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Abstract

We simulate from first-principles the absorption spectra of five structure-related
coumarin derivatives utilized in dye sensitized solar cells (DSSC), investigating
the vibronic and solvent contributions to the position and width of the spectra in

ethanol. Ground and excited state potential energy surfaces (PES) are modeled by
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Density Functional Theory (DFT) and its time-dependent (TD) expression for ex-
cited state (TD-DFT). The solute vibronic structure associated to the spectrum is
calculated by a TD formalism, accounting for both Duschinsky and temperature ef-
fects, while solvent inhomogeneous broadening is evaluated according to Marcus’
theory, computing the solvent reorganization energy by the state-specific imple-
mentation of polarizable continuum model (PCM) within TD-DFT. We adopted
both the standard hybrid PBEO and the range separated CAM-B3LYP functionals
showing that the latter performs better both concerning the vibronic and solvent-
induced contributions to the absorption lineshape. The different predictions of the
two functionals are then rationalized in terms of the charge transfer (CT) character
of the transitions showing that, on this class of compounds, it is strongly dependent
on the nuclear structure. Such a dependence introduces a bias in the PBEO PES that
have a drastic impact on the vibronic spectra. We show that both the intrinsic vi-
bronic structure and the solvent broadening play a relevant role in differentiating
the absorption width of the five dyes. In this sense, our results provide a guide to
understand the sources of spectral broadening of this family of dyes, a valuable

help for a rational design of new molecules to improve DSSC devices.

1 Introduction

Dye sensitized solar cells (DSSC) !~ emerged as an attractive low-cost alternative to
silicon-based solar cells rapidly after they were first realized, more than two decades
ago by O’Regan and Griitzel.® The properties of the dye play a crucial role in the light
harvesting and in the injection of the photoexcited electron into the electric circuit and,
in this respect, ruthenium based compounds have guaranteed remarkable performance.
However, their relatively high cost and toxicity has prompted the investigation of DSSC

based on organic dyes. Coumarins stand as a very interesting class of compounds, given
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the fast injection rates observed to TiO, substrates,”® and the availability of a large
range of synthetic derivatives that exhibit markedly different properties.”~'? Actually,
by wisely selecting their molecular structure, the performance of coumarin-based DSSC
has been significantly enhanced, by reducing aggregation problems and ameliorating
both absorption and redox properties.

Computational tools have been extensively adopted to understand the spectroscopic
and redox processes in DSSC, rationalize the experimental data and try to improve
DSSC efficiencies, !*1# providing some predictions of the performance of new coumarin
dyes. ! Since key properties to optimize the light harvesting are the intensity, the posi-
tion and the width of the absorption spectrum of the selected dyes, the absorption pro-
cess itself in DSSC has been extensively evaluated. However this has been mostly done

by computing the excitation energies of candidate dyes '6-!8

while only a few compu-
tational works have addressed the role of vibronic contributions.'®?° Their inclusion is
actually necessary to get a direct comparison with the experimental spectral lineshapes,
since vibronic transitions affect both the spectral maximum and width and eventually
determine the "color" of the dyes.?!

In a system as complex as DSSC the absorption lineshape depends not only on vi-
bronic effects, but also on the solvent, the adsorption on the semiconductor and possible
dyes aggregations. Understanding the specific role of all these effects is mandatory
to achieve an accurate spectroscopic simulation and, hopefully, it would help further
improvements of DSSC performances.

As a step toward this goal, in this contribution we exploit modern computational
techniques to disentangle the effect of solvent, temperature, and molecular vibrations
on the absorption lineshape of a series of coumarin dyes in ethanol (EtOH). Concretely,

C9:10.23-25

we selected five structurally related coumarin dyes adopted in DSS which are

reported in Figure 1 together with their power to current efficiency.>32*
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In order to perform our study, we use a fully quantum model for the solute and
a polarizable continuum for the solvent. Concretely, the vibronic structure due to the
solute contribution to the spectrum is described at pure quantum level in harmonic ap-
proximation with time-independent (TT)26-28 and time-dependent (TD)?° approaches
that allow to account for Duschinsky and temperature effects. Recently, Barone and
coworkers highlighted the usefulness to integrate TI and TD calculations to investigate
the vibronic absorption and emission spectra of different coumarin dyes.>? The solvent
contribution to the spectral width instead is accounted for by applying implicit solvent
models where the inhomogeneous broadening is computed by the solvent reorganization

29,31

energy, according to the classical Marcus’s theory.>?

2 Computational Details

Electronic structure calculations for the solute were performed with the density func-
tional theory (DFT) for the ground state (GS), and with its TD extension (TD-DFT)
for the excited state (ES), adopting both the PBEO hybrid functional (25% of HF ex-
change)3*3* and the range separated hybrid functional CAM-B3LYP.3> Ground-state
and excited-state Hessians have been obtained respectively by analytical second-order
differentiation of the energy and by numerical differentiation of the analytical TD-DFT
energy gradients. For the time consuming characterization of the GS and (most of all)
ES PES we adopted the convenient 6-31G(d) basis set. Such a choice has been shown to
provide spectral lineshapes in nice agreement with the experiment for coumarin dyes°
as well as for other several systems?’-30-3% The effect of the extension of the basis set
to 6-311+G(d,p) on the vertical energies and charge transfer (CT) properties of the ex-
cited states of some of the investigated dyes has been evaluated. Solvent effects on

equilibrium geometries and Hessians have been included by the Polarizable Contin-
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uum Model (PCM),*° using the standard Linear Response (LR) implementation (LR-
PCM/TD-DFT),"#? for which analytical gradients are available,** in non-equilibrium
regime (neq). The vertical transition energies at the LR-PCM optimized geometries are
refined by means of State Specific (SS) PCM calculations (neq regime for ES and equi-
librium (eq) regime for GS). Electronic calculations have been performed by using the
Gaussian09 program. **

In order to characterize the CT properties of the GS—ES transition we performed
the analysis proposed by Le Bahers, Adamo and Ciofini*> with the CT program by
Jacquemin.*® Accordingly, the CT character is described in terms of the difference
density from the initial to the final state, through the definition of three parameters:
the amount of charge transfered Qct, computed as the integral of the positive part of
the density, the displacement of the charge Dct, obtained by the distance between the
barycenters of the negative and positive regions, and the dispersion index (Hy, Hy, H,)
accounting for the spread of each region.*’ Large values of Qct and Dcr indicate a high
CT character. Moreover, the overlap between the negative and positive density regions
becomes smaller at the increase of D¢t with respect to He (being & the axis connect-
ing the barycenters), so that for Dcy >Hg a deficient description of the transition by
standard hybrid functionals may be suspected.

Vibrationally resolved spectra have been computed in Franck-Condon (FC) approx-
imation. The harmonic potential energy surfaces (PES) of the GS and ES states have
been modeled by using Adiabatic Hessian (AH) approach,*’ that expands each PES
around its own equilibrium structure and accounts for Duschinsky effect.*® Model PES
in solution are obtained at LR-PCM level; in order to include the SS-PCM corrections
the computed spectra have been shifted along the energy axis by the amount EV7 (SS-
PCM)-EVT(LR-PCM), where EV7 is the vertical transition energy at the GS geome-

try. We used internal coordinates (bonds, angles and dihedrals obtained from the Z-
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matrix) to describe the normal modes, since they are advantageous when facing large
displacements between the initial and final state geometries.*> For the most critical
case, nkx-2753, comparison of AH spectra obtained in Cartesian and internal coordi-
nates with those predicted by the Vertical Hessian (VH) model is reported in Figure
S1 of Electronic supplementary information (ESI). Time-independent (TI) and time-
dependent (TD) strategies were employed to compute the spectra at 0 K and 300 K,
respectively. The TI method here employed is based on a partition of the possible tran-
sition in classes and a pre-screening technique and was described elsewhere. >7-26:28-50-31
Full-convergence spectra at room temperature were obtained by a TD approach based
on an analytical expression of the finite-temperature time-correlation function; 277 im-
plementation details can be found in ref 29. All the spectra calculations with either TI
or TD strategies were performed by a development version of our code .% Cclasses.>3
TI calculations can also be performed with Gaussian 09** (see refs. 59,60). Beyond
what is shown in ref. 29 the TD implementation is validated for the specific systems
studied in this contribution in the ESI (see Figure S2), showing that it delivers exactly
the same results as the TI method for c343 at 0 K.

According to the protocol described in ref. 31, the inhomogeneous broadening was
simulated with a Gaussian lineshape whose standard deviation o, is estimated from the

solvent reorganization energy A using the Marcus’ expression>?

()’ =2k, T2 )

The solvent reorganization energy (A) was obtained as difference of neq and eq ver-
tical transition energies (7L=EVT(neq)— EVT(eq)) computed with the SS implementation

of PCM within TD-DFT (SS-PCM/TD-DFT).*-61:62 Iy the framework of the PCM and
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of other continuum solvation models, neqg and eq time-regimes are simply ruled by two
different dielectric constants. Equilibrium solvation is ruled only by the static dielectric
constant. On the contrary, in the neq case, the reaction field due to the fast solvent de-
grees of freedom depends on the dielectric constant at optical frequency (&, usually
related to the square of the solvent refractive index, &, = n?).

In this work, we primarily focus on the width of the spectra of the coumarin dyes
in solution, mainly adopting two measures: the standard deviation defined as ¢ =
\/ A —//112 (where .7\ and ./, are respectively the first and second moments of
the spectrum lineshape), and the full-width at half-maximum (FWHM, in the follow-
ing indicated in short as W). The standard deviation is the most convenient measure
for comparing computed spectra since it can be defined for both high-resolution and
low-resolution spectra and its square (the variance) is additive for convoluted spectra
(e.g. the variance of the total spectrum in polar solvents, G2, is simply the sum of the
vibrational 02, and solvent 67 contributions). The FWHM is on the contrary useful
for comparison with experimental spectra where ¢ can be seldom defined with preci-
sion due to truncation or overlap with the spectra due to other electronic states. For the

Gaussian solvent contribution by definition W,,,=c,, v/ 8/n2.

3 Results and Discussion

The five dyes sketched in Figure 1 share the same coumarin fused-ring core structure,
while they differ in the length and substituents of the conjugated chain carrying the car-
boxylic function that anchors the dye on TiO; in DSSC. For all the dyes, the spectra
arise from the So —S; transition, which corresponds to an excitation from the High-
est Occupied Molecular Orbital (HOMO) to the Lowest Unoccupied Molecular Orbital

(LUMO); plots of HOMO and LUMO for each molecule are given in Section S2 in the
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ESIL

The dyes under investigation are complex systems and can exist in several differ-
ent forms. They are weak acids so that an equilibrium takes place between the neutral
(protonated) and anion species. The pKa of ¢343 in water is 6,9 and it increases in
less polar solvents (is 7.3 in a 4:1 dioxane-water mixture®). Since we are interested
in the spectra in EtOH only the neutral species are considered. Different protomers are
possible and those selected are sketched in Figure 1. Detailed tests were performed for
¢343, for which we considered two protonation isomers (Figure 1): c343-I, character-
ized by the intramolecular hydrogen bond O;-H;...O, and c343-1I where the dihedral
H{0,CC; is 180 degrees. We found that the c343-1 is more stable than II by 6 kcal/mol
(see Figure S3 in the ESI), so that it should be the most populated at room temperature,
in agreement with what found by Wu and co. !° It is worthy to add that, in any case, ac-
cording to our simulations the two protomers have very similar absorption spectra, and
the vertical energy for (I) is predicted to be only 0.03 eV lower than for (II) in EtOH.
Other possible protomers are less stable® and were not considered.
Finally, the investigated dyes exist at room temperature in few different conformations
depending on the syn or anti arrangements around the Nitrogen atom. The different con-
formers exhibit very similar absorption spectra and, in the following, we only consider
anti species.

In order to disentangle the role of the structural and solvent effects we simulate the
spectra of the five dyes both in gas-phase and ethanol (EtOH) solution. For c343 we

also considered polar aprotic solutions.

3.1 Charge Transfer Character of the Electronic Transitions

The proper description of S; excited states of coumarins requires an adequate treatment

of its CT character.!® In this sense, standard hybrid functionals, namely B3LYP, have
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revealed some limitations, leading to a significant underestimation of the vertical energy
as the size of the dye increases, !’ while range-corrected functionals provide a much bet-
ter description. '8 Nevertheless, based on the performance of hybrid PBEO functional, '3
up to now the CT effect was judged only moderate for medium sized coumarins as those
investigated in this paper.

The vertical transition energies, EV7, computed with both PBEO and CAM-B3LYP

functionals according to LR-PCM and SS-PCM implementations are reported in Table
1. SS-PCM values in EtOH are generally red-shifted with respect to LR-PCM ones and
the shift tends to be larger for the species undergoing the larger polarity change dur-
ing the optical transition (see Table 2) namely nkx-2586 and nkx-2753; however some
exception exists (see nkx-2311). As expected from previous works '8 the relative ener-
gies of the different dyes are better reproduced by CAM-B3LYP than by PBEO. In fact,
while the energy gap between the most blue (c343, 2.78 eV) and the most red (nkx-
2586, 2.43 eV) experimental absorption maxima is 0.35 eV, it is 0.76 (LR-PCM) and
0.78 (SS-PCM) eV according to CAM-B3LYP and it increases to 0.94 eV according to
PBEO (both LR and SS results). On the contrary, considering absolute energies, CAM-
B3LYP introduces larger blueshift with respect to experiment than PBEO for the smaller
species.
A more in depth comparison with experiment requires the simulation of the whole line-
shape of the absorption spectrum.%® This is done in the next sections computing the
spectra according to SS-PCM vertical energies, better suited than LR-PCM to predict
solvatochromic effects for transitions with remarkable CT character and to compute
solvent reorganization energies. %!

Here, as a preliminary step, we analyzed the CT character of the So— S transition of
the five coumarin dyes by means of the parameters suggested by Le Bahers et al.*> Such

CT parameters have been computed for every molecule in its GS and ES minima using
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either PBEO or CAM-B3LYP functional. Table 2 shows that, independently of the func-
tional, the CT character is significant both considering the Qct and D¢t parameters,
and it increases with the size of the dye, i.e., it is higher for the dyes with longer con-
jugated chain (nkx-2586 ad nkx-2753) and, consequently, the change of electric dipole
moment is also larger. The positions of the barycenters of positive and negative charges
are reported in Figure S4 in the ESI. The significant CT character observed for the large
coumarins, along with the well known limitations of standard hybrids to describe charge
transfer (CT) states® (notice that Dct > H,) , provides a rationale to understand the
differences obtained with CAM-B3LYP and PBEO.

Table 2 shows that according to CAM-B3LYP the CT character decreases signifi-
cantly from the FC geometry to the ES minimum for all the dyes. A similar trend is
seen in PBEQ results (apart for c343) but differences are smaller. For the larger mem-
bers of the series such dependence on the coordinates of the CT character modulates the
relative accuracy of PBEQ along the ES PES, and this introduces a bias that affects the
position of the minimum on the ES PES (see section S4 in the ESI for further details).
As a consequence, with respect to CAM-B3LYP predictions, at PBEO level the bond or-
der alternation from GS to ES is remarkably smaller. This leads to reduced vibrational
progressions along the C=C stretching modes of the polyenic chain and to vibronic
spectra very similar for all the five dyes (see below and Figures S5-S8 in the ESI). On
the contrary, as shown in the next section, CAM-B3YP progressions are stronger for the

larger dyes and this parallels the increase of the spectral width observed in experiment.

3.2 Vibrational Structure of the spectra

We start this analysis assigning the normal modes responsible for the different bands
observed in the high resolution spectra. To that end we focus on the smallest species

¢343 and one of the largest ones, nkx-2753, and we plot in Figure 2 the stick spectra

10
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computed with the TI approach at 0 K. Animations of the most relevant CAM-B3LYP
normal modes are given as ESI. According to CAM-B3LYP results, nkx-2753 is the
dye with the largest vibronic structure and the three major bands of the convoluted line
shape arise from a progression along a C=C(st) (’st’ stands for stretching) mode of the
polyenic side chain. The lowest-energy band mainly comprises a progression along
in-plane bendings of the molecule as a whole where the individual rings are displaced
almost rigidly ("Molec. bending"). On the contrary, the shoulder at ~ 600-700 cm™!
above the 0-0 transition is related to a collective motion of the internal bendings of the
coumarin rings ("Coum. ring (bend)"). The spectra of the other coumarins exhibit sim-
ilar features but with different relative intensities (see TD spectra at 0K in Figure 3).
The dye most closely related dye to nkx-2753 is nkx-2586 (stick spectrum not shown),
since it only differs for the lack of the alkyl ring within the polyenic chain; the differ-
ences perceivable in the spectra of these two species at 0 K arise from the contribution
of additional transitions related with the torsion of this ring. Indeed, the perturbation of
the ring structure upon bond length alternation, induces a displacement of such modes,
resulting in the larger vibronic broadening and temperature effects for nkx-2753. Ac-
cording to CAM-B3LYP predictions, as the size of the side chain decreases, the C=C(st)
progressions are reduced; this observation can be put on a quantitative base by looking
at the dimensionless displacements associated with the most FC active C=C(st) mode
for each dye, which are 1.18 (nkx-2753), 1.32 (nkx-2586), 0.85 (nkx-2311), 0.60 (nkx-
2398) and 0.30 (c343). Furthermore, for the larger dyes, the progression along the
mode indicated as "Molec. bending" is enhanced, because it gains a contribution from
the polyenic chain; in turn, as shown in Figure 3 the resolution of the low-energy band
at 300 K decreases and in fact the width at half-height of such band cannot be defined
for nkx-2753 and nkx-2586 since it coalesces into the adjacent peak.

The above analysis highlights the leading role of C=C(st) progressions in the vi-

11
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bronic spectra, further explaining why the dyes with larger conjugated chains are those
with a larger vibronic width, in good agreement with the experimental trends. It is in-
teresting to notice that although the carbonyl, carboxylic and nitrile groups have a clear
impact on the electronic transitions of the different dyes, the vibrations of these func-
tional groups do not contribute with remarkable progressions to the spectra, except in
the case of ¢343, for which the C=0(st) associated with the carbonyl of the coumarin
ring shows a intensity similar to that of C=C(st).

The main stick bands computed with PBEO are assigned to similar normal modes,
but their intensities are remarkably different from those predicted by CAM-B3LYP. The
C=C(st) progressions of the larger molecules are drastically reduced, indicating a much
lower bond alternation from Sy to S;. As a result, the differences between the vibronic
progressions of the different dyes are much smaller and, even, the trend is opposite. In
fact, as shown in Figure 2(b,d), the spectrum appears broader for c343 than for nkx-
2753. As discussed above, the different predictions of the two functionals can be traced
back to an inaccurate evaluation of the ES PES with PBEO due to the CT character of
the state. Analogous problems were recently observed on the vibrational reorganization
energy of CT states by Silverstein et al.

Figure 3 reports the vibrationally resolved spectra of the five dyes at 0 K, computed
at CAM-B3LYP/6-31G(d) level of theory in ethanol and convoluted with a narrow Gaus-
sian lineshape (FWHM=180cm ™) and confirms the generality of the trend observed in
Figure 2 for CAM-B3LYP predictions: the larger is the coumarin the broader is the vi-
bronic spectrum. Moreover a net red-shift is observed at the increase of the size of the
dye, in agreement with the EV7 data in Table 1.

Increasing the temperature from 0 to 300 K, progressions along low-frequency nor-
mal modes lead to a broadening of the spectra. More in detail, for all the dyes but

nkx-2753, Figure 3 shows a moderate temperature effect that broads every single band

12
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without altering the relative intensity of the main vibronic features. For nkx-2753, the
effect of the temperature is more significant and remarkably changes both the width and
the shape of the spectrum. According to our band assignment, this differentiated behav-
ior is a consequence of the displacement of the low frequency modes associated with
the additional alkyl ring of this dye.
The above analysis is confirmed by the standard deviations of the vibronic spectra o,;;
(Table 3). For all dyes except nkx-2753, the increment from 0 K to 300 K is ~ 5%,
while in the case of nkx-2753 it reaches 10%. As we will show in the next section, such
a thermal broadening leads to a total width of the computed spectrum of nkx-2753 that is
larger than what observed experimentally. For this dye, section S1 in the ESI shows that
AH predictions with internal coordinates (used here) are very similar to vertical Hessian
(VH)#’ results and narrower than AH results adopting Cartesian coordinates, and this
supports the reliability of our calculations. However, to further assess the reliability of
the predicted broadening it would be necessary to include anharmonic effects along the
low-frequencies modes of the alkyl ring.

Figure 3 reports also the PBE0/6-31G(d) spectra at 300 K showing that they predict
much more similar lineshapes for the different dyes with respect to CAM-B3LYP re-
sults. This finding is in line with what noticed in the high resolution spectra of ¢343 and

nkx-2753 in Figure 2.

3.3 Solvent effects on the absorption spectra

Maxima and widths of the experimental spectra of the investigated dyes in EtOH are
collected in Tables 3, 4, and 5 and show an interesting correlation between the solva-
tochromism and the widths of the spectra: the more red-shifted is the spectrum (Table
4), the broader is its lineshape (Table 5). The experimental spectra in EtOH (Figure

4(b)) of the larger systems (nkx-2311, nkx-2586 and nkx-2753) are remarkably broader

13
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than those of the smaller systems (c343 and nkx-2398). In the previous section we have
shown that, according to CAM-B3LYP results, the vibronic contribution to the spectral
width changes remarkably for the different systems and follows the experimental trend,
while this is not true for PBEQ predictions (see Figure 3).

We now turn to investigate the solvent effect on the vibronic structures and on the spec-

tral widths.

3.3.1 Solvent effect on the vibronic lineshape

We start discussing the solvent effect on the GS and ES equilibrium geometries and
normal modes. To that end in Figure 3 we compare spectra in ethanol and in gas phase
(GP) at 300K. As expected, the GP spectra are blue-shifted with respect to those in
EtOH, with a shift of ~ 0.4-0.5eV. Let us now focus on the lineshapes. On the balance
the relative position and intensities of the vibronic peaks in ethanol and in gas-phase are
rather similar. Going into further details, Figure 3 indicates that the differences between
the spectra in GP and EtOH depend on the actual dye. For the smaller systems (c343
and nkx-2398), the spectra in GP are broader than the EtOH ones, following the same
trend already observed for other systems like coumarins C153.2%-%° However, as the size
of the dye increases, the effect is gradually inverted: the medium sized nkx-2311 shows
similar widths in GP and EtOH, and the larger dyes, nkx-2586 and nkx-2753, display
the opposite behavior, as the EtOH spectra are broader than the GP ones. Such differ-
ences indicate a larger geometric change between the GS and ES minima in EtOH for
the larger dyes. According to the assignments provided in Section 3.2, the vibrational
progressions for the larger dyes are mainly contributed by the C=C(st) modes and, con-
sequently, the larger progression in EtOH can be traced back to a larger bond order alter-
nation in the polar solvent. In Figure S5 in the ESI we show that analogous differences

between GP and EtOH spectra are already observed at 0 K. Furthermore, in Figures S7

14
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and S8, we also compare PBEO results in GP and EtOH at 0 K and 300 K, showing that
they display a similar behavior, although the differences between GP and EtOH spectra

for the larger dyes are even smaller than those obtained with CAM-B3LYP.

3.3.2 Broadening effect according to continuum models

According to Marcus’ theory the broadening due to the polar interactions of the solvent
can be traced back to a single descriptor: the solvent reorganization energy (A1). The
values computed at SS-PCM/TD-CAM-B3LYP level both at the GS and ES minima are
reported in Table 7. According to the FC principle, in order to estimate the broadening
in absorption we considered the A values taken at the Sy minimum. These latter follow
a clear trend, increasing at the increase of the size and the CT character of the So—S1,
as expected from the fact that the electrostatic interactions between the polar solvent
and the solute are enhanced.

Figure 4 compares the experimental spectra (b) with the final computed spectra ob-
tained by convoluting the CAM-B3LYP (a) and PBEO (c) vibronic lineshapes with the
solvent Gaussian broadening (the o,, values are given in Table 3). As observed in this
figure, CAM-B3LYP simulations provide a set of spectra with lineshapes in nice agree-
ment with the experimental ones, while PBEO simulations are significantly narrower.
This is confirmed from the analysis of the FWHMs of the simulated and experimental
spectra, shown in Table 5. To allow a more direct comparison, Figure 5 reports the
spectra in EtOH of all coumarins except ¢343 (which is shown in Figure 6) computed
with CAM-B3LYP and PBEOQ and shifted according to the energy of their spectral max-
ima. The better performance of CAM-B3LYP with respect to PBEO is evident. More
in detail, the agreement of CAM-B3LYP spectra with experiment is excellent for dyes
nkx-2398 and nkx-2586, while the spectral width of nkx-2753 is slightly overestimated

and that of nkx-2311 and ¢343 are underestimated. The slight mismatch for nkx-2753
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probably arises from the overestimation of the vibrational contribution at room temper-
ature, discussed in the previous section, and therefore it may be due to an inaccurate
treatment of the large-amplitude anharmonic distortions of the alkyl ring. The reasons
for the underestimation of the width of nkx-2311 and c343 spectra are likely different:
the experimental spectrum of nkx-2311 is more symmetric than the computed one and
this would suggest that the estimated inhomogeneous broadening is too small for this
molecule. In order to test this hypothesis it would be helpful to compare with an exper-
imental spectrum in a low-polarity solvent, but we were not able to find it in literature.
At variance, for ¢343 the experimental band still shows a remarkable asymmetry, indi-
cating that, most probably, in this case the vibrational structure is being underestimated.

To investigate further this hypothesis we simulated c343 spectra in polar aprotic sol-
vents, as 1,2-dichloroethane (DCE) and acetonitrile (ACN, more polar than EtOH); they
are reported in Figure 6. In these cases the simulated spectra compare pretty well with
the experiment9’25’70 (see also Table 6), and the slight differences can be related with the
fact that non-electrostatic contributions are not considered in our estimate of the solvent
broadening based on PCM calculations. 31 Therefore, it is reasonable to assume that the
remarkable differences seen in EtOH are due to a change in the vibronic structure due
to solute/solvent hydrogen bonds. In order to check this, it would be necessary to adopt
cluster models and include explicit solvent molecules in the vibronic calculations. C343
and the other coumarin dyes here investigated can also give rise to aggregates, which
may have an impact on the absorption spectra due to the coupling between the excitons
and the vibrations. In fact, this latter potentially causes a redistribution of the vibronic
intensities, and the appearance of new lines originating both from intramolecular and
intermolecular vibrations that can determine a broadening of the spectra. However ag-
gregates formation is more likely in nonpolar solvents. %36

A detailed investigation of all these possible effects lie outside the scope of the
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present work, which is focused on the performance of simple implicit models to simu-
late the effect of the solvent in the spectroscopic bands of the whole series of selected
coumarins. In this respect, we showed that on the balance, when coupled with a suit-
able functional, the model adopted for the solvent inhomogenoeus broadening performs
nicely in the investigated cases, reproducing the experimental trend and delivering total
spectra in satisfactory agreement with experiment. Nonetheless, it is important to close
this section with a caveat. At variance with what we observed for coumarin C153,2%:3!
for the investigated series of dyes the reorganization energies change remarkably along
the ES PES, from the FC region to the minimum (Table 7). Focusing on CAM-B3LYP
estimations, the reorganization energies drop at the ES minimum compared with those
at the FC region, and they reach similar values for all the nkx-family dyes. This behavior
can be explained noticing that, as reported in Table 2, the CT character is reduced from
the FC point to the ES minimum and, consequently, the same happens to the change
of the dipole moment from GS to ES (also included in Table 2), thus leading to lower
reorganization energies. These data indicate that for the examine coumarin dyes the
solvent reorganization is inherently coupled to the geometric relaxation of the solute.
This effect cannot be taken into account in the simple model we adopted to address the
solvent broadening. In fact, being based on a convolution of the vibrational and solvent
lineshapes, it implicitly assumes that solvent and solute degrees of freedom are negligi-
bly coupled. Future work will be devoted to a careful analysis of the potential effects

arising from such couplings.

3.4 Relative performance of PBE0 and CAM-B3LYP

The simulation of the vibronic spectra provides a very suitable framework to assess the
ability of both PBEO and CAM-B3LYP functionals to characterize the spectroscopic

features of the selected family of coumarins. In the previous section it was clearly
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shown that CAM-B3LYP outperforms PBEQ as far as the simulation of the lineshapes
is concerned.

Let us consider the predictions on the band positions. The availability of the whole
lineshape, as opposed to calculation of the vertical energies, allows a direct compari-
son with the experimental spectral maxima (Table 4). It was already highlighted that
vibronic effects can cause systematic differences between the spectral maxima and the
vertical transition energies,’! and this is what happens in our systems. The comparison
of the simulated spectral maxima, ®@™“* (Table 4), and the vertical energies, Ey (Table
1), indicates that the two parameters are displaced by an amount that is different for
each system, as a consequence of the different vibrational structure. Concretely, the
computed ®”* and EVT differ by 0.24 eV for the asymmetric spectrum of c343 while
they come closer as the broadening of the spectrum increases, nearly matching one each
other for nkx-2753. This has an impact on the estimate of the error, actually leading to
a better comparison with experiment. In fact, let us consider once more, as done in Sec-
tion 3.1, the energy gap between the experimental maxima of c343 and nkx-2586 dyes
(0.35 eV). We showed that considering the EV7 difference the error of SS-PCM/CAM-
B3LYP/6-31G(d) data is 0.43 eV. Introducing vibronic and solvent effects the error is
actually reduced to 0.38 eV. The error instead 1s 0.5 eV according to PBEO. Addition-
ally, this functional incorrectly predicts that the nkx-2753 spectrum is red-shifted with
respect to the nkx-2586 one.

The @™ computed with CAM-B3LYP are systematically blueshifted with respect
to the experimental values, with differences of ~ 0.4 eV for ¢343, ~ 0.35eV for nkx-
2398 and < 0.15 eV for nkx-2311, nkx-2586 and nkx-2753. On the contrary, the dif-
ferences between the experimental ™ and the simulated values with PBEO show a
larger dispersion, as they range from slightly blueshifted bands (c343 and nkx-2398) to
remarkably redshifted ones (nkx-2586 by ~ 0.3 eV and nkx-2753 by ~ 0.4 eV), with a
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nice match for nkx-2311 (0.08 eV). This result is consistent with the flaws of PBEO in
dealing with CT states. On the balance, the relative position of the dyes is better repro-
duced with CAM-B3LYP, and this is an important feature in order to reliably predict the
effect of new substituents in the development of improved dyes for DSSCs. it should
be noted that a further improvement of CAM-B3LYP predictions would be possible in-
creasing the basis set. In fact, EY7 for ¢343 and nkx-2586- decreases by respectively
0.14 and 0.09 eV by extending the basis set from 6-31G(d) to 6-311+G(d,p). Inter-
estingly, both the solvent reorganization energy and the CT character remain mostly

unaffected by the change of the basis set.

4 Summary and Conclusions

In this work we investigated the absorption spectra in ethanol of a family of five coumarin
derivatives structurally related and adopted in dye sensitized solar cells. Light harvest-
ing is a crucial step in the DSSC operation and in fact the efficiency of these dyes tend to
increase with the width of the absorption spectra and the shift of the maxima toward the
red (although, probably due to aggregation issues,?* nkx-2586 seems to deviate from
this trend, as it can be seen from the data in Figure 1 and Tables 4 and 5). On these
grounds, in the present work we aimed at understanding what determines the shape
of the absorption spectra of these dyes in ethanol, dissecting the role of vibronic and
solvent contributions. To that end we profited of the recent possibility to efficiently
compute vibronic spectra also including temperature effects,?’ and we exploited recent
strategies to estimate the solvent inhomogeneous broadening from continuum solvent
models.>!

In summary, we have shown that both vibronic and solvent broadening effects are

important and they concur to increase the spectral width as the length of the conjugated
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side chain attached to the coumarin core become longer. Both contributions are con-
nected with the increase of the CT character of the electronic transition. This connec-
tion also explains why CAM-B3LYP provides results in better agreement with experi-
ment than PBEO. Indeed, the limitations of PBEQ to accurately treat CT states, makes
CAM-B3LYP a much more reliable theoretical method to investigate the photophysics
of these molecules. It is interesting to notice that, although comparison of Figures 4
and 3 evidences a spectacular effect of the inhomogeneous broadening on the computed
lineshape, the dominant contribution to the spectral width is, in any case, represented by
the vibronic structure as it clearly seen from the standard deviations reported in Table 3.

Concerning the vibronic contribution, we have shown that the increase with the
length of the conjugated chain is due to the enhancement of the progressions arising
from the related C=C stretching modes. Nonetheless also low-frequency modes play
a role and in fact thermal broadening induces a mild, yet noticeable, increment of the
vibrational width and contributes markedly to the loss of the vibrational resolution.

Solvent effects on the vibronic structure are moderate. On the contrary, the EtOH
environment gives a remarkable contribution to the spectral width accentuating the dif-
ferences among the dyes already present at vibronic level. The solvent broadening is
nicely captured by application of Marcus’ theory on the grounds of solvent reorgani-
zation energies computed with SS-PCM. Such broadening is predicted to be larger for
those dyes whose excited states show a larger CT character, i.e., in the order c343 <nkx-
2398 <nkx-2311<nkx-2586~nkx-2753. On this respect, however it should be noticed
that the CT character of the excited state, and consequently the solvent reorganization
energy, is significantly reduced moving from the GS to the ES minimum. Such a depen-
dence of the solvent response on the solute nuclear coordinates is not considered in our
model (see Section 3.3.2) and calls for future studies.

In general, the final predicted spectra in EtOH computed with CAM-B3LYP, are in
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good agreement with experiment both in absolute terms (position and width) and even
more as far as their relative differences are concerned. Therefore these calculations sug-
gest that the H-bonds with the solvent not described by PCM do not significantly con-
tribute to the spectral broadening. In this respect, however, c343 shows some specificity,
since a simple Gaussian convolution added to the vibrational structure is not able to pro-
vide an accurate reproduction of the strongly asymmetric lineshape in EtOH, contrarily
to the results obtained in polar aprotic solvents, such as DCE or ACN. It is possible that
for ¢343 in protic solvents the vibrational structure is significantly perturbed by specific
solute-solvent interactions, e.g. through formation of hydrogen bonds. The contribution
of such vibrations to the width of the vibronic structures has been recently documented
for N-methyl-6-oxyquinolinium betaine in water.% It is plausible that, in the investi-
gated series of coumarins, this effect may be more visible for the dyes showing the
narrower spectra as c¢343, although the role of possible protomers equilibria should also
be considered. Further work to explore these possibilities for the systems analyzed in
this work is currently in progress on the grounds of explicit solvation models and it will
be reported in a forthcoming contribution. Future work will also be devoted to the study
of the effect on the absorption spectra due to the chemisorption on the semiconductor

surface.
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Table 1 — Vertical excitation energies (EV7, eV) computed at CAM-B3LYP/6-31G(d) and
PBEO0/6-31G(d) levels in EtOH according to the linear-response (LR) and state-specific (SS)
implementation of PCM in non-equilibrium (neq) regime.“.

Dye ETV(LR) EVT(SS)
CAM PBEO | CAM PBEO
c343(1) | 3.447 3.252 | 3.345 3.164
nkx-2311 | 2.815 2.543 | 2.746 2.504
nkx-2398 | 3.299 3.050 | 3.241 3.000
nkx-2586 | 2.683 2.313 | 2.560 2.228
nkx-2753 | 2.757 2.322 | 2.594 2.163
Notes: a) Energies computed as the difference between So(eq) and S;(neq).

Table 2 — CT parameters derived from the GS and ES charge densities computed with CAM-
B3LYP/6-31G(d) at the minimum of the GS (GSmin) and the ES (ESmin) surfaces with LR-
PCM: amount electron charge transfer (Qcr, in electron charge units, e), distance between
barycenter (Dcr, in A) and spread index along x axis (Hy, in A), which is, approximately, the
axis connecting the two barycenters. The difference between the electric dipole moments
in the initial and final states is also reported (|A|, in Debye).

GSmin ESmin
Dye Qcr Dcr  Hy | |Ay| Qcr Dcr  Hy | [Ap|
CAM-B3LYP
c343 0.51 231 242 | 5.6 047 2.05 238 | 4.6

nkx-2311 0.60 3.45 3.80| 10.0 0.51 251 3.63| 6.2
nkx-2398 0.54 2.74 3.05| 7.1 048 212 298| 4.8
nkx-2586 0.64 437 4.56 | 134 052 3.12 431| 7.8
nkx-2753 0.67 4.28 4.57 | 13.7 0.55 320 431 | 84
PBEO
c343 044 236 244 | 5.0 047 253 244 | 5.8
nkx-2311 0.49 3.60 3.82 | 8.5 048 3.68 3.81 | 85
nkx-2398 0.47 296 3.17| 6.6 045 285 3.14| 6.1
nkx-2586 0.54 4.66 4.51 | 12.1 0.51 4.49 447 |11.0
nkx-2753 0.62 4.80 5.53 | 143 0.55 445 448 | 11.8
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Table 3 — Computed standard deviation o(cm™ )¢ for the different contributions to the
absorption spectra lineshapes in EtOH at 300K evaluated at TD-CAM-B3LYP/6-31G(d)
level.

Dye Gviba Om (PCM) Orot
c343 1009 (959) 549 1149
nkx-2311 | 1345 (1285) 698 1516
nkx-2398 | 1256 (1150) 608 1396
nkx-2586 | 1714 (1642) 917 1944
nkx-2753 | 2000 (1814) 1041 2255
Notes: a) Vibrational broadening at O K is included in parentheses.

Table 4 — Maxima (eV) of the experimental spectra and of the spectra computed at CAM-
B3LYP/6-31G(d) and PBE0/6-31G(d) level of theory in EtOH

Dye Oy Oy, (CAM)  fy (PBEO)

c343 2777 3.196 2.998
nkx-2311 | 2.475 2.617 2.395
nkx-2398 | 2.753 3.078 2.852
nkx-2586 | 2.435 2.466 2.148
nkx-2753 | 2.487 2.578 2.098
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Table 5 — Full widths at half maximum (in cm~!) of the total computed absorption line-
shapes (W,,,) and of the solvent contributions (W,,) obtained at CAM-B3LYP/6-31G(d) level
in EtOH.

Dye Exp Wi Wior
CAM PBEO CAM PBEO
c343 3130 | 1293 1141 2070 2150

nkx-2311 | 4082 | 1643 1242 3036 1688

nkx-2398 | 2962 | 1433 1259 2809 1808

nkx-2586 | 4342 | 2160 1461 4244 1995

nkx-2753 | 4483 | 2453 1723 5052 2848
The reported experimental FWHMs are obtained from the spectra in refs. 9, 10, 23 and
24, after converting them into lineshape (see Figure 4).

Table 6 — Computed values of the FWHM (in cm™!) of the medium (W,,) and of the total
spectra W;,,, for coumarin ¢343 in different solvents.

Solvent | Exp. Wi Wior
CAM PBEO CAM PBEO
EtOH | 3130 | 1293 1141 2070 2150
DCE | 2105 | 1153 1023 1885 1760
ACN | 2358 | 1324 1172 2020 1915
The reported experimental FWHMs are obtained from the spectra in refs. 25 (DCE), 9
(EtOH) and 70 (ACN), after converting them into lineshape (see Figure 6).

Table 7 — Solvent reorganization energies (A, cm™ 1) computed at CAM-B3LYP/6-31G(d)
and PBE0/6-31G(d) levels in EtOH according to the state-specific (SS) implementation of
PCM in non-equilibrium (neq) regime. Reorganization energies in the excited states are
evaluated at the Frank-Condon (FC) point (i.e. at the GS equilibrium structure, GSmin)
and at the ES optimized structure (ESmin). For c343, the solvent reorganization energies in
DCE and ACN are also included.

Dye A@EC) A (ESmin)
CAM PBEO | CAM PBEO
EtOH

343 [ 728 567 [ 509 732
nkx-2311 | 1175 671 | 355 565
nkx-2398 | 894 690 | 387 532
nkx-2586 | 2030 929 | 384 640
nkx-2753 | 2618 1293 | 484 778

DCE

343 | 579 455 | 391 571
ACN

c343 | 764 597 | 532 766
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Coumarin derivatives (efficiency)

nkx-2586 (3.5%)

Figure 1 — Coumarin derivatives investigated in this work. In red, DSSC efficiency taken
from ref. 23 for ¢343, nkx-2398, nkx-2311 and nkx-2586, and from ref. 24 for nkx-2753.
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Figure 2 — TI spectra computed at TD CAM-B3LYP/6-31G(d) and TD PBE0/6-31G(d) for
c343 and nkx-2753 in ethanol at 0 K, including the most intense Class C; transitions (only
one mode excited in S1)?° and a brief description of the the most relevant modes involved.
Molec. bending.: in-plane bending of the whole molecule along the longest molecular axis;
Chain/ring torsions: collective movements involving the torsion of C-C bonds within the
ring or/and the lateral chain; Cou. ring (bend): coupled bending movements involving the
atoms within the coumarin ring; C=C(st), C-C(st): stretching of C=C and C-C bonds of
the conjugated chain; C=0(st): stretching of the C=0 bond on coumarin ring. Animations
of these modes are included in the ESI. The lineshape spectra (blue) are convoluted with a
Gaussian function with FWHM of 0.02eV.
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Figure 3 — Computed vibrationally resolved absorption spectra for the 5 coumarins under
study with different computational/environmental settings: using PBEO and PCM (EtOH)
at 300K (a); using CAM-B3LYP functional gas phase at 300K (b); and using the same
functional with PCM (EtOH) at 0K (c) and 300K (d). All spectra are convoluted with a
Gaussian of FWHM=0.04 eV.
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Figure 4 — Normalized absorption lineshapes for the coumarins c343, nkx-2311, nkx-2398,
nkx-2586 and nkx-2753 in EtOH at 300 K. Vibronic spectra convoluted with a Gaussian
whose FWHM corresponds to the inhomogeneous broadening computed at SS-PCM level.
a) CAM-B3LYP/6-31G(d) and c) PBE0/6-31G(d) results. In central panel b), the experi-
mental lineshapes from refs. 9, 10, 23 and 24 are also included.
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Figure 5 — Computed absorption spectra of all coumarins studied in this paper, except c343,
simulated at 300 K with CAM-B3LYP and PBEOQ vibronic structure and broadenings, along
with the experimental ones. All bands are shifted by the spectra maxima in order to facilitate
the comparison of the shapes.
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Figure 6 — Computed absorption spectrum of ¢343 in DCE (left), ACN (center) and EtOH
(right), at 300 K with CAM-B3LYP and PBEQ vibronic structure and broadenings, along
with the experimental spectra from refs. 25 (DCE), 9 (EtOH) and 70 (ACN). All bands are
shifted by the spectra maxima in order to facilitate the comparison of the shapes.
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Figure TOC - Individuation of vibronic and solvent contributions to the spectra of a family
of coumarin dyes helps to understand the main differences in their lineshapes.
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Figure TOC - Individuation of vibronic and solvent contributions to the spectra of a family

of coumarin dyes helps to understand the main differences in their lineshapes.
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