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Abstract

Combining computational modeling and experimental optical analyses, we investigate
two prototypical phenothiazine-based organic solar cells sensitizers with the aim to
understand the individual effects of solvation and aggregation on the dyes optical
properties. Dye solvation and aggregation play a crucial role in determining the
photo-electrochemical properties of these systems and the interplay of these two
factors can lead to a misinterpretation of the underlying phenomenology due to their
similar spectroscopic signals. In particular, upon adsorption of the dye onto the metal
oxide surface, the dye UV-vis absorption spectrum may attain either a blue or a red
shift compared to the dye in solution, which can either be originated from aggregation
of surface-adsorbed dye and/or solvatochromism in the initial dye solution.
Understanding the origin of these spectral changes along with their possible effect on
charge-transfer properties is important for the further improvement of Dye-sensitized
Solar Cells. Based on our results, we show that the optical properties of
phenothiazine-based dyes are much more sensitive to the type of explicit interactions
with the solvent than to aggregation on the TiO, surface. Therefore, this study gets
important new insights into the understanding of these properties and may assist the

molecular engineering of new and more efficient dyes sensitizers.
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1. Introduction

Dye-sensitized solar cells (DSCs),1 since its first successful demonstration by
O'Regan and Gritzel in 1991,> have gained considerable attention as a viable
alternative to conventional photovoltaics for the direct conversion of light into
electrical energy at low cost and with high efficiency. In these photovoltaic devices
charge generation takes place by photo-excitation of dye molecules adsorbed onto a
wide band gap metal oxide surface, such as TiO,. Upon light irradiation, the dye
injects a photo-excited electron into the semiconductor conduction band (CB), which
is transported to the transparent conducting oxide (typically FTO), to reach the
external circuit. In most typical applications, a redox shuttle (I/I;” or Co(II)/Co(III)) in
a liquid electrolyte solution reduces the oxidized dye and gets reduced again by

receiving charge back from counter electrode connected with the external circuit.

Among the basic DSCs components, i.e. the dye, the metal oxide and the
redox shuttle, the chemical nature and structure of the dye is by far the most
investigated subject, with the ultimate aim of increasing the dye molar extinction
coefficient and shifting the dye absorption towards the near-IR region, thus enhancing
the overlap between the solar emission and the dye absorption spectrum and
eventually achieving higher DSCs photocurrents. Traditionally, the most commonly
employed dyes in DSCs are Ruthenium(I) polypyridyl complexes.'” * Recently,
Zn(II)-porphyrins have shown high efficiency when coupled to Co(II)/Co(Ill) redox
shuttles, exceeding 12%.° Fully organic dyes have also attracted considerable interest,
1% due to their higher synthetic flexibility, scalability and lower environmental
impact; in conjunction with transition metal-based electrolytes, organic dyes have

been shown to clearly outperform Ru(Il)-based dyes.7’11 A typical push-pull organic
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dye consists of an electron donating group, a linker group and an electron
accepting/anchoring group. A large number of organic dyes have been reported with

different types of donors, linkers and acceptors. Among the donor moieties, N,N-

12, 13 14-20 21, 22 3

dimethylaniline group, coumarins, tetrahydoquinolines, pyrrolidine,2

25 6, 26-28

carbazoles,* diphenylamine,™ triphenylamine, etc., have been widely

employed. On the other side, basically three types of acceptor/anchor groups, namely

6, 12:29 30-32 33, 34 35
d, d d

cyanoacrylic aci carboxylic aci and rhodanine-3-acetic aci are
widely used in organic dyes sensitizers. Due to continuous development of new dyes,
it is a challenge to summarize a complete list here. To get an idea of the varieties of
dyes being developed, the reader is referred to the recent reviews by Mishra et al.*®

and Hagfeldt et al.!

Electrostatic and non-covalent interactions of the dye with the polar surface
and adjacent dye molecules may lead to the formation of an ordered assembly of dye
aggregates on titania.”” ™! Dye aggregation is known be the Achille’s heel of most of
organic sensitizers, usually leading to intermolecular excited state quenching, and
hence reducing the DSCs photocurrent and overall power output.zo’ 3742 The
formation of stable aggregates on the TiO, surface is usually manifested by a

considerable broadening and blue or red shift, depending on whether H- ****

or J-type
* of aggregates are formed, of the UV-vis absorption spectrum upon TiO, adsorption
compared to that for of dyes in solution.** *® In some selected cases, a controlled
aggregation has proven to enhance the photocurrent generation due to the larger light-
absorption window of the aggregates, possibly combined to an efficient charge
transfer from the aggregate excited state to the semiconductor. 38424798 The use of

49-51 52, 53

anti-aggregation coadsorbents, among which the most widely employed is
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chenodeoxycholic acid (CDCA), 2% has been reported to effectively suppress dye
aggregation on the TiO; surface, yielding to notably improved cell performances for
dye being critically affected by aggregation. Since CDCA competes with the dye for
TiO, absorption, thus breaking undesired dye/dye intermolecular interactions, a
general decrease of the dye loading is also typically observed with a consequent
decrease of the light harvesting efficiency of the photoelectrode, which is however
usually offset by an improved charge generation efficiency due to suppression of
intermolecular excited state quenching and filtering effects.

Successful theoretical and computational modeling of dye/dye intermolecular

46.55 and of the associated

interactions at the dye-sensitized TiO, heterointerface
spectroscopic phenomena56 has been recently reported by some of us, highlighting the
subtle relations existing between the dye molecular structure and its tendency to form
dense packing on the semiconductor surface. Exploiting the experience in the
computational modeling of organic-dye-sensitized TiO, interfaces, here we report a
joint experimental and computational investigation aimed to investigate the optical
properties in relation to the possible formation of interfacial aggregates of
phenothiazine (PTZ) based dyes, such as CS1A in Figure 1, which was previously
reported by Yang et al. and coded as Pt-C6.”” The PTZ core, by virtue of its high
absorption extinction coefficient and strong electron-donating capabilities, has been

29, 58-65

widely employed in the design of both fully organic (as electron donor and as

54,57, 66

conjugated linker ) and ruthenium sensitizers.”’
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Figure 1. Molecular structure of the CS1A sensitizer.

The CS1A dye features a -C¢H ;3 alkyl chain, linked to the nitrogen atom of the
PTZ unit, which may possibly modulate the dye-aggregation upon adsorption on the
TiO, surface. Notably, aggregation phenomena should also be attenuated by the non-
planar “butterfly” conformation of the PTZ unit. The synthesis and photovoltaic
characterization of the same dye, coded PtC6, has been previously reported by Yang

et al.,57

and related PTZ-based dyes with different alkyl chains have also been widely
investigated, namely a C4Ho, 2 an 2-ethyl-hexyl chain (C;Hs-CeH)») % and a C,H; o8
chains, with the corresponding dyes coded T2-1, PR6C1 and SB respectively.
Contrasting optical properties for PTZ-based dyes in solution and upon adsorption on
TiO, have been reported, with sizable solvatochromic shifts reported from THF to

CH,Cl, solutions and moderate to strong blue shifts being observed upon dye

adsorption on TiO,, see below.

Understanding the structural and electronic properties of the dye-sensitized

interface from an atomistic computational modeling perspective is a pre-requisite for
6
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the subsequent molecular engineering of new dyes with improved characteristics, thus,
here we have systematically studied the effect of the CS1A dye protonation,

solvatochromism and dye binding to TiO,, including aggregation, on the optical

©CoO~NOUTA,WNPE

10 properties of this system. By combining basic UV-vis spectroscopic investigations
12 with DFT/TDDFT calculations we show that the optical properties of phenothiazine-
14 based dyes are much more sensitive to the type of explicit interactions with the

solvent than to aggregation on the TiO; surface.
2. Experimental and Computational Details
2.1 Synthetic procedure.

The synthesis of the CS1A dye is described in Scheme 1. Commercially available
28 phenothiazine was subjected to N-alkylation using bromohexane followed by
30 Vilsmeier-Haack  formylation. The resulting 10-hexyl-10H-phenothiazine-3-
32 carbaldehyde underwent smooth Knoevenagel condensation with cyanoacetic acid to

34 afford CS1A in 75% yield.

37 Scheme 1: Synthesis of CS1A

“ CED%CEJ@ — =T - O

6H13 CSH13 CGH13

45 1 2 CS1A

48 Reagents & conditions: (i) NaH, DMF, 1-dibromohexane, RT, overnight (ii) DMF,
50 POCl3, 1,2-dichloroethane, reflux overnight (iii) Piperidine, CHCI3, cyano aceticacid,

reflux, 8hrs.
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The synthetic route of compounds 1 and 2 is reported in Supporting Information,
along with the NMR spectra of compounds 1, 2 and CS1A, Figures S1, S2 and S3
respectively. For the synthesis of CS1A, compound 2 (130 mg, 0.466 mmol) in
CHCI; (8 mL) and 2-cyanoacetic acid (99 mg, 1.165 mmol) were refluxed for 8 h in
the presence of piperidine (0.151 mL, 1.538 mmol). After cooling to room
temperature, 5 mL of 2 M aqueous HCI was added and the mixture was stirred for 30
min. Then the mixture was washed with water and extracted three times with
chloroform. The combined organic fractions were washed with brine and dried over
Na,S0O4. The solvent was removed under reduced pressure and the residue was
purified by column chromatography using methanol/dichloromethane (1/9; v/v) as

eluent to give dark red powder CS1A (75%).
2.2 Preparation of the TiO, substrate

Fluorine-doped tin oxide coated (FTO) glass electrode (Nippon Sheet Glass Co.,
Japan) with a sheet resistance of 8—10 ohm m™ and an optical transmission of >80%
in the visible range was used. Anatase TiO, colloids (particle size ~13 nm) were
obtained from commercial sources (Ti-Nanoxide D/SP, Solaronix). The
nanocrystalline TiO, thin films of approximately 20 pm thickness were deposited
onto the conducting glass by screen-printing. The film was then sintered at 500 °C for
1 h. The film thickness was measured with a Surfcom 1400A surface profiler (Tokyo
Seimitsu Co. Ltd). The electrodes were impregnated with a 50 mM titanium
tetrachloride solution and sintered at 500 °C. The dye solutions (2 x 10-4 M) were
prepared in 1:1 acetonitrile and fert-butyl alcohol solvents. The electrodes were
immersed in the dye solutions and then kept at 25 °C for 20 h to adsorb the dye onto

the TiO, surface.
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2.3 Computational Details

We modeled both the real CS1A / PtC6 (-C¢H,3 chain) dyes and the T2-1 dye (-C4Hy
chain). This allows us to gain insight into the impact of the alkyl chain length in
affecting the aggregation pattern. A neutral, stoichiometric (TiO;)s3 cluster exposing
anatase (101) surface was used as our TiO; model.* 7 Tt was recently shown that
TiO, anatase slabs of thickness similar to our cluster nicely reproduce the electronic
structure of thicker films.”"" 7> We carried out geometry optimization of the stand-
alone dyes and dyes@ (TiO;)35 using the B3LYP hybrid functional and a standard 6-
31G* basis sets. Solvent effects were added using the polarizable continuum model of
solvation (C-PCM)” as implemented in the Gaussian 09 code.” Geometry
optimizations were followed by excited state TDDFT calculations to simulate the UV-
vis spectra of the dyes in solution and of the surface adsorbed dyes and their
aggregates. The spectral profiles have been obtained by gaussian convolutions with

FWHM=0.37 eV.

To model the dye aggregation pattern, we choose four possible positions (P) for
adsorption of dye on TiO, nanoparticle ( Figure 2). Here, positions P2 and P3 are used
to model weakly interacting aggregates (a0), positions 1 (P1) and 2 (P2) are utilized to
model aggregate 1 (al), positions 2 (P2) and 3 (P3) are used for aggregate 2 (a2).
Aggregate formation with position 1 and position 4 is structurally hindered due to
presence of butyl chain. Here, the butyl chain of dye adsorbed at P4 clashes with the

dye adsorbed at P1.
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Figure 2. Aggregation scheme for the T2-1 dimeric configurations adsorbed on the
(TiO,)33. Here, a0 involves positions (P2 and P3), al involves positions P1 and P2 and

a2 involves positions (P1 and P3).

Following a previous study from some of us,*® we calculate the interaction energies
for the surface adsorbed dyes by MP2 calculations, both in vacuum and in solution, at

the geometries of the protonated and deprotonated dyes adsorbed on TiO,.
3. Results and Discussion
3.1 Experimental optical properties

A large body of data have been reported in previous studies concerning the variation
of the PTZ-dyes optical properties in solution and when adsorbed on TiO,, which we
collect in Table 1. The experimental UV-vis absorption spectrum of CS1A, here
recorded in tetrahydrofuran (THF) solution, presents two bands, centered at 438

(2.83) and 316 (3.92) nm (eV) as displayed in Figure 3. When changing the solvent
10
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from THF to dichloromethane (DCM), the main absorption peak shifts to 463 nm
(2.68 eV). Our data is perfectly consistent with previously reported data for Pt-C6°" in
THF (438 nm, Table 1) and for PR6C1* in DCM (462 nm, Table 1). The sizable
solvatochromic shift (0.15 eV) observed from THF to DCM solution is quite
surprising, especially considering that the two solvents have a similar dielectric

constant (7.43 and 8.93, respectively).

Upon adsorption of CS1A onto TiO,, the main visible absorption band appears
slightly broadened and red-shifted, with an absorption maximum at 442 (2.80) nm
(eV). Our result is in good agreement with the reported absorption maximum
measured for the PR6C1” and T2-1% dyes on TiO; (433 and 425 nm, respectively)
but differs significantly from the data reported for Pt-C6°’ (392 nm). Our data is also
very similar to what reported for the triphenyl-amine-substituted PTZ dyes of Ref.
[66], dyes coded P1-P3, for which a slight red shift and broadening of the optical

absorption spectrum was reported upon dye adsorption on TiO,.

11
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Figure 3. Top: Absorption spectra of CS1A dye in DCM solution (green line) and in
THF solution (black), with the addition of acetic acid (AA, red line) and with the
addition of TBAOH (blue line). Bottom: Normalized absorption spectra in THF

(black line) and on TiO; film (red line).

12
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Table 1. Survey of the experimental UV-vis absorption maxima of PTZ-dyes in

solution and on TiO,.

Dye code | Alkyl chain | A, (sol.) Amax (TiO,)
SB® C2 439 (THF)
T2-1°7 | C4 452 (CH,CL) 425
Pt-C6’’ | C6 438 (THF) 392
CS1A® | C6 463 (CH,Cl,) 442

438 (THF)

438 (THF+AA)

384 (THF+TBAOH)

PR6C1” | C2-C6 462 (CH,Cl,) 433

? this work

Assuming, that the nature and length of the alkyl chain does not influence the dye
electronic structure, the data in THF are consistently blue-shifted compared to data in
dichloromethane, with our data aligning on this trend. Second, both blue and red-
shifts can be observed upon dye adsorption onto TiO,. These shifts are usually
interpreted in terms of the type of aggregates formed on the surface, although it has to
be stressed that with such a solvent-induced variability on the dye optical properties it
is quite difficult on the basis of this data alone, i.e. of the shift in optical properties
from solution to surface adsorbed dyes, to provide a clear insight into the aggregation

of this type of dyes on titania. As a matter of fact, the solvent induced shifts can be
13
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most likely related to the acid/base chemistry of the cyanoacrylic group, with
deprotonation (occurring in certain solvents) leading to sizable blue-shifted absorption

spectra,75 7

while in absence of aggregation phenomena the optical properties of dyes
on TiO, are somehow intermediate between those of the protonated and deprotonated
dyes in solution. 7® This picture is corroborated by the observed strong blue-shift (0.41
eV) which is measured for the CS1A dye upon addition of the TBAOH base to the
dye THF solution, shifting the absorption from 438 to 384 nm, Table 1. Notably,

addition of acetic acid (AA) to the dye solution in THF does not lead to any sizable

shift, suggesting that the dye is protonated in this solvent.
3.2 Computational analyses
3.2.1 Dyes in solution

To provide a rationale for the observed experimental picture, we have first performed
DFT/TDDFT calculations for the isolated dye in solution. In Figure 4 we report the
optimized geometry of the CS1A dye, which shows the expected non-planar butterfly

conformation, along with isodensity plots of the dye HOMO and LUMO.

14
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35 CS1A+THF CS1A+DCM

39 Figure 4. Optimized geometries of CS1A, CS1A+ a THF molecules and CS1A+ a
41 DCM molecule. Also shown are isodensity plots of the HOMO and LUMO

molecular orbitals.

To check the effect of different solvents as well as of acid-base chemistry on the dyes
49 optical properties, we performed a series of calculations in different solvents,
51 including one explicit solvent molecule, Figure 4, for the protonated and deprotonated
53 dyes, as summarized in Table 2. From now on we report data in eV, which is a more

55 useful scale for comparative purposes.
58 15
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Table 2. TDDFT-calculated lowest transition energies (eV) for the CS1A dye in THF

and DCM solutions, for the protonated and deprotonated dyes (1* and 2" column).

The 3™ and 4™ columns report results for the protonated dye interacting with an

explicit solvent molecule (either THF or DCM).

Solvent
THF DCM THF+1THF | DCM+1DCM
Prot. | Deprot. | Prot. | Deprot. Prot. Prot.
2.56 2.96 2.55 2.99 2.63 2.53
So—)Sl
(0.33) | (0.00) | (0.34) | (0.00) (0.35) (0.35)
3.45 3.16 3.45 3.15 3.53 343
So—)Sz
(0.34) | (0.31) | (0.34) | (0.32) (0.34) (0.35)
3.98 3.24 3.99 3.27 4.01 3.98
So—)S3
(0.20) | (0.02) | (0.20) | (0.01) (0.22) (0.22)

The protonated CS1A features a single Sy—S; transition of HOMO—LUMO

character, Figure 4, which is responsible of the main visible dye absorption. The

HOMO shows a delocalized charge density over the entire dye with higher

localization on the donor moiety. In the same way, the LUMO is also delocalized over

ACS Paragon Plus Environment
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the entire dye with higher localization on the acceptor moiety. Greater localization of
HOMO on donor and LUMO on anchor moieties is desirable to realize an efficient
charge separation leading to push-pull effect. The Sp—S; transition is calculated at
2.56 and 2.55 eV in THF and DCM, respectively. It is clear how the simple use of a
continuum solvation model provides very similar optical properties for this system, as
expected on the basis of the similar dielectric constant of THF and DCM, missing the
above-mentioned 0.15 solvatochromic shift. For the deprotonated dye the So—S;
transition (2.96/2.99 eV) has zero oscillator strength, followed at higher energy by an
intense So—S, transition, which we calculate at 3.16 and 3.15 eV in THF and DCM,
respectively. The strong blue shift of the absorption maximum, which nicely parallels
the measured spectral shifts, stems from the strong LUMO destabilization which is
only partly offset by the HOMO destabilization, as is typically observed for

cyanoacrylic-based dyes.”®

The calculated data for the protonated dye are slightly red-shifted (0.13 eV)
compared to the experimental absorption maximum in DCM (2.68 eV), possibly due
the dependence of B3LYP on 0.2 R™" instead of exact R™' (R is the charge separation
distance).”™ ”*  We also repeated TDDFT calculations in DCM using the CAM-
B3LYP functional,79 to check whether improved results could be obtained. Our data
showed intense Sy—S; transitions of 3.19 and 3.72 eV for the protonated and
deprotonated dye, respectively, which are notably blue-shifted compared to the
experimental absorption maxima. Thus, keeping in mind the 0.13 eV shift of the
calculated absorption spectra compared to experimental data, the B3LYP functional
seems to provide results in closer agreement with the experiment. The effect of the

exchange-correlation functional was also checked for dyes on TiO,, see below.

17
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To check the effect of explicit solvation on the calculated optical properties,
we considered a THF and a DCM molecule binding the dye carboxylic group, bottom
of Figure 4, optimizing the dye/solvent geometries in the respective continuum
solvent. The idea is that hydrogen bonding to the THF oxygen and possibly to the
DCM chloride could lead to some shift in the optical properties, analogously to what
is observed upon dye deprotonation. Our results show indeed a sizable interaction
between the protonated carboxylic group and the THF oxygen, as signaled by a
hydrogen-bond distance of 1.67 A. As expected, a rather weak interaction is
calculated between the carboxylic group and the DCM solvent, with a H-CI distance
of 2.47 A. The explicit dye/solvent interactions translate into a sizable blue-shift (0.07
eV) of the main visible absorption band for the dye+THF system, compared to the
isolated dye in THF solution, while the dye+DCM systems shows a modest red-shift
(0.02 eV). On overall our data including explicit solvation show a solvatochromic
blue-shift of 0.10 eV going from THF to DCM, which nicely compares with the

experimentally observed 0.15 eV shift.
3.2.2 Dyes on TiO,

We now move on to describe the properties of the TiO;-adsorbed dye. Here for
simplicity we initially simulated the adsorption of the CS1A dye with a C4-alkyl
chain (i.e. the T2-1 dye), moving to the real CS1A dye in the second stage of the
calculations. To study the surface-adsorbed dye @TiO, complexes, we considered the
dye to be adsorbed in a dissociative bridged bidentate mode, Figure 5.

Kalyanasundaram and Griitzel*

have discussed several adsorption mode of carboxylic
acid anchor on titania surface. Recently, FT-IR experiments and computational

investigationslz’ 19- 8189 have indeed suggested that both acetic and cyanoacrylic acid

18
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groups anchor on the TiO; surface through bidentate carboxylate anchoring.
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Figure 5. Left: Calculated absorption spectra (eV) of the single dye on TiO,, and of
the a0, al and a2 aggregates on TiO,, along with calculated absorption maxima.

Right: Optimized structures of the corresponding systems.

By looking at the alignment of the dye MOs with the semiconductor energy
levels, Figure 6, we observe that the HOMO (found at -5.49 eV), lies, as expected,
within the HOMO-LUMO gap of the TiO, nanoparticle, whereas the dye LUMO (-
2.59 eV) lies far above the TiO, conduction band bottom. This alignment of MOs
suggests that the excitation of dye should results in efficient electron transfer to
conduction band of TiO, nanoparticle. The isolated TiO, nanoparticle gives first
excitation at 3.79 eV, which is in agreement with the experimental values for TiO,
nanoparticle of a few nanometer size.” %! Upon adsorption on TiO,, the dye LUMO
partly mixes with TiO;, unoccupied states, leading to a broadening of the isolated dye
LUMO. The electronic structure of the various aggregates is rather similar to that of
the TiO,-adsorbed single dye, apart from the slight splitting of the HOMOs due to the

presence of the aggregates.

21
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Figure 6. Molecular orbital energy level diagram of isolated (TiO,)3;s nanoparticle (1),
isolated dye (2), dye@TiO, complex (3), a0@TiO, aggregate (4), al @TiO, aggregate
(5) and a2@TiO, aggregate (6). Here, red represents localization of MOs on the dye,
green represents MO localization on the nanoparticle and blue MO localized on both
dye and nanoparticle. The values within parenthesis are the TDDFT excitation
energies corresponding to the lowest intense transitions, see Table S1 of Supporting

Information. For TiO, the indicated excitation refers to the lowest excited state.

The B3LYP/TDDFT calculated UV-vis spectrum for the single dye on TiO,,
surrounded by the DCM solvent, shows an absorption maximum at 2.38 eV, see
Figure 5. This data is red-shifted by 0.17 eV compared to the calculated absorption
maximum for the isolated dye in DCM solution (2.55 eV). The observed red-shift is
possibly due to the artificial lowering of the dye@TiO, excited states due to the
increased charge-transfer characterizing the surface-adsorbed dye,75 although a slight
modulation of the absorption properties due to the interaction of the deprotonated dye
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carboxylic group with the undercoordinated surface Ti(IV) ions is also likely to occur.
To check the effect of the increased charge-transfer due to the dye/semiconductor
interaction we performed CAM-B3LYP/TDDFT calculations on the single dye on
TiO, in DCM solution, maintaining the same optimized geometry, finding a lowest
and intense excitation energy at 3.10 eV, i.e. 0.09 eV red-shifted compared to the
isolated dye in solution. Notice that, as previously found,” the alignment of
dye/semiconductor excited states is not correctly reproduced by CAM-B3LYP, which
positions the intense dye—dye excited state about 1 eV below the lowest
dye—semiconductor excitation. It is in any case interesting to notice that, despite the
strong overestimate of the excitation energies for both the isolated and surface-
adsorbed dye by CAM-B3LYP, the slightly reduced red-shift observed upon dye
adsorption with this functional (0.09 eV) compared to B3LYP (0.17 eV) is possibly
related to an improved description of the excited states for the surface-adsorbed dye
compared to the dye in solution, which are characterized by an increased degree of
charge-transfer. Taken together, our results indicate that a red-shift of the optical

absorption spectrum accompanies the dye interaction with the semiconductor.

Considering the somehow problematic description of dye/semiconductor
excited state alignment found by CAM-B3LYP, and the similar behavior upon dye
adsorption on TiO,, results obtained by the B3LYP functional are mainly discussed
here. The calculated absorption spectrum consists of several photo-excitations, Figure
5. A few of these excitations showing comparable oscillator strengths along with their
contributing molecular orbitals (MOs) are tabulated in Table S1 of Supporting
Information. All these excitations are originated from the HOMO, lying at a similar

energy to that of isolated dye, Figure 6, and mainly localized on the dye. Among the
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several unoccupied orbitals involved in these excitations, the LUMO+6, LUMO+7
and LUMO+49, localized both on the TiO, substrate and the dye, show major

contributions to the optical absorption.

Moving to the dimeric aggregates, whose optimized structures are also
reported in Figure 5, our calculated structures show that the a0 aggregate is
characterized by two weakly interacting dyes; the al aggregate shows the two dyes to
form a slipped stack; while the a2 aggregate shows the two dye molecules to adsorb in
a sidewise pattern, see Figure 5. The stability of the dimeric dye aggregates for the
deprotonated dyes suggests that the three investigated structures (a0, al and a2) have
rather similar interaction energies, see Table 3. We also notice that the length of the
alkyl chain (C4 or C6) does not lead to sizable changes in the energetics of the dimer

interaction energies.

Table 3. Interaction binding energies (kcal/mol) for the dimeric aggregates referred

the isolated dye for the deprotonated and protonated systems in vacuo and in DCM

solution.
Binding Energies (kcal/mol)
Configuration C4 (T2-1) C6 (CS1A)

O0H/solv O0H/solv 1H/solv 1H/vac®
a0 34 -3.5 +0.3 +0.2
al 2.1 -1.4 +4.9 +4.3
a2 -1.0 -1.0 +4.8 +5.5

* data in vacuo are calculated on the geometries optimized in DCM.

As expected, the interaction energies for the deprotonated dyes are lower (even
repulsive) than those for the protonated dyes. For the protonated al and a2 aggregates
we calculate a dimer formation energy of 4.9 and 4.8 kcal/mol in DCM solution,
which for a2 (al) increases (decreases) to 5.5 (4.3) kcal/mol in vacuo. On overall this
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data suggests that formation of dye aggregates on the TiO, surface is moderately
energetically accessible. We remark indeed that for the indoline D102 dye, which is
prone to form surface-adsorbed dye aggregates, we calculated MP2 binding energies
for the most stable protonated dimer in vacuo of ~14 kcal/mol, with a value of ~9

kcal/mol for the deprotonated species in solution.”

Regarding the optical absorption properties of the dye aggregates, we notice
that the calculated UV-vis spectra of the a0 system shows an absorption maximum at
2.35eV, i.e. only 0.03 eV red-shifted compared to that of a single dye on TiO,, Figure
5, in line with the weak aggregate interaction characterizing this system. The UV-vis
spectrum calculated for the a0 dimer by CAM-B3LYP shows an absorption maximum
at 3.07 eV, i.e. only 0.03 eV red-shifted compared to that calculated for a single
adsorbed dye (3.10 eV), essentially confirming the trend outlined by the B3LYP data.
For the al and a2 aggregates the B3LYP-calculated spectra show absorption maxima
at 2.39 eV, Figure 5, essentially coinciding with that of the isolated dye on TiO,. On
overall our data suggest that the investigated class of dyes has a moderate tendency to
form aggregates on TiO,, with an associated optical response which, under our
experimental conditions, is quite similar to that of the protonated dyes in solution.
This picture is also in line with the non-beneficial effect of the CDCA co-adsorbent

when used in conjunction with PTZ-based dyes,”" ®

which essentially diminished the
dye loading without improving any photovoltaic parameter, o8 clearly signaling

weakly aggregation dependent photovoltaic properties for these dyes.
4. Conclusions

This study reports and compares the outcomes of solvation and aggregation of two

phenothiazine derived dyes, namely the CS1A/Pt-C6 (-C¢H,s chain) dyes and the T2-
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1 dye (-C4Hg chain), combining basic optical characterization with DFT/TDDFT
calculations. A variety of different optical data has been reported for PTZ-based dyes,
including a strong solvatochromism moving from THF to DCM, and small or strong
blue shifts upon dye adsorption on TiO,. Such spectral shifts can either be originated
from aggregation of surface-adsorbed dye and/or solvatochromism in the initial dye
solution. Understanding the origin of these spectral changes along with their possible
effect on charge-transfer properties is important for the further improvement of dye-
sensitized solar cells, allowing the design of new and more efficient dyes, which

mimise the use of anti-aggregant co-adsorbents.

To understand the origin of the experimental phenomenology, we utilized
different solvation models, including explicit solvation, as well as aggregation models
for the surface adsorbed dyes. Our results suggest that solvation plays a major role in
determining the optical properties of this class of organic dyes, with the
solvatochromism observed moving from THF to DCM (0.15 eV red-shift) being
reproduced only upon describing the explicit solute-solvent interactions characterizing
the two types of solvents. Furthermore this study shows that dye aggregation on the
TiO, surface does not sizably affect the spectral properties of these dyes (<0.03 blue
or red-shifts) and is only moderately energetically favorable, with the length of the
dye alkyl chain (C4 or C6) not affecting the calculated energetics. To quantify the
propensity of PTZ-based dyes to form aggregates on titania we compared the
calculated aggregate stability for the CS1A dye (5.5 kcal/mol) with previously
reported data for the indoline D102 dye (14 kcal/mol), which is prone to form stable
aggregates on the TiO, surface, as revealed by the strong red-shift and broadening of

the optical absorption spectrum measured for this system. Our data thus confirm the
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small propensity of PTZ-based dyes to form aggregates on the TiO, surface, which
also explains the non-beneficial effect of the CDCA co-adsorbent in DSCs employing
this class of dyes. On overall, our study has revealed important new insights into the
understanding of dye aggregation on the TiO, surface, which may assist the molecular
engineering of new and more efficient dyes sensitizers and a deeper comprehension of

the dye-sensitized heterointerface.
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