reorganization energies were calculated. For
these computations, we used TD-HF, which is sufficiently
accurate for trends.”* TD-DFT could not be employed because
of the well-known charge-transfer-state problem.” The
calculations were carried out for structure 7 of the MD353
series (MD353-7) and structure 2 of the corresponding
MD376 series (MD376-2). For the MD353 series, structure
MD353-7 was chosen because all other structures do not vary
sufficiently as a function of &, (Table 2). For the MD376 series,
structures 2, 3, 5, and 6 would be suitable for the investigations,
but MD376-2 shows the strongest variation. The two model
systems with their two resonance structures are highlighted in
color in Figure 1b.

The computed reorganization energies include the reorgan-
ization energies of the solvent environment, which are called
external reorganization energies hereafter. They are neglected
in the standard two-state model that refers exclusively to
molecular properties (i.e., the internal reorganization).
However, external reorganization energies should be included
because exciton hopping or charge transport is influenced by
total reorganization energies.

The correlation of the exciton reorganization energy of the
two model systems MD353-7 and MD376-2 with their
zwitterionic VB weights is shown in Figure Sa. The graph
clearly demonstrates the correlation of a 50:50 VB weight
composition with the minimum of the exciton reorganization
energy. This confirms the hypothesis that the similarity of the
ground- and excited-state geometry for molecules in the
cyanine limit should favor exciton diffusion. However, the
dependence of the reorganization energies on the electronic
character of the merocyanines is predicted to be small (0.2 V).
Nevertheless, it should be kept in mind that the reorganization
energies enter exponentially into the Marcus rate equation.

3.3. Correlation between Electronic Structures and
Charge Reorganization Energies. Experimental results also
seem to indicate a relationship between the cyanine limit and
the charge transport efficacy.”® This is not predicted by the
two-state model because for charge transport, the change
between a neutral dye and its radical cation is the relevant
process (i.e,, the electronically excited state of the neutral
molecule is not involved). To investigate this issue, we used the
same approach as before and correlated variations of the
electronic structure with the charge reorganization energies of
model systems MD353-7 and MD376-2. They are shown in
Figure Sb. Similar to the exciton reorganization energies, the
charge reorganization energies also become minimal around the
cyanine limit. The increase for higher zwitterionic VB weights is
quite strong and can be modeled with a parabola. This
quadratic fit becomes less exact in the total reorganization
energies for zwitterionic VB weights smaller than 40—50%. The
increase of the total reorganization energies in these regions is
only very weak, indicating that the minimization of the
reorganization at the cyanine limit is connected only indirectly
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to the cyanine limit (see below). Nevertheless, taking both the
exciton and the charge reorganization energies into account,
dyes with an electronic structure around the cyanine limit are
predicted to be advantageous for applications in organic
photovoltaics. The total reorganization energies are smaller
than the corresponding values of dyes with more polyene- or
zwitterionic-like characters.

To elucidate the reasons for the existence of the minimal
total charge reorganization energies, the geometries of the
optimized neutral and the optimized cationic species are
analyzed by calculating the bond length alternation value
(BLA),"*° which is defined as follows:

(b12 — 0.5(bl1 + bls)))
bl2 (2)

The abbreviations bll, bl2, and bl3 designate the bond
lengths of the central carbon—carbon bonds along the
polymethine bridge where the enumeration starts at the
donor moiety (Figure 1b). The relationship between the
differences of the BLA values of the neutral and the cationic
structure for both model systems and the ¢* value are shown in
Figure 6. The decreasing BLA difference demonstrates that the
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Figure 6. Dependence of the BLA of structures of MD376-2 (blue)
and MD353-7 (red) upon variation of the solvent polarity.

geometrical structures of the neutral and cationic species
become more and more similar with increasing zwitterionic
character of the neutral species.

In contrast to exciton reorganization energies, where external
reorganization energies are expected to be rather small, they
should be considerably larger for charge reorganization energies
(e.g,, during the process of charge hopping).

Consequently, to gain more insight, the total state-specific
charge reorganization energy is deconvoluted into the internal
charge reorganization energy, which is connected with
variations in the molecule itself, and the external charge
reorganization energy, which results from solvent effects. The
former can be estimated from the energy differences between
the gas phase and the solvent structure both computed in the
gas phase. Its dependency as a function of the electronic
structure of the neutral species is given in Figure 7 together
with the variation in the total reorganization energy.
Subtracting these internal reorganization energies from the
total charge reorganization energies (Figure Sb), we obtain the
external part of the reorganization energy.

For either model system, the internal reorganization energy
decreases with increasing solvent polarity. This is under-
standable from the decreasing geometric differences between
the optimized geometries of the neutral and radical—cationic
species (Figure 6) because fewer differences should lead to
decreasing internal reorganization energies. In contrast, the
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Figure 7. Total (solid lines, diamonds) and internal (dotted lines,
circles) charge reorganization energies of MD376-2 (blue) and
MD353-7 (red). Note the different scales for the total and the internal
charge reorganization energies. All computations are carried out on the
B3LYP/cc-pVDZ level of theory.

total charge reorganization energy shows a minimum as already
discussed. This is due to a compensation of the internal and the
external part of the charge reorganization energy. The external
reorganization energy strongly rises for increasing zwitterionic
VB weights. This rise is presumably caused by the increasing
reorganization effects in the environment resulting from the
higher partial charges of more polar solvents. Because the
electrostatic potential of the ionizable molecule changes
drastically if it becomes a radical cation, after ionization the
environmental charges are no longer oriented optimally, so a
reorganization process is induced through the ionization of the
central molecule.

Our analysis indicates that the increase in the total charge
reorganization energies in solution results from a strong rise in
the external reorganization energies rather than from the
internal ones, which would be directly connected to the
molecule. This raises the question whether our approach, which
approximates the surrounding medium as a continuum, is
relevant for aggregated dyes in solution, thin films, or even
crystals. It results in turn to the question of whether it is
possible to fold the highly anisotropic, polar, and polarizable
environment of a merocyanine crystal into a single parameter,
an effective epsilon, and to model thereby external reorganiza-
tion. In such polar crystals, charge—charge interactions between
the molecules, being of long-range character, are dominant.
These strong charge—charge interactions are shielded because
of the polarization of the (highly polarizable) environment.
Both charge—charge interactions and polarization can be
roughly modeled by an effective epsilon used in continuum
solvation approaches.

In environments such as thin films or crystals, the molecule
becoming the radical cation (solute) during charge transport is
not surrounded by a highly mobile solvent molecules differing
from the solute. In thin films or crystal environments of
merocyanines, solute and solvent are identical, and because of
the formation of an interaction network, they are considerably
less mobile. With increasing polarity of the molecules, the
interactions in an aggregate get stronger, 1eading to more
ordered and stiffer networks. Going from fluids to amorphous
thin films, the flexibility of the environment is drastically
reduced. Nevertheless, because of the internal free volume,


http://dx.doi.org/10.1021/acs.jpcc.5b06206
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcc.5b06206&iName=master.img-006.jpg&w=163&h=106
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcc.5b06206&iName=master.img-007.jpg&w=170&h=166

some reorganization of the surrounding molecules is still
possible if the center molecule becomes a cation. For crystals,
such reorganization motions nearly diminish. In such cases, the
neighboring molecules cannot reorient because of steric
restrictions in the crystal so that per definition external
reorganization motions remain small. However, the charge-
transfer process in these rigid environments is also hindered by
a strong energetic penalty. This penalty results because initially
the molecules are oriented to maximize the stabilizing
interaction between the partial charges of the neutral
compounds. If the central molecule is ionized within the
charge transfer process, then the interaction network is
massively perturbed because its partial charges have been
changed completely. Because the partial charges and with this
the corresponding interactions increase with increasing polarity,
the resulting penalty is also expected to increase. This indicates
that the predictions obtained from our model computations are
also relevant for real thin-film or crystal environments.

To generalize our findings and assess any additional impact
factors on the charge and exciton reorganization energies,
reorganization energies were calculated for a series of six
merocyanine dyes (including all substituents) composed of DA
units that were applied in BHJ solar cells in our earlier
studies.” ™"

N. MD333
HoC¢ CaHo

Figure 8. Structures of HB194, MD352, MD333, and HB238.

From the values for the gas-phase charge reorganization
energies of different merocyanine dyes given in Table 3, it
becomes evident that they all range within the same order of
magnitude, indicating that the model derived for MD353 and
MD376 can be generalized. Additionally, a comparison with
calculated charge reorganization energies of apolar semi-
conducting small organic molecules reveals that the merocya-
nines’ charge reorganization energies are in the same order of
magnitude of those of classical molecular semiconductors.
Experimentally determined charge energies reorganization from
UPS measurements amount to 0.097 eV for pentacene in the
gas phase and 0.109 €V for pentacene molecules in thin films.>”
Rubrene, which is more flexible, already possesses a charge
reorganization energy of 0.146 eV.”” Copper phthalocyanine
has a gas-phase charge reorganization energy of 0.063 eV, which
increases to 0.106 eV in thin films.”® The charge reorganization
of zinc phthalocyanine, a dye molecule with a very small charge
reorganization energy, amounts to only 0.037 eV, as
determined by da Silva Filho and Brédas, et al.””

3.4. Influence of Photoinduced Torsional Motions. As
opposed to the charge reorganization energies, a careful analysis
of the excited-state reorganization of different merocyanines

Table 3. Gas-Phase Charge (Charge; B3LYP-D3/cc-pVDZ)
and Exciton Reorganization (SCS-CC2/cc-pVDZ) Energies
(ES reorg.) Calculated for a Variety of Merocyanine Dyes”

merocyanine chargeb ES reorg.” ES reorg.d geometry® exciton’
MD353° 0.17 h 0.65 twisted 241
MD376° 0.12 0.09 0.13 planar 1.75
HB194° 0.12 0.09 0.12 plana.r 1.75
MD352° 0.30 0.12 0.59 g 2.64
MD333° 0.23 0.11 0.76 g 2.51
HB238° 0.21 h twisted 243

“For these computations, all alkyl substituents were included in the
calculations. The structures are shown in Figures 1 (MD353, MD376)
and 8. bCharge reorganization energies (eV). “Excited-state reorgan-
ization energies (eV): molecule remains planar. 9Excited-state
reorganization energies (eV): twisted structure. “Final excited-state
geometry when starting from crystal structure geometry. fTotal exciton
reorganization energies (eV) for twisted excited states, including
ground-state deformations and averaging over energetically almost
similar enantiomers. ¥No crystal structure available. "Molecule twist
instantaneously.

shows that the reorganization energies of the exciton diffusion
are influenced by another effect. After excitation, some
merocyanines spontaneously undergo a torsional movement
when starting from the crystal structure geometry. For others,
the relaxation is not spontaneous, but for all investigated
merocyanines, the twisted structure is lower in energy (Table
3). Such torsional motion of photoexcited merocyanine dyes
has also been not only verified by various experiments and
identified as a major fluorescence-quenching pathway, but also
utilized for photoreactions by light-induced electrocyclization
into spiro compounds.”*~*® The twisting motion predicted by
our calculations is exemplified by a superposition of the planar
ground-state structure and the twisted excited-state structure of
MD353 in Figure 9. The photochemistry of merocyanines

Figure 9. Planar ground-state structure (blue) and twisted excited-
state structure (red) of MD353.

along with the photoinduced motion was analyzed by Xu et
al.%” via CASSCF and VB calculations on a push—pull model
system, revealing the importance of a conical intersection.
Direct experimental evidence for this interpretation of a
solvent-tunable conical intersection was delivered by Kahan et
al.%®

The exciton reorganization energies resulting from this
induced twist motion are indeed higher by a factor of 10 than
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those from the effects discussed so far. With respect to the
exciton hopping rate calculated with Marcus theory, this large
reorganization energy would lead to a decrease of the rate by a
factor of more than 20000. However, the question arises
whether this motion is possible in thin-film or crystal
environments. Further MM calculations using AMOEBA®
showed that such an excited-state torsion would definitely not
be possible in the crystal because of steric strain, even when
assuming a vacancy defect in the vicinity of the twisting
merocyanine. However, partial twisting motions could still be
possible. Taking into account the large decrease of the hopping
rate by more than four orders of magnitude in the case of a full
torsion, such partial twisting motions would already be
sufficient to decrease the rate of exciton hopping significantly.
Consequently, the excited-state twisting motion constitutes a
potential loss channel for merocyanine-dye-based organic solar
cells. It is conceivable that the presence or absence of the
possibility of an excited-state torsion strongly modulates effects
connected with the cyanine limit. However, in the absence of
an excited-state torsion, the total exciton reorganization
energies ranging around 0.2 eV are similar to or even smaller
than exciton reorganization energies of other organic dyes.
Calculations of Jacquemin et al. yielded around 0.4 eV for the
exciton reorganization energies of 1,8-naphthalimide fluoro-
phores”® and 0.71 €V for the total exciton reorganization energy
in the enole form of coumarin (calculated with TD-PBEO-
PCM).”!

4. CONCLUSIONS

A comparison of calculated zwitterionic VB weights and the ¢*
values experimentally determined from electro-optical absorp-
tion (EOA) and UV/vis spectroscopy showed good agreement
for the merocyanines MD353 and MD376. This indicates that
the assumptions made in the determination of the experimental
¢* values are valid. Important structural entities determining this
composition are a combination of strong accepting groups and
moieties potentially aromatizing in one resonance structure.
Because the external exciton reorganization is small, this is valid
for both the internal and the total reorganization energy.

Our investigations also indicate a relationship between the
VB weights’ composition and charge reorganization energy, but
the computations do not show a distinct minimum at the
cyanine limit. Our analysis indicates that the increase of the
charge reorganization energy for structures with a predom-
inantly zwitterionic character results from variations of the
external reorganization energy, whereas the internal reorganiza-
tion energy decreases as a function of the molecular
zwitterionic character. Rather, they result from the response
of the environment to the ionization of this molecule.

In general, our theoretical investigations support the design
principle that merocyanines close to the cyanine limit should be
well-suited for applications in organic solar cells. Thus, beyond
the more trivial argument that the largest transition dipole
moment is given at the cyanine limit and concomitantly also
the highest tinctorial strength, the exciton reorganization
energy is also smallest and even the charge reorganization
energy can be pretty small and indeed comparable to those of
the most ubiquitous unpolar organic semiconductors such as
rubrene or pentacene.

However, this results from a superposition of several effects.
For less zwitterionic molecules, exciton and charge reorganiza-
tion energies are higher, whereas for considerably more
zwitterionic ones, the rise in the external charge reorganization

energies dominates. Finally, our calculations indicate that the
possibility of an excited-state torsional movement of the
merocyanines might be another important parameter influenc-
ing the solar cell device efficiency. Hence, it should be taken
into account when designing new merocyanines for organic
photovoltaics. The resulting strong influence of the environ-
ment, especially differences in the internal free volume
determining the possibility of photoinduced internal torsional
motions of the merocyanines, may explain why the device
efficiencies of two merocyanines with nearly similar electronic
structures in some cases differ considerably.
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