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The main challenge for solar cell devices is harvesting photons beyond the visible by reach-
ing the red-edge (650 — 780 nm). Dye-sensitized solar cell (DSSC) devices combine the
optical absorption and the charge separation processes by the association of a sensitizer as
a light-absorbing material (dye molecules, whose absorption can be tuned and designed)
with a wide band gap nanostructured semiconductor. Conformational and environmental
effects (i.e. solvent, pH) can drastically influence the photophysical properties of molec-
ular dyes. This study proposes a combined experimental and computational approach for
the comprehensive investigation of the electronic and vibrational properties of a unique
class of organic dye compounds belonging to the family of red-absorbing dyes, known
as squaraines. Our focus lies on elucidating the intricate interplay between the molecular
structure, vibrational dynamics, and optical properties of squaraines using state-of-the-art
density functional theory (DFT) calculations and spectroscopic techniques. Through sys-
tematic vibrational and optical analyses, we show that (i) the main absorption peak in the
visible range is influenced by the conformational and protonation equilibria; (i1) the solvent
polarity tunes the position of the UV-Vis absorption, and (ii1) the vibrational spectroscopy
techniques (infrared and Raman) can be used as informative tools to distinguish between
different conformations and protonation states. This comprehensive understanding offers
valuable insights into the design and optimization of squaraine-based DSSCs for enhanced

solar energy conversion efficiency.



Main Article

I. INTRODUCTION

The pursuit of green, efficient, and cost-effective solar energy conversion has spurred the ex-
ploration of diverse materials for more efficient photovoltaic technologies.!~® Until now, the pho-
tovoltaic field has been ruled by usually rather expensive inorganic solid-state junction devices.”!?
Among the several alternatives recently proposed and available, dye-sensitized solar cells (DSSCs)
are becoming prominent.!’~13 The key idea of DSSC devices is to combine the visible light ab-
sorption and the charge separation processes by the association of a sensitizer as a light-absorbing
material (dye molecules interacting with the semiconductor surface, responsible for the light ab-
sorption in the device) with a wide band gap nanostructured semiconductor (not significantly con-
tributing to the solar light absorption).>!!13 Solar light induces charge-separation (exciton for-
mation) that can be injected (electron injection) into a substrate (usually TiO, and ZnO-based
DSSCs).!:1% The main challenge for all solar cell devices is the possibility of obtaining photon
harvesting beyond the visible by reaching the red-edge (650 — 780 nm) or the near-infrared (NIR,
780 — 2500 nm) wavelength region, which accounts for over half of the solar energy reaching the
Earth’s surface.>!> Despite the scientific and economic efforts, harvesting light beyond the visible
region is not a reality yet.!31617 For photoactive materials with a typical film thickness for which
high structural quality is obtained, the main problem is that the ability to capture photons is lower
in the range of 600 nm < A < 780 nm compared to shorter wavelengths. This is because the effi-
ciency of exciton formation rapidly decreases for red frequencies.!® In DSSCs, the sensitizer dye
plays a crucial role in this quest, since its absorption can be tuned and designed for initiating the

electron injection into the conduction band of the semiconductive material.>!>!7 Various molecu-

19-22 22,23 14,24,25

lar sensitizers, including chlorophylls , anthocyanins , metal-based complexes and
carbazole-based compounds?®—28, have been explored. However, optimizing the spectral response
of DSSCs, particularly in the red region of the electromagnetic spectrum, remains a key focus for

enhancing the overall efficiency.'>!”

This study centers on a unique class of red-absorbing organic dye compounds belonging to
the family of squaraines.?=32 Such molecules are synthesized through electrophilic aromatic sub-
stitution of electron-rich derivatives and squaric acid, giving access to a variety of symmetric
and asymmetric structures with easily tunable optical characteristics, such as the visible light
absorption.??-30-33-35 Degpite the large amounts of experimental works and proposed applica-

tions, a thorough understanding of their complex photophysics is still limited by practical and
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conceptual difficulties, from both experimental and computational points of view. Prototypical

13.17 and there is a wide

squaraine-based DSSCs suffer from a low power conversion efficiency
margin to tune their crucial photophysical properties. Several studies have pointed out the cru-
cial role of quadrupolar interaction, aggregate formations, and vibronic couplings on the optical
properties on this class of molecules.*®—38 In the past decades, the scientific community mostly fo-
cused on improving the quantum yield and overall DSSC performances, neglecting the effects of
conformational and acid-base equilibria on their properties, which are instead important features
to acquire an in-depth characterization of such dyes. Therefore, this work aims to provide a de-

tailed exploration of the electronic and vibrational properties of selected squaraines by an accurate

experimental-computational protocol, to gain deeper insights into their fascinating photophysics.
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FIG. 1. B3LYP/6-31+G(d,p)/C-PCM minimum energy structures in acetonitrile solution of SQ, DPSQ and
DBSQ dyes. Atoms color palette: C-dark gray; H-white; N-blue; O-red.

Specifically, we focus on three prototypical squaraine molecules commercially available
and largely employed: 2,4-Bis[4-(N,N-diisobutylamino)-2,6-dihydroxyphenyl]squaraine (SQ),
2,4-Bis[4-(N,N-diphenylamino)-2,6-dihydroxyphenyl]squaraine (DPSQ), and 2,4-Bis[4-(N,N-
dibenzylamino)-2,6-dihydroxyphenyl]squaraine (DBSQ) (see Figure 1), providing a careful anal-
ysis of their electronic (UV-Vis) and vibrational (infrared and Raman) spectra. We wish to stress
that several factors, such as the choice of the solvent and thermal fluctuations, can play a pivotal

role in perturbing the conformations and intramolecular hydrogen bond network. Protic solvents,
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i.e. methanol, or acid base equilibria, i.e. mono-anionic species, can promote a molecular distor-
tion from their planar conformations, leading to changes in the electronic and vibrational spectra
in the studied squaraines. The reduction of intramolecular hydrogen bond interactions indicates
a significant alteration in the internal forces that stabilize the planar molecular structure. A key
feature of this distortion is the rotation or twisting of the C—C bonds between the squaric and
phenolic carbon atoms. Such kind of analysis is extremely important to design next-generation
squaraines with improved efficiency. Indeed, a full knowledge of the electronic structure, vibra-
tional motions, conformational and acid-base speciation is a basic requirement before proceeding

with rational structural modifications aimed to reach better performances.

Density functional theory (DFT) was here employed for the ab initio treatment and molecu-
lar interpretation of electronic and vibrational properties, since it has an optimal balance between
accuracy and computational cost and it has been vastly employed for the characterization of both

vibrational/dynamical properties of molecules’*#!

and the description of the electronic structure
of both the ground and excited electronic states in materials and biological systems.*>>* Once
we have established the most accurate theory level for our investigations, we further analyzed the
electronic and vibrational properties of planar, distorted, and monoanionic squaraines. Raman and
infrared (IR) spectroscopies were employed to scrutinize the vibrational modes associated with
these different structural configurations. These vibrational analyses provided valuable insights
into the molecular motions and structural dynamics of squaraines in each conformation. Ab-
sorption spectra (also in different solvents) were systematically measured and computed for each
conformation and protonation state. While previous studies underlined the importance of account-
ing for vibronic couplings to interpret the absorption lineshapes in the experimental spectra,> our
calculations also suggested the presence of an additional layer of complexity given the role of con-
formational fluctuations and protonation states that could partially contribute to the experimental

spectra as well. These findings are crucial for future advanced spectroscopic characterization of

nonlinear and transport properties of squaraines.
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II. MATERIALS AND METHODS

A. Experimental Details

2,4-Bis[4-(N,N-diisobutylamino)-2,6-dihydroxyphenyl]squaraine (SQ), 2,4- Bis[4-(N,N-diphenylamino)-
2,6-dihydroxyphenyl]squaraine (DPSQ), and 2,4-Bis[4-(N,N-dibenzylamino)-2,6-dihydroxyphenyl]squaraine

(DBSQ) were purchased from Merck and used without further purification. UV-Vis spectra were
recorded on sample solutions prepared by dissolving a suitable amount of squaraine powders in
spectroscopic-grade anhydrous solvents. The presence of aggregates in the adopted conditions has
been excluded, verifying that the lineshape of the absorption bands does not significantly vary after
dilution of at least two orders of magnitude. The weak signal at about 720 nm is caused by a sol-
vent impurity. Infrared spectra were recorded on powders dispersed in KBr pellets. Raman spectra
were recorded on squaraine powders pressed onto KBr pellets with a home-built micro-Raman
system, based on a Triax-320 ISA spectrograph, equipped with a holographic 1800 g/mm grating
and a CCD detector (Horiba Scientific Symphony II FIOE). The excitation source was a Spectra
Physics Ar™ laser operating at 514.5 nm. An Olympus BX 40 optical microscope equipped with a
long working distance 20x /0.40 objective was optically coupled to the spectrograph. The Raman
spectra were recorded between 80 and 4000cm™! and with an instrumental resolution of about
2cm’!. To avoid optical damage, readily occurring at room temperature, the sample was held in a
cryostat cell (Linkam Scientific Instruments) at 100 K and the power of the exciting radiation was

maintained between 0.1 and 0.5 mW.

B. Computational Details

All systems were treated at DFT level of theory and all calculations were performed through
the commercial Gaussian 16, version C.01, suite of programs.’® Electronic structure calculations
were performed by solving the Kohn-Sham equation using the following functionals: the global
hybrid Becke 3-parameter Lee-Yang-Parr, B3LYP,>’~ the hybrid version of the Perdew-Burke-
Ernzerhof functional, PBE0,% the Minnesota hybrid functionals M06%' and M06-2X.°! the long-
range-corrected version of B3LYP using the Coulomb-attenuating method, CAM-B3LYP,%? and

6,93-%9 in combination

the range-separated hybrid functional of Heyd-Scuseria-Ernzerhof, HSEO
with the 6-31+G(d,p) basis set’-8! (see Results and Discussion section for other tested basis sets).

Solvent effects were taken into account by employing implicit solvation models, in particular in
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this study was used the conductor-like polarizable continuum model (C-PCM).82-87 Investigated
solvents are acetonitrile (€ =35.69), methanol (¢ =32.61), dichloromethane (€=28.93), toluene
(€=2.37) and cyclohexane (¢ =2.02). Geometries were considered fully optimized when both
the force (maximum and RMS force, 0.000450 and 0.000300 hartree bohr~! thresholds, respec-
tively) and displacement (maximum and RMS displacement, 0.0018 and 0.0012 bohr thresholds,
respectively) values for all atoms were below the threshold criteria. All optimized geometries were
checked to be true minima, by computing vibrational frequencies and checking they were all pos-
itive. Harmonic vibrational analysis for IR and Raman spectra were also performed and presented
employing the B3LYP/6-314-G(d,p) theory level with no further scaling. Excited state properties
were computed through the linear response-time dependent DFT (TD-DFT) formalism.®Y For

the acid-base speciation, the pK, values have been estimated by solving Equation (1):

PR = mAGgpay + Co (1)

where AGgpy) 1s the Gibbs free energy difference between the acid (A) and the corresponding
conjugated basic form (B) in aqueous solution, m and Cy are calculated according to the previ-
ously published parameters fitting.”! The molar fractions of the neutral and anionic form of each
squaraine herein reported, is evaluated at pH=7.4, according to the methodology and the com-

d.92

putational protocol hitherto propose Briefly, these calculations were performed by using the

Minnesota M05-2X"? hybrid functional in combination with 6-314+G(d,p) basis set and by em-

ploying the SMD solvation model.”*

III. RESULTS AND DISCUSSION
A. Conformations and Protonation States

We first studied the structural diversity that SQ, DPSQ, and DBSQ might exhibit in solution at
room temperature. Understanding the factors leading to such distortions is crucial for predicting
the stability and reactivity of these molecules under various conditions. The relevance of three
distinct structural forms (see their graphical representations for SQ in Figure S1) are investigated:
planar (p-), distorted (d-), and mono-anionic (a-), the latter arising from an acid-base equilib-
rium. The planar structure (p-) reflects a symmetrical arrangement (belonging to the D, point

group) of atoms within the squaraine molecules and it is stabilized by a network of 4 intramolec-
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ular hydrogen bonds. The presence of these bonds contributes to the overall symmetry of the
structure and underlines the importance of both intramolecular forces in maintaining a particular
conformational state and intermolecular interactions (i.e. with protic solvents) in perturbing such
conformation. The distorted structure (d-), on the other hand, suggests deviations from the higher
symmetric conformation, hinting at potential distortions in the molecular geometry due to thermal
fluctuations and solvent polarity. This conformation is particularly interesting given its potential
implications on the electronic and vibrational properties of the compounds (i.e. absorption band
shape). Distorted squaraines show a reduced number of intramolecular hydrogen bonds (reduced
to 2) leading to a significant alteration in the internal forces that stabilize the molecular structure.
A key feature of this distortion is the rotation or twisting of the C—C bonds between the squaric
and phenolic carbon atoms. The degree of distortion is quantified by an approximate rotation
angle of 30 degrees, as illustrated in Figure S1. Finally, the mono-anionic structure (a-), arising
from an acid-base equilibrium, adds another layer of complexity to the conformational landscape
of squaraines. This anionic form also is not planar and may exhibit distinct electronic and spec-
troscopic properties compared to its neutral counterparts, opening up avenues for exploring the
impact of charged species on the electronic and vibrational behavior of these molecules (see next
paragraphs). The susceptibility of squaraines to environment-induced and thermally-driven distor-
tions is not merely an empirical observation; it could held significant implications for their use in

technological applications.

B. Vibrational Analysis: Infrared and Raman Spectra

Vibrational analysis of SQ, DPSQ and DBSQ conformations has been carried in acetonitrile
solution and starting from the highly symmetrical (point group Djy,) and planar geometrical guess
for all squaraines, obtaining the corresponding minimum energy structures via the geometry opti-
mization procedure (see Materials and Methods section for further details). Both IR and Raman
spectra of SQ, DPSQ and DBSQ dyes were computed (for the planar conformation) and exper-
imentally measured. We wish to stress that although IR and Raman spectra were experimentally
collected in solid phase and vibrational analysis was performed in solution this comparisons can
help in highlighting the main vibrational features of such systems. Resulting minimum struc-
tures are all planar; SQ and DPSQ belong to a final Cy, and DBSQ to a final C, point groups,

respectively and their optimized structures are reported in Figure 1.
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FIG. 2. Infrared spectra. Top panels: B3LYP/6-314-G(d,p)/C-PCM in acetonitrile solution (half width at
half maximum is 4 cm™"), p-SQ dashed black line (a), p-DPSQ dashed blue line (b) and p-DBSQ dashed
orange line (¢). Bottom panels: Experiments in solid-state (see Materials and Methods section for further
details), SQ solid black line (d), DPSQ solid blue line (e) and DBSQ solid orange line (f), in the 340 cm~!
to 3300 cm~! wavenumber range. The experimental spectra have been corrected to remove scattering con-

tributions. Intensities have been renormalized for a better comparison.

Computed infrared spectra of planar (p-) SQ, DPSQ and DBSQ are first compared with the ex-

periments and reported in Figure 2. Collective/backbone modes are found in the ~ 1100 — 1750 cm™

energy range for all studied squaraines, such modes are asymmetric and symmetric stretching of
C-C, C-0O and C-N bonds. In particular, in this spectral region the most intense mode results in a
ring breathing of both phenolic rings and is located at ~ 1250 cm! (see Figure S5 for p-DPSQ).
As expected, at higher energies, above 3000 cm™!, O—H and C-H stretching modes appear. Thus,
we present the vibrational analysis of distorted (d-) and anionic (a-) conformations for the inves-
tigated SQ squaraine (SQ conformations are displayed in Figure S1). Such analysis is focused
on the collective/backbone modes frequency range (1000 — 1800 cm™) and reported in Figure 3.
By reducing the overall symmetry of the squaraine, the resulting configurations (both distorted
and anionic) have more active vibrational modes in the ~ 1100 — 1750 cm™! frequency range. The
computed most intense vibrational mode is very sensitive to the conformation and protonation.

Indeed, the aromatic ring breathing mode of planar SQ is found at ~ 1250cm’! (see Figure S4

9
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FIG. 3. B3LYP/6-314+G(d,p)/C-PCM infrared spectra of different conformations and protonation states

in acetonitrile solution. p-SQ dashed cyan line, d-SQ dashed violet line and a-SQ dashed yellow line.

1000 cm™! to 1800 cm~! wavenumber range. Intensities were scaled with respect to the planar conformation

which is the most intense. Half width at half maximum is 4cm ™.

for its representation), while in the anionic form and the distorted conformation a clear blueshift
and a lowered intensity of such a band were found (see Figure 3, violet and yellow peaks at
~1250cm™!). We also noticed that in the 1400 — 1600 cm™! spectral region (see Figure 3) all the
analyzed conformations of SQ have unique infrared fingerprints due to the lowering of symmetry
for distorted and anionic SQ (see Figure S6). As mentioned before, such collective modes mostly
affect C—C, C—H and C—O on the squaric and phenolic residues. For d-SQ at ~ 1560cm™! is
a phenolic ring breathing (affected by the distortion) combined with two squaric C=0O stretch-
ings, while for p-SQ mainly affects the two squaric C=0 bonds and O-H bending modes, and
disappears for a-SQ. This analysis confirms that vibrational spectroscopy could help the study
of the conformational and protonation equilibria in solution. With this in mind, the presented
experimental IR spectra seem to better highlight the presence of the planar squaraines, although
the DPSQ (panel (e) in Figure 3) shows a broader peak in the most intense region ~1250cm™!,

indicating a possible larger contribution of the other forms.

As additional analysis, we also report in Figure 4 the computed Raman spectra of the planar
squaraines compared with experimental ones. This time the low frequency region is more active
if compared to the IR spectra. In particular, p-DPSQ (computed spectrum, (b), Figure 4) has an

intense Raman mode at 1411 cm™ which is a collective mode involving the breathing of phenolic
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FIG. 4. Raman spectra. Top panels: B3LYP/6-31+G(d,p)/C-PCM in acetonitrile solution (half width at
half maximum is 4 cm™') p-SQ dashed green line (a), p-DPSQ dashed red line (b) and p-DBSQ dashed
magenta line (c¢). Bottom panels: Experiments in solid-state (see Materials and Methods section for further
details) SQ solid green line (d), DPSQ solid red line (e) and DBSQ solid magenta line (f). 100cm™! to

1850 cm~! wavenumber range. Intensities have been renormalized for a better comparison.

fragments and symmetrical O-H stretching of hydroxyl groups engaged in hydrogen bonds with
squaric oxygen atoms (Figure S8). Such mode is not found in planar SQ and DBSQ. By inspecting
both IR ((a), Figure 3) and Raman ((a), Figure 4) spectra of p-SQ on the 1000 to 1800 cm’! region,
it has been found that in the range 1360 — 1420 cm™' many collective modes that involve C—H and

C—C motions on the N,N’-isobutyl substituents (Figure S7) appear.

Squaraine planar-distorted equilibrium is essentially important in solution due to the low energy
barrier (~ — 13 kcal mol™!) and this could result in a mediated spectrum between the forms. Al-
though very useful for underlining the main vibrational features of such compounds, a quantitative
analysis of the different contributions of conformations and protonation states on the experimen-
tal vibrational spectra obtained in solid phase is not straightforward. Thus, we further investigate
the conformational and environment effects on the electronic properties via UV-Vis absorption in

solution (see next paragraphs).
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C. Electronic Properties: UV-Vis and Solvatochromism
1. Gauging the Theory Level

Previous computational studies on electronic absorption of similar squaraines have employed
linear response TD-DFT and wave-function based methods.>>~% In particular, it was proved
that TD-DFT is reliable, although it can generally provide a consistent overestimation of the ver-
tical transition energies'?%1%! yielding to blueshifted Ay due to the cyanine character of the ex-
cited states.'%? Despite the aforementioned issue, hybrid exchange-correlation functionals (e.g. the
Minnesota hybrid functional MO6°!) can estimate the cyanine-charge transfer character of excited

states of squaraines with a reasonable agreement with experimental optical data.!03-105

In this section we report the extensive investigation of the accuracy of different theory levels,
rooted in the DFT framework, for describing the optical properties of the squaraine dyes here
studied. Thus, we analyzed the systems in their neutral and planar conformations by performing
TD-DFT calculations and comparing the resulting vertical excitation energies (VEEs) with the
maximum of the experimental UV-Vis absorption measured in acetonitrile solution. In all ana-
lyzed theory levels (see Materials and Methods section for further details), the first UV-Vis peak
corresponds to a HOMO to LUMO transition that is described by an electronic density reorgani-
zation mostly localized on both phenolic rings, bound to the squaric residue, with an additional
non negligible partial charge transfer (CT) from the ketonic oxygen atoms (squaric fragment) to
the hydroxyl oxygen atoms (phenolic residues). The HOMO and LUMO representations for all
analyzed squaraine dyes are reported in Figure S9. In the following analysis, all structures were
optimized at the corresponding theory level and calculations are performed in acetonitrile solution

(see Materials and Methods section).

TABLE 1. TD-DFT accuracy analysis in acetonitrile solution. Experimental Viaxexp (first column) and
AViax (VEE — Viaxexp) comparison for SQ, DPSQ and DBSQ. Results are reported in eV. All structures

were optimized at the corresponding theory level by employing the 6-31+G(d,p) basis set.

Exp B3LYP CAM-B3LYP PBEO M06 MO06-2X HSEO06

SQ 1.92 +0.30 +0.38 +0.36 +0.35 +0.34 +0.35
DPSQ 1.90 +0.13 +0.33 +0.17 +0.23 +0.25 +0.12
DBSQ 1.94 +0.31 +0.38 +0.37 +0.36 +0.34 +0.36
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First, we analyzed the basis set effect by employing the planar DPSQ and using the B3LYP
functional and comparing the resulting VEEs computed by using the 6-314+G(d,p), 6-3114+G(2d,p)
and 6-3114+4-G(2d,p)). There are no significant improvements increasing the size of the basis (see
Table S2) and we used the 6-31+G(d,p) basis set for all subsequent calculations. Then, we checked
the effect of including (or not) the corrections of the empirical dispersion, by using the D3 version
of Grimme’s dispersion with the original D3 damping function'%. Also this time, we noticed
no significant changes in the geometries, IR spectrum and the resulting VEEs (by employing the
planar DPSQ and using the B3LYP functional with D3 and with no D3 corrections, see Figures S2
and S3 and Tables S1 and S2). From now on, the accuracy of different functionals has been gauged
with the 6-31+G(d,p) basis set without taking into account the empirical dispersion corrections.
Finally, we checked the VEEs using the B3LYP, PBEO, M06, M06-2X, CAM-B3LYP, and HSE06
(see Materials and Methods section for further details). In Table I the accuracy of each DFT kernel
1s summarized by reporting the error with respect to the corresponding experimental value. All
the deployed functionals reproduce the same optical trend (red- or blueshift) on the vy for the
squaraines (Vmax,DBSQ > Vmax,8Q > Vmax,DPSQ)- As expected, all functionals show blueshifted val-
ues with respect to experimental measurements, but not always in a systematic way. In Figure S10
we report the TD-DFT predicted values against the experimental ones to better analyze the results
and understand which functional is more accurate for describing the electronic transitions of the
selected squaraines. SQ and DBSQ seems to show consistent errors among all analyzed function-
als, while the computed values for DPSQ present a more complicated behavior, where only the
Minnesota (M06 and M06-2X) and the long-range corrected (CAM-B3LYP) hybrid functionals
perform more consistently as for the previous systems (errors of ~ 0.3 eV). As reported in Table |
and through the analysis of Figure S10, we found that CAM-B3LYP is the best suitable functional
in terms of consistent error, providing also the higher R? value (0.91, see also Table S3 in the EST)
among the DFT functionals. Thus, in the following computation of the electronic transitions and
absorption spectra analysis we used the (TD-)CAM-B3LYP/6-31+G(d,p)/C-PCM, also because
CAM-B3LYP is proven to be more reliable for describing charge transfer excitations (present in

the anionic species, see next paragraphs).!07-114
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2. Influence of Conformational and Acid-Base Equilibria on UV-Vis Spectra

In this section, the possible influence of acid-base and conformation equilibria on the UV-Vis
absorption spectrum of SQ, DPSQ and DBSQ has been analyzed. We wish to recall here that
the vibrational analysis (see Section III B) confirmed that planar squaraines are more stable in
energy (~ — 13kcal mol™!, averagely) than distorted ones. Thus, UV-Vis spectra of planar (p-),
distorted (d-) and anionic (a-) squaraines in acetonitrile are reported in Figure 5. Here and in the
following discussion, all TD-DFT computed values for each conformation and protonation states
were shifted so that the VEE of the planar neutral conformation for each squaraine variant can
match the experimental maximum absorption (see caption of Figure 5 for the applied corrections

and Table S4 for raw VEEs values).

The experimental absorption spectra of all three squaraine dyes show a characteristic absorption
band in the near-IR region between 600 nm and 700 nm. More specifically, SQ, DPSQ and DBSQ
present a maximum absorption peak at 647 nm, at 654 nm and at 638 nm, respectively. The spectra
of SQ and DBSQ have a shoulder at lower wavelengths, 594 nm and 588 nm, respectively, which
so far has been mainly attributed to vibronic coupling.!'> The bandwidth of the absorption band
of DPSQ is significantly wider than the ones of SQ and DBSQ, and consequently the higher
energy shoulder is barely detectable. This might suggest the presence of more complex equilibria
in solution for this molecular variant. We found that planar and distorted conformations have
only one intense electronic excitation in the visible range, the HOMO to LUMO transition (MO
1sosurfaces are reported in Figure S11). By varying the squaraine conformation/protonation we
noted that the corresponding excitation (see red and blue vertical lines in Figure 5) blueshifts and is
less intense with respect to the non-distorted squaraine. Such transitions are found at ~ 646 nm and
~ 608 nm for planar and distorted SQ, respectively. For p- and d-DPSQ, the electronic transitions
are found at ~ 651 nm and ~ 600 nm, while p- and d-DBSQ transitions lie around 640 nm and
599 nm. On the other hand, mono-anionic species present two bright electronic transitions (blue
lines in Figure 5) in the visible range, found at ~ 579 nm and ~ 500 nm for anionic SQ. A similar
trend was found also for anionic DPSQ and DBSQ. These two allowed electronic transitions are
mostly due to the HOMO to LUMO (most intense) and HOMO—1 to LUMO (least intense, higher
energy) excitations, although multiple contributions of other MO pairs are found for this last one.
Thus we reported for a better analysis the hole-electron natural transition orbital (NTO) pairs!!®

(for a-SQ in Figure S12, a-DPSQ and a-DBSQ in Figures S13 and S14). This second transition is
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FIG. 5. UV-Vis spectra in acetonitrile solution. Top panels: TD-CAM-B3LYP/6-31+G(d,p)/C-PCM, p-
(black), d- (red) and a- (blue) of SQ, (a), DPSQ, (b) and DBSQ, (c¢). Bottom panels: Experiments (see
Materials and Methods section for further details), SQ solid black line (d), DPSQ solid black line (e)
and DBSQ solid black line (f). TD-DFT VEEs for all conformations of each systems were uniformly
shifted so that the planar neutral squaraine for each system can be better compared with the experimental
maximum absorption (SQ, AviaX=—0.38eV; DPSQ, Avid =—0.33eV; DBSQ, Avia*=—0.38¢V, see
also Table I). 470 nm to 750 nm wavelength range. Theoretical intensities were scaled with respect to the
planar conformation which gives the most intense electronic transition. Absolute VEEs frequency and

oscillator strength values (not shifted and not scaled) for all squaraines in their different conformations and

protonation states are summarized in Table S4.

a charge transfer excitation given by the distorted structure of the anionic squaraines, that becomes
bright due to deprotonation (see hole-electron orbital pairs for all anionic squaraines in Figures S12
to S14, lower panels). Based on the observations in the experimental spectrum of DPSQ (see
(b) and (e) panels in Figure 5), it is evident that this squaraine possesses a larger bandwidth.
This could be attributed not only to the thermal and vibro-electronic broadening resulting from
distorted conformations, but also to the presence of anionic deprotonated state of DPSQ, which is
likely contributing to a wider absorption band in comparison to SQ and DBSQ. The experimental

spectrum of a basified solution of DPSQ (Figure S16) confirms the presence of a blueshifted
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band peaking at about 570 nm. To support this hypothesis, acid-base equilibria of SQ, DPSQ and
DBSQ were computed both in water and acetonitrile solution for the phenolic proton to identify
their predominant protonation states (see Figure S15 and Table S5). pK, values around 9 have been
obtained in water for SQ and DBSQ (pK, =9.66 and 9.14, respectively) while a pK, value of 8.42
has been computed for DPSQ. As main result we found that the neutral form is always the most
populated one for all the investigated systems. However, only for DPSQ, the molar fraction of the
monoanionic species at pH="7.4 could be considered not-negligible (~9 %). In the acetonitrile
solution, the molar fraction of anionic forms become smaller in all the cases. As final conclusion,
we can say that for SQ and DBSQ the monoanionic form can be excluded, while for the DPSQ
variant a non-negligible contribution of both asymmetric conformations and anionic species can
be more important in the visible absorption in polar solvents (i.e. water, methanol) given the larger
m-conjugation that the N-phenyl substituents can provide for this one for stabilizing the negative

charge.

3. Solvatochromic Effects

In this last paragraph, the solvatochromic effect on the UV-Vis absorption spectrum for the
inquired squaraines is studied. The absorption spectra of DPSQ was measured in several sol-
vents of different polarity and the results are summarized in Table II. Then, we computed the
solvatochromic shift (using the VEEs in different solvent) for all the systems and we reported the

results in Figure 6.

TABLE II. Measured solvatochromic effect of DPSQ. Viax exp. in €V and in parenthesis lmax,exp, in nm.

Solvent Vmax,exp ()Lmax,exp)
Acetonitrile 1.90 (654)
Methanol 1.87 (663)

Dichloromethane 1.84 (673)
Toluene 1.83 (676)
Cyclohexane 1.83 (677)

It is clear that by increasing the solvent polarity the vy, increases, ranging from 1.83 eV in
cyclohexane, to 1.90eV in acetonitrile. Such result are well reproduced in our calculations for

the DPSQ and we predict a similar solvatochromic effect also for the other two systems (see
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Tables S6 to S8). We have found that the predicted methanol values are the ones that deviate
the most from the linear trend with solvent polarity (see Tables S6 to S8), given the protic nature
of this solvent that requires an explicit treatment of the first shell interactions at least to have a
better accuracy.““’117 Additionally, we observed that DPSQ V.« values better correlate with
the solvent polarity with respect to the other squaraines (R? values for the linear regression: 0.88

for DPSQ and ~ 0.8 for both SQ and DBSQ).
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FIG. 6. TD-CAM-B3LYP/6-314-G(d,p)/C-PCM Vyax i (computed as VEEs, where this time the absolute
VEEs were used without further shifting, see Tables S6 to S8) vs. solvent dielectric constants. p-SQ, black;
p-DPSQ, blue and p-DBSQ, orange. Trendlines are displayed. Corresponding dielectric solvent constants

(&) values are found in Materials and Methods section.

IV. CONCLUSIONS

A combined experimental and computational study was conducted for a comprehensive in-
vestigation of the effects of environment (solvent, pH) and conformations on the vibrational and
electronic properties of symmetrically functionalized squaraine dyes. DFT, TD-DFT computa-
tional techniques combined with UV-Vis, Raman and IR measurements were here employed for
this aim. Our analysis revealed that these compounds can exhibit different conformations (planar
vs distorted) and protonation states (neutral vs anionic). The planar conformation is the most sta-
ble in non protic solvents (i.e. acetonitrile), due to the symmetrical arrangements of intramolecular
hydrogen bonds, highlighting the significance of intermolecular interactions in tuning such confor-

mational equilibrium and spectroscopic properties. Solvatocromism has been previously explained
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in terms of peculiar behavior of quadrupolar dyes in terms of essential state models and vibronic
couplings that might be influenced also by the solvent®6-38. In this work, using quadrupolar dyes
that have significant intramolecular hydrogen bond networks, we observed that the conforma-
tional equilibrium could also play a crucial role as well, since it is strongly affected by the solvent
polarity. Distorted structures displayed deviations from higher symmetric conformations, with
notable alterations in the molecular internal orientation, particularly in the rotation or twisting of
C-C bonds. These distortions, which are accompanied by a reduction in intramolecular hydrogen
bonds, can affect the electronic and vibrational properties of squaraine compounds. Squaraines
are often used as dyes in devices such as DSSC, where they come into contact with solvents,
gels or can form aggregates. Understanding the effects of these interactions can provide insight
into the potential impact of the environment on their photophysics in the framework of several
technological applications, including sensitizers, sensors, phototherapy and bioimaging!!'®. Fur-
thermore, the mono-anionic structure, resulting from an acid-base equilibrium, presented distinct
electronic and spectroscopic properties compared to neutral counterparts, with a blueshifted ab-
sorption and the emergence of a higher energy and allowed charge transfer excitation. Vibrational
analysis provided insights into the collective and backbone modes of squaraines, revealing distinc-
tive spectral fingerprints for different conformations and protonation states. By comparing com-
puted and experimental spectra, we elucidated the contributions of various conformations to the
observed vibrational features, highlighting the impact of symmetry alterations on IR and Raman
spectra. Our findings underline the importance of considering vibronic couplings, conformational
diversity, acid-base equilibria, and solvent interactions in understanding the optical and structural
properties of squaraine dyes in different environments. Protic and/or polar solvent might influence
the most such conformational and protonation equilibria and we wish to analyze such effects in
future studies. This study contributes to advancing the understanding of squaraine photophysics,
providing valuable insights for the design and optimization of these molecules for the design and

optimization of squaraine-based DSSCs devices.

SUPPLEMENTARY MATERIAL

B3LYP/6-314+G(d,p)/C-PCM in acetonitrile solution minimum energy structures of neutral pla-
nar, neutral distorted and anionic SQ; B3LYP/6-31+G(d,p)/C-PCM in acetonitrile solution min-
imum energy structure of neutral planar DPSQ with numbered atoms; B3LYP/6-314+G(d,p)/C-
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PCM acetonitrile and B3LYP/6-314+G(d,p)/C-PCM acetonitrile/GD3 p-DPSQ minimum energy
structure parameters and the resulting dipole moment comparison; Infrared spectra comparison
of B3LYP/6-31+G(d,p)/C-PCM acetonitrile and B3LYP/6-31+G(d,p)/C-PCM acetonitrile/GD3
p-DPSQ; Representation of infrared and Raman mode displacement vectors for the vibrations of
interest for the investigated squaraines; MO and NTO isosurfaces of the studied neutral planar,
neutral distorted and anionic squaraines; Basis set and DFT kernel benchmarks; Computed VEE
values for all squaraines in their different conformations and protonation states; Computed pk,
values of neutral planar squaraines in water and acetonitrile and molar fraction behaviours of neu-
tral planar and anionic squaraines; Experimental UV-Vis spectrum of DPSQ at pH ~ 9; Computed
solvatochromic effect on the first VEE for the neutral planar squaraines. List of the Cartesian
coordinates of the CAM-B3LYP/6-314-G(d,p)/C-PCM (acetonitrile) minimum energy structures
of the neutral planar, neutral distored and anionic squaraines. List of Cartesian coordinates of the
B3LYP/6-31+G(d,p)/C-PCM (acetonitrile) and B3LYP/6-31+G(d,p)/C-PCM (acetonitrile)/GD3

minimum energy structures of the neutral planar squaraines.
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