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Abstract

The absorption band shapes of a donor-acceptor dye whose electronic structure can
be finely tuned from push-pull to cyanine limit upon changing solvent polarity, have
been theoretically investigated by using Kubo’s generating function approach, with
minimum energy geometries and normal modes computed at DFT level of theory. The
comparison of the observed and predicted absorption band shapes and the analysis of
dipole moment variations upon excitation reveal that a delicate balance of Hartree-

Fock exchange in the functional is needed to treat such a difficult systems by density
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functional theory, band shapes being nearly giantitatively reproduced by using range

separated hybrid functionals with high percentage of Hartree-Fock exchange.

Introduction

Organic donor-acceptor dyes with electronic structures approaching the cyanine limit have
found applications in several technological fields, such as dye sensitized and bulk hetero-
junction solar cells,” * optical storage media,” and nonlinear optics.” * * Highly reliable
computational approaches are therefore needed for a deeper understanding of their electronic
structures and for a rational design of new ones, but the easily polarizable electronic clouds
of those compounds make them problematic and challenging systems for most of the com-

putational approaches for large size molecules.” 7 *

It has been shown that computational
approaches based on time dependent density functional theory (DFT) predict vertical exci-
tation energies which significantly disagree with the location of the absorption maxima of
the experimental spectra in solution. The observed discrepancy can be partly ascribed to an
insufficient description of double-excitations at TDDFT level,” * and partly imputed to nu-
clear relaxations upon excitation, which make it inaccurate any comparison between vertical
transition and experimental ansorption peaks.” Simulations of the whole absorption band
shapes are therefore necessary for better assessing the reliability of electronic computations.
Such simulations can also provide useful information about the accuracy with which com-
putational approaches predict excited state geometries, which in turns control the rates of
the photochemical processes which make those compounds of technological interest.! Herein
we report first principle calculations of the band shape of the donor-acceptor XXYYZZ (1)
dye, see scheme 1, which represents a very interesting test case because its absorption spec-
trum strongly depends on the polarity of the solvent, exhibiting not only a red-shift of the

absorption maximum but also a remarkable change of the whole band shape.?

In non-polar solvent, such as diethyl ether, the absorption spectrum of compound 1 is



characterized by two well resolved peaks, falling in dioxane at 15385 and 16491 cm™! and
possessing roughly the same intensity, see Figure 1. As the solvent polarity increases, the
longer wavelength absorption gains intensity and shifts to lower frequencies (ca 15110 cm™*
in acetonitrile, Figure 1, orange line), whereas the shorter wavelength absorption looses
intensity and becomes a shoulder in strongly polar solvents such as acetonitrile (AN). The
substantial change of the spectral shape and electrooptical absorption (EOA) measurements
suggest that in weakly polar solvents 1 is a push-pull donor-acceptor system, with the neutral
form prevailing in the ground state and the zwitterionic form in the excited one (see Scheme
1). Upon increasing the dielectric constant of the solvent, the contribution of the zwitterionic
resonance form in the ground state increases, up to reaching the so called cyanine limit, with
equally weighted neutral and zwitterionic resonance forms both in the ground and in the first
excited state, in acetonitrile, where 1 exhibits a sharp and intense absorption band, typical

of cyanine dyes.?

Computational procedure

A wide panel of methods has been employed for density functional and time dependent (TD)
density functional theory (DFT) computations. Pure and global hybrid GGA and meta GGA
exchange-correlation potentials have been considered. We have also used range separated
hybrid functionals, i.e. hybrid functionals in which the exchange component is divided into
short-range (SR) and long-range (LR) parts by splitting the Coulomb operator via the error

function:?

11— [a+ Berf (wra)] Lo + Berf (wria) 0

12 12 12

J/ (&

g

SR LR
The DFT exchange interaction is included through the first term, while the long-range

orbital-orbital exchange interaction is described with the Hartree-Fock (HF) exchange inte-



gral. The parameter 0 < o < 1 is the fraction of HF exchange which contributes over the
whole range; the parameter S incorporates the DFT counterpart over the whole range by a
factor of 1 — a — 8 and acts in such way that o + 3 is the fraction of HF exchange in the
asymptotic limit; w defines the range of the separation: the larger its value, the sharper is
SR-LR separation.

Default settings have been used for range separated functionals except for CAM*, a
modification of CAM-B3LYP in which a larger fraction of HF exchange has been imposed
by increasing the o and [ parameters up to 0.30 and 0.60 respectively, while leaving w at its
default (0.33 bohr™!), see ref. 3 and Table 1.

Effects due to solvent polarization were included by the polarizable continuum model
(PCM).* The non-equilibrium solvation scheme in which the effects of the slow motion of
the solvent are not included has been used for excited states.> The 6-31+G(d,p) basis set
was employed for DF'T and TDDFT computations because it provides reliable ground and
excited state equilibrium geometries and dipole moments.®3

Frozen core (PCM)MP2/6-314+G(d) computations of ground state dipole moments were
also carried out to have reference values for the solvents in which EOA measurements are
not available. MP2 was chosen because it is known to give reliable dipole moments,? even
for donor-acceptor systems.”® The Gaussian package was used for MP2, DFT and TDDFT
calculations.'® The butyl chains of 1 (Scheme 1) have been replaced by methyl groups in all
the calculations.

Band shapes have been evaluated by means of the generating function (GF) approach,!? *
which provides several advantages with respect to the standard recursive calculation of
Franck-Condon factors,'? * inasmuch as it allows to include in computations the whole
set of the molecular normal modes, taking into account both the effects due to changes of
the equilibrium position and of vibrational frequencies, as well as the effects due to normal
mode mixing. Remarkably, the generating function approach does not pose any limitation

on the number of modes which can be excited and on their highest quantum number, so that
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the main limitation of the approach employed here in computing band shapes consists in
neglecting anharmonic effects, which in principle can be included, but at high computational
costs and for a few number of vibrational modes.”

Absorption spectra were computed by using a local development version of MolFC pro-
gram. 4 1® The curvilinear coordinate representation of the normal modes has been adopted
to prevent that displacements of angular coordinates could result into unrealistic shifts of
stretching coordinates upon excitation.!”? That is unavoidable in the rectilinear Cartesian
description and requires the use of high order anharmonic potentials for its correction.??22
Apart from the use of an apodization function in the Fast Fourier Transform,
citeBorrellil2JPCA Borrellil3CJC,Borrellil1PCCP no external adjustable parameters such

as different Gaussian fitting functions for each different vibronic line have been used, thus

ensuring a very effective test of the performances of the electronic calculations.

Results

Dipole moments and BLA

In its most stable Z configuration, chromophore 1 can assume the s-trans and s-cis confor-
mations shown in Scheme 2. The predicted relative energies are reported in Table 2: s-trans
conformation is more stable than s-cis one according to all the tested methods, in line with
'H-NMR data.?? The stability of the s-trans form should increase with the polarity of the
solvent Perché.

Experimental and computed ground and excited state dipole moments of 1 are reported in
Table 3. Dipole moment variation upon excitation to the first excited state (Apu= flexc — flgr)
is predicted to decrease by increasing the field strength of the solvent by all functionals, in
agreement with the experimental evidence. Both ground and excited state dipole moments
increase upon increasing the polarity of the solvent, but p, increases at a larger extent

because, as indicated by its vanishing bond alternation lenght (BLA), the excited state is



strongly polarized already in the gas phase (mancano i valori di BLA per ’eccitato).
The fraction of exact exchange in the functional plays a role opposite to the polarity of
the environment on ground state dipole moments: Ground state dipole moments predicted to
decrease upon increasing HF' exchange; indeed by mitigating the self-interaction error a better
agreement with experimental outcomes and MP2 predictions is achieved, in accord with
previous results. 24 By contrast, an increase of the fraction of HF exchange in the functional
results in a more polarized excited state; as an example, the excited state dipole moment
is predicted to increase on average by ~ 1 D in passing form B3LYP to wB97X, see Table
3. This in turn causes an increase of Ay with the increase of exact exchange. In summary,
only functionals possessing a high fraction of HF exchange are capable of properly describing
the electron density of 1 in weakly polar environment, where experimental evidence shows
that 1 behaves like a push-pull donor-acceptor. Instead, pure and low-exchange functionals
erroneously predict that 1 reaches a cyanine limit electronic configuration, independently
of solvent polarity. That is clearly shown by the computed ground state BLA reported in
Table 4. The BLA and hence the push-pull character of 1 is predicted to decrease with
the polarity of the environment, in such way that the cyanine limit condition (BLA & 0) is
approximatively met in acetonitrile according to all functionals. For all the environments, the

BLA increases upon increasing the fraction of exact exchange in the functional, 2526

as seen
e.g. by B3LYP and CAM* estimates in dioxane, amounting to 0.02 and 0.05 A, respectively.
In particular, only functionals giving BLA > 5 x 1072 A are capable of reproducing the

observed Ap in low-polarity environments.

Band shapes

Since UV/Vis absorption spectra are known to exhibit only a marginal dependence on con-
formations, we have first of all considered the most stable s-trans conformer, c.f. Table
2.

The UV /vis absorption spectrum of 1 recorded in diethyl ether (Figure 1, thick black line)



spans a range of ca. 7000 cm™!, starting at ca. 14000 cm™! and reaching its largest intensity
between 15000 and 17000 cm~!. The absorption band is characterized by two well resolved
peaks, at ca. 15450 and 16500 cm~t. The two peacks possess nearly the same intensity and
are separated by a minimum falling at ca. 16000 cm™! with ~ 90% of maximum absorbance.
UV/Vis spectra obtained by PBE, M06-L, BSLYP and PBEO functionals using diethyl
ether as the solvent are reported in Figure 2a, together with the experimental spectrum
(dashed line). The agreement between the simulated and the experimental absorption band
is quite poor. Pure functionals as well as functionals with low fraction of HF exchange
overestimate the intensity of the absorption at 15450 cm™!, while a quite flat shoulder is
obtained in place of the peak at 16500 cm~!. Moreover a too rapid decay is predicted both
in the starting and in the ending regions of the spectrum. Coherently with estimated Apu (see
Table 3), those methods which describe the electronic structure of 1 as that of a cyanine-
like system also in diethyl ether provide narrow ansorption bands, rather similar to those
observed in high polarity solvents, where 1 actually reaches the cyanine limit.
Experimentally, the intensity ratio between the higher and the lower energy absorption
maxima of the UV /Vis spectrum increases up to &~ 1 when merocyanine io ancora non ho
capito cos’é una merocianina, siamo sicuri che 1 lo 7)1 assumes a push-pull structure.
The latter is computationally achieved by increasing the fraction of HF exchange (Tables
3 and 4) in the functional. Therefore spectra with higher intensity ratios better simulating
the experimental band-shape are expected by increasing the fraction of HF exchange in the
functional. This is indeed the case. Comparison of panels A and B of Figure 2 shows that
CAM-B3LYP performs better than B3LYP. The two maxima and the hinted shoulder at
18000 cm ™! are found (Figure 2b, red line) by CAM-B3LYP computations, but the intensity
ratio between the lowest and highest energy absorptions is overestimated, being ca 2.7. The
comparison of BBLYP and CAM-B3LYP spectrum led us to modify the latter functional and
introduce the CAM* functional which differs from CAM-B3LYP only for the larger amount

of HF exchange (see Table 1). In the CAM* spectrum (Figure 2b, blue line), the peak



height ratio reduces to 1.9 and a slower decay is observed in the region of high wavenumbers,
therefore a further improvement with respect to CAM-B3LYP is obtained by the CAM*
functional, in line with with expectations.

Very similar results are obtained by M06-2X and CAM-B3LYP, and CAM* and wB97X,
respectively (see the Supporting Information), thus showing that the amount of exact ex-
change is more important than correlation to achieve a good accuracy for vibronic spectra
for compound 1.

In spite of the large improvement with respect to B3LYP, still the predicted spectrum by
CAM* functional for diethyl ether somewhat resembles the experimental spectra recorded
in higher polarity solvents (compare Figure 2b with Figure 1). A glance at Tables 3 and
4 suggests that polarization effects introduced by PCM for diethyl ether may be slightly
overestimated. Since the spectra recorded in diethyl ether and the less polar 1,4-dioxane
solvent are almost identical,? we have also carried out computations for 1,4-dioxane. Figure
2¢ shows that theoretical spectra using dioxane provide a closer agreement with experiment
than those using diethyl ether as the solvent at both CAM-B3LYP and CAM* levels (compare
Figures 2B and 2C). In passing from diethyl ether to dioxane, the predicted peak height
ratio reduces to 1.2 according to CAM* computations and the energy shift between the two
maxima lowers from 1650 to ca 1600 cm™', but still the maxima of the computed spectra
are too distant and the intensity of the lower energy peak is too high.

To further enhance the push-pull character of 1, we considered also the gas phase to mimic
a scarcely polar environment. Figure 2d reports the spectra computed by using the wB97X
functional in conjunction with diethyl ether, 1,4-dioxane and the gas phase. Decreasing the
extent of dielectric effects substantially improves the quality of the prediction. The computed
peak height ratio is ca 2.0 for diethyl ether (Figure 2d, blue line), 1.2 for dioxane (Figure
2d, green line) and 1.0 for the gas phase (red line), the latter estimate being in excellent
agreement with the experimental spectrum.

The gas phase spectrum predicted by wB97X or CAM* functionals (see infra) strongly



resembles the experimental one, yet the energy difference between the two maximum ab-
sorption peaks is slightly overestimated (1430 vs 1000 cm™'), and the simulated spectrum
is slightly broader than the observed one, hinting at anharmonic effects. In Figure 2e the
experimental spectrum has been superimposed to the gas-phase spectra obtained by wB97X
GF computations carried out by scaling the harmonic frequencies of the ground and the ex-
cited state by 0.95 (green line) and 0.90 (blue line). Upon decreasing the scaling factor (sf),
the predicted spectrum becomes narrower and closer to the experimental one. The energy
shift between maximum absorption peaks amounts to 1427 cm™! in the unscaled spectrum,
but it progressively decreases, reaching 1260cmtat sf = 0.90, while the peak height ratio
remains substantially unchanged. Although the use of the same scaling factor for all the

27 results collected in Figure 2e constitute a rea-

vibrational modes is a poor approximation,,
sonable indication that the small discrepancies between the computed and the experimental
spectrum can be ascribed at least in part to anharmonic effects.

In weakly polar environment s-cis should be less stable than s-trans conformer by only
~ 1 kcal/mol according to CAM* and wB97X functionals (Table 2). Given that exiguous
energy difference close to calculation accuracy, it is likely that s-cis is sufficiently populated
to be detected at room temperature. We have therefore also computed the spectrum of the
cis conformer for low polarity environments (gas and dioxane) by using the best performing
functionals (CAM* and wB97X). Figure 2e reports the gas-phase spectra obtained at the
CAM* level for s-trans and s-cis conformers. Although both conformers share a large por-
tion of the spectrum, the higher energy peak is comparably more intense for 1/s-cis. This
suggests that the agreement between the predicted and experimental spectrum could be fur-
ther improved by considering both conformations. The same also holds for 1,4-dioxane, see
Figure SYY in the Supporting Information.

Computed and experimental absorption spectra in acetonitrile are reported in Figure 3.

In agreement with experimental evidence, band widths are predicted to be narrower and less

structured than those estimated for weakly polar solvents (compare with Figure 2) by all



functionals, thus indicating that 1 is actually reaching the cyanine limit. This in line with
dipole moments and BLA parameters of Tables 3 and 4. With the exception of PBE, all the
functionals obtain a reasonably accurate spectrum, but still high-exchange functionals, such

as M06-2X, CAM-B3LYP or wB97X ensure the best agreement with the experiment.?®

Absorption energies

Table 5 shows that vertical transition energies are systematically overestimated with respect
to experimental maximum absorption energies; the poor performance on the prediction of
reliable excitation energies for cyanine is a well documented issue, which is known to affect
the quality of almost all the computational methods, not only TDDFT.?° Present results
show that high exchange functionals such as wB97X overestimate transition energies by ca
0.55 eV; a lower error, ca 0.4 eV, is obtained by pure and low-exchange GGA functionals.
Note however that for all environments and functionals, vertical energies are larger, up to 0.3
eV, than absorption energies taken at the maximum intensity of the computed spectrum, so
that a better agreement with experiment is obtained if one correctly compares computed and
experimental maximum absorption energies. For compound 1, the computation of the vi-
bronic shape is therefore a necessary effort to make a meaningful comparison of experimental
and predicted transition energies, as also noted for other systems. !3:28:30

Notably, maximum absorption energies are predicted to coincide within 0.01 eV with Ey,
showing that 0 <— 0 is a very intense transition. This is in line with the expectation that
comparatively small structural changes are involved in the CT transition of a cyanine dye,
as also confirmed by the RMSD’s between ground and excited state equilibrium geometries,
being < 0.1 A for all the investigated cases.

Polarization effects introduced by PCM for low polarity solvents may appear slightly
overestimated as noted for the band shapes in diethyl ether (see above) or by arguing that
predicted maximum absorption energies of Table 5 remain substantially unaltered in passing

form 1,4-dioxane to the more polar acetonitrile solvent according to all the tested functionals.
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However this is not a drawback if one notices that the solvatochromic effect (Figure 1 and
Table 5) covers a very small energy range, ca 0.05 eV, close to computational accuracy.
Forse qui si potrebbero fare delle chiacchiere sul fatto che non abbiiamo uti-
lizzato i modelli di solvatazione PCM raffinati per trattare gli stati eccitati, ma il
loro beneficio € messo in dubbio dagli stessi autori, e poi, al momento i gradienti
analitici non sono stati implementati, quindi é impossibile pensare di calcolare i

FC con tali metodi.

Conclusions

The solvatochromic behavior of a donor-acceptor dye shifting from push-pull to a cyanine-
like condition upon increasing the polarity of the environment has been investigated by
computing the Franck-Condon spectra at the PCM/(TD)DFT level with the generating
function approach. Computations of band-shapes appear to be a necessary effort for choosing
the best electronic method for such a difficult case. Relying on the best agreement between
vertical and experimental maximum absorption energy may be a misleading criterion, above
all for low polarity environment where the push-pull form is dominating. In fact the push-
pull regime is the most difficult case to treat with computations. Pure and low-exchange
functionals erroneously assign a cyanine-like character to chromophore 1 in diethyl ether.
Instead, high-exchange functionals are able to correctly reproduce the shape of the UV /Vis
spectrum and to predict dipole moment variations in line with observations, which assign a
push-pull character to compound 1. A better agreement is obtained for the cyanine regime,
reached in strongly polar solvents such as acetonitrile.

Excitation energies are systematically overestimated by all the tested functionals for all

the environments.
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Table 1: Functionals used in the present work.

Functional Type® % HF exchange® ref
PBE GGA 0 31
MO6-L mGGA 0 32
B3LYP GH-GGA 20 33,34
PBEO GH-GGA 25 35
CAM-B3LYP RSH-GGA 19 2%, 65 3
MO06-2X GH-mGGA 54 32
CAM* © RSH-GGA 30 2% 90 3
wB9ITX RSH-GGA 16 2%% 100 36

¢GGA = generalized gradient approximation, GH = global hybrid, RSH = range-
separated hybrid, mGGA = meta-GGA. ° The percentages of HF exchange in the
short (left, o in eq. 1) and long range (right, o+ (3 in eq. 1) limits are reported for RSH
functionals; the parameter w (bohr~!) is reported over the arrow. ¢ CAM-B3LYP with
« and S set to 0.30 and 0.60, respectively.

Table 2: Predicted energy differences (kcal /mol) between s-cis and s-trans conformers of compound
2. DX = 1,4-dioxane, DE = diethyl ether, AN = acetonitrile.

gas DX DE AN

PBE 13 14 14 1.5
B3LYP 1.0 12 13 14
CAM-B3LYP 09 11 12 14
MO06-2X 14 16 18 20
CAM* 08 1.0 1.2 1.5
wBITX 09 11 13 16
MP2 14 15 16 138

\ N N\
Bu\l\lj S S \
Bu CN
NC

Scheme 1: The neutral (left) and zwitterionic (right) resonance forms of compound 1. The path
used to compute BLA has been highlighted in red.
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Table 3: Computed and experimental ground (1) and excited state (uc)® dipole moments (D). DX
= 1,4-dioxane, DE = diethyl ether, AN = acetonitrile. Computations refer to s-trans conformation.

gas DX DE AN

Hg He Hg He Hg He Hg He
PBE 14.6 15.0 185 18.6 21.0 20.8 24.4  23.6
MO06-L 14.4 149 18.2 18.3 20.6 204 23.8 23.0
B3LYP 14.4 15.5 18.2 19.1 20.8 21.2 24.4 239
PBEO 14.2 155 18.0 19.0 20.6 21.1 24.2 23.6
CAM-B3LYP 13.3 16.3 16.9 19.9 19.5 219 23.9 24.1
MO06-2X 12.7  16.0 16.2 19.6 18.7 21.6 22.7 237
CAM* 12.6 16.6 15.7  20.3 18.1 224 22.8 24.5
wB97TX 124 16.4 155  20.3 18.1 225 22.9 24.5
MP2 11.1 - 13.6 - 15.5 - 19.1 -
exper® 11.2  16.7 14.0 19.0 - - - -

@Vertical approximation, see ref 37. PRef. 2; gas phase values were obtained by
using the Onsager model, see ref. 23.

Table 4: Predicted ground state BLA (1072 A).

GAS DX DE AN

PBE 2 2 1 0
MO06-L 3 2 1 0
B3LYP 4 2 2 0
PBEO 4 2 2 0
CAM-B3LYP 5 4 3 0
MO06-2X 5 4 3 0
CAM* 6 ) 4 2
wBI7X 6 ) 4 2

Table 5: Predicted maximum absorption (Ey, ), vertical (Ey) and Egyg transition energies. All data
are expressed in eV.

gas DX AN

Em EOO Ev Em EOO Ev Ern EOO Ev
PBE 2.20 221 2.36 2.03 2.03 217 2.10 2.05 2.20
MO6-L 2.34 225 250 217 217 231 217 219 233
B3LYP 2.36 238 2.53 217 217 231 2.19 219 2.32
PBEO 242 243 258 222 222 236 224 224 237
CAM-B3LYP 252 253 2.73 2.27  2.28 245 2.29 229 238
M06-2X 2.50 251 270 2.25 226 242 2.25 225 234
CAM* 2.66 2.66 2.95 239 239 2.63 2.38 239 246
wB97X 2.60 2.60 2.88 2.33 232 2.56 2.31 232 2.38
exper. - - - 1.92 - - 1.87 - -
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Figure 1: UV/Vis absorption spectra of dye 1 in solvents of different polarity at 298 K (c = 1075
M). The thick black line is for the least polar solvent diethyl ether (in 1,4-dioxane the spectra
are almost identical), blue line: ethyl acetate, purple line: tetrahydrofuran, red line: acetone, and
orange line: acetonitrile. The arrow indicates the spectral shift with increasing solvent polarity.
Reproduced with permission from ref 2. Copyright (2008) John Wiley and Sons.

® Scheme 2: s-trans and s-cis conformations of 1. They differ for the torsion coordinate w highlighted
N\_S S 4 \ S—
Bu—N CN Bu—N CN

\

Bu NC Bu NC
s-trans S-CiS 18
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Figure 2: Predicted UV /absorption spectra of 1 in low polarity solvents. They refer to s-trans
conformer, except where otherwise noted. Intensities have been scaled in such way that all the
spectra possess the same area. The experimental spectrum recorded in DE has been superimposed
as a dashed line. A): PBE(DE), red line; M06-L(DE), blue line; BBLYP(DE), green line. B): CAM-
B3LYP(DE), red line; CAM*(DE), blue Line. C): CAM-B3LYP(DX), red line; CAM*(DX), blue
Line. D) wB97X(DE), blue line; wB97X(DX), green line; wB97X(gas), red line. E) wB97X(gas)
with differing scaling factors (sf): sf = 1, red line; sf = 0.95, green line; sf = 0.90, blue line. F)
CAM*(gas), s-trans conformer, red line; s-cis conformer, black line.
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Figure 3: Predicted UV /absorption spectra of 1 in acetonitrile. The experimental spectrum has
been superimposed as a dashed line. Panel a): PBE, red line; M06-L, blue line. Panel b): B3LYP,
red line; PBEO, blue line. Panel c¢): CAM-B3LYP, blue line; M06-2X, red Line. Panel d) CAM*,
red line; wB97X, blue line.
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