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ABSTRACT: Adsorption of the carboxylic anchoring dye, p-
ethyl red (p-ER), onto TiO, nanoparticles in protic vs aprotic
solvents was studied in situ using the surface-specific
technique, second harmonic light scattering (SHS). Two
different adsorption schemes were proposed to account for p-
ER interactions with TiO, under different solvent environ-
ments. In aprotic solvents, p-ER adsorbs directly onto TiO,.
Conversely, in protic solvents, in which solvent molecules
bind stronger than p-ER with TiO,, the dye molecules adsorb
onto the solvent shell around the particle but not directly to
the TiO, surface. In addition, a portion of the p-ER molecules

ACN

EtOH

form hydrogen bonds with the protic solvent molecules. The two different adsorption models reproduce the measured
adsorption isotherms detected by SHS. Specifically, the p-ER molecules adsorb with a smaller free energy change and a larger
density in protic solvents than in aprotic solvents. Our results indicate that protic solvents are undesirable for administering
adsorption of carboxylic dyes in dye-sensitized solar cell applications as the dye molecules do not directly adsorb onto the TiO,

particle.

I. INTRODUCTION

Dye-sensitized solar cells (DSSC), a third-generation solar cell
technology, have been in development since O’Regan and
Gratzel's 1991 report.' In DSSC, excited carriers are first
generated in light-absorbing organic dyes adsorbed on a
semiconductor surface and are subsequently transported into
the semiconductor particles."” TiO, is a well-known semi-
conductor for DSSC because of its desirable bandgap as well as
the fact that it is nontoxic and easy-to fabricate.” > The
selection of the dye is based on its ability to absorb light, its
energetics relative to the semiconductor bands, and its
interaction with the semiconductor surface to facilitate charge
transfer.”” Dye molecules containing carboxylic groups are
routinely employed due to these considerations.”®” The
overall efficiency of a DSSC depends on the number of dye
molecules adsorbed at the semiconductor surface and the
electron injection rate from the dye to the semiconductor,'""
both of which depend on interactions between the dye and the
semiconductor'>"* and are known to be affected by the
solvents used in the dye adsorption process.””~"*

In general, solvents can be classified into two categories
based on their ability to donate protons, protic and aprotic."
Protic solvents, such as ethanol and 2-propanol, can donate
protons easily and enable hydrogen bonding among neighbor-
ing solvent molecules and between dye and solvent molecules.
In contrast, for aprotic solvents (such as acetonitrile), the
interactions are typically through dispersion forces. We have
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previously characterized the effect of several aprotic solvents
on the adsorption of the dye, p-ethyl red (p-ER), at the TiO,
particle surface."® It was found that more polar solvents (e.g,,
acetonitrile) resulted in larger adsorption free energies.
Additionally, an ultrafast transient absorption study of electron
injection from p-ER to the TiO, surface showed faster
injection rates as solvent polarity increases.”’ These results
demonstrated that polar aprotic solvents are a better choice for
DSSC fabrication with dyes containing carboxyl anchoring
groups.

We note that protic solvents have also been tested in the
DSSC fabrication process.' ' For example, for Monascus Red
dye-sensitized solar cells, protic solvents such as water and
ethanol were found to give lower conversion efficiency than the
polar aprotic solvent, dimethyl sulfoxide (DMSO).”' In
another study, it was found that adsorption number density
of an infrared organic dye (NK-6037) on TiO, increased
dramatically in alcoholic solvents with decreasing dielectric
constants.'® However, the general understanding of how protic
solvents affect dye adsorption on TiO, is still lacking.
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It is anticipated that dyes with carboxylic groups will be
subjected to hydrogen bonding in protic solvents, in contrast
to the absence of hydrogen bonding in aprotic solvents.
Hydrogen bonding to solvent molecules should reduce the
tendency for the dye to bind to the TiO, surface. Furthermore,
alcoholic protic solvent molecules may form strong covalent
bonds with the semiconductor surface,”* > which would
subsequently hinder interactions between the carboxylic dyes
and TiO,.

To quantitatively determine the adsorption characteristics
for dyes interacting with TiO, colloidal particles we use the
surface specific technique, second harmonic light scattering
(SHS).*™** SHS signal can be generated from molecules
aligned on the surface of a particle. SHS has been
demonstrated as a versatile tool for accurate measurement of
the adsorption density and free energy of molecules on
colloidal particle surfaces and has already be applied to
characterize adsorption of a carboxyl anchoring dye onto TiO,
particle surfaces in aprotic solvents."”

In this study, ethanol and 2-propanol were chosen as
representative protic solvents in which adsorption of p-ER
onto the surface of TiO, nanoparticles was measured by SHS.
The adsorption characteristics are compared with those
measured for the aprotic solvent acetonitrile. It is found that
strong binding of protic solvent molecules prohibits direct
adsorption of p-ER directly onto the TiO, particle surface.

Il. MATERIALS AND METHODS

Materials. Titanium oxide nanopowder/nanoparticles
(TiO,, rutile, high purity, 99.9%, 165 nm) was obtained
from US Research Nanomaterials Inc. The average size was
characterized by scanning electron microscopy (SEM) to be
160 + 40 nm in diameter. Rutile (110) has the dominating
presence at the TiO, particle surface based on powder X-ray
diffraction measurements."> Additional characteristics of the
TiO, particle can also be found on the company’s Web site.
Acetonitrile (ACN, >99.93%) and 2-propanol (IPA, >99.5%))
were purchased from Sigma-Aldrich. Ethanol (EtOH, 200
proof-Absolute, Anhydrous) was purchased from Pharmco-
Aaper Inc. p-Ethyl Red (p-ER) dye was synthesized according
to the procedure reported in our previous publication.” A
typical particle density of roughly 3.9 x 10° TiO, particles/mL
was used for the SHS experiments.

Second Harmonic Light Scattering (SHS). The
experimental setup used in this work has been previously
described."® Briefly, the output of a Ti:sapphire oscillator
(Coherent Micra-S, average power 350 mW, 80 MHz
repetition rate, SO fs pulse duration) at 800 nm was used as
the fundamental for the SHS measurement. The laser beam
was focused at the center of a glass tube (inner diameter 0.8
cm, outer diameter 1.0 cm) containing the colloidal suspension
of TiO, particles. A magnetic stirrer was placed inside the tube
to ensure homogeneous mixing of the dye and TiO, particles.
A photomultiplier tube (R1527, Hamamatsu) operated at 1000
V and interfaced with a single photon counting system
(Stanford Research System SR400) was used to detect the
SHS signal. A long pass filter was placed before the sample to
remove any second harmonic (SH) signal from materials in the
path of the fundamental beam, and a short pass filter was used
to filter out the fundamental light before the monochromator
(Acton 300, Grating 300 grooves/mm, blazed at SO0 nm). All
experiments were performed at room temperature (22 + 1
°C). The stir bar and glass tubes were cleaned with piranha
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solution (H,0,:H,SO, volume ratio 3:7), rinsed thoroughly
with deionized water (18.2 MQ-m), and then dried before
experiments.

Dynamic Light Scattering (DLS). The hydrodynamic size
of TiO, nanoparticles (NPs) in different solvents were
measured with a Malvern Zetasizer Nano ZSP. Similar to the
SHS experiments, a density of 3.9 X 10° TiO, particles per mL
solution was used for the DLS measurements. The dielectric
constants>>¢ used for ACN, EtOH, and IPA are 37.5, 24.3,
18.3, respectively. The refractive index®® used for ACN, EtOH,
and IPA are 1.342, 1.359, and 1.383, respectively. Measure-
ments were conducted at (25.0 & 0.1) °C with the 632.8 nm
laser output. A total of three measurements were acquired for
each sample.

Fourier Transform Infrared (FTIR) Spectroscopy. FTIR
spectra were recorded on a Thermo Nicolet Magna 860 FTIR
spectrometer with a spectral resolution of 0.5 cm™" averaging
128 scans, equipped with a MCT detector cooled by liquid
nitrogen. A homemade sample holder assembly, which has an
optical path-length of a 25 um (defined by a plastic spacer),
was used to allow measurements of the solute in solvent and
solvent spectra in a single experiment. The final reported
results correspond to the absorbance of the solute, in which the
pure solvent signal has been removed by subtraction.

Computational Methods. Ab initio calculations were
performed in order to deduce the magnitude and spatial
orientation of the frequency-dependent first hyperpolarizability
tensor elements, f(—2w;w,w), for p-ER under different solvent
conditions. Specifically, time-dependent density functional
theory (TD-DFT), using the Coulomb attenuating method
(CAM),”” was used to characterize the 10 lowest energy
excited electronic states of p-ER at the cam-B3LYP/6-
311+G(2d,p) level of theory. Frequency dependent hyper-
polarizabilities were calculated using the Polar CPHF
(RdFreq) keyword. Solvent effects were modeled using the
SCRF = (PMC, Solvent = ***) keyword in which the solvent
was specified as either ethanol or acetonitrile. Additionally,
TD-DFT was used to deduce the magnitude and spatial
orientation of the electronic transition dipole moments for
transitions from the ground state to the ten lowest energy
electronic states. All calculations were performed in the
GAUSSIANO9 suite of programs.’®

lll. RESULTS

Particle Size in Different Solvents. Solvent molecules
may bind to TiO, particles with different strength. Molecules
bound to particles through covalent bonds would appear in
dynamic light scattering (DLS), which measures the hydro-
dynamic size of the particle moving in the solvent, together
with the solvent shell as part of the particle. DLS measure-
ments of TiO, particles in ACN (red line), EtOH (black line),
and IPA (blue line) are shown in Figure 1. The experimental
data was fit to a Gaussian function to deduce the average
hydrodynamic size distribution of TiO,, which was found to be
310 + 73, 483 + 134, and 444 + 156 nm for ACN, EtOH, and
IPA, respectively. It is noted that the hydrodynamic size
(diameter) of TiO, colloids in the protic solvents, EtOH and
IPA, are 100 nm larger than in the aprotic ACN. This
increased size indicates that the protic solvent molecules bond
strongly with the TiO, particle and therefore form a molecular
solvent shell around the particle. In the absence of solvents,
SEM measurements reveal that the average size of TiO,
nanoparticles is 160 + 40 nm, which is roughly 150, 320,
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Figure 1. Dynamic light scattering measurement of TiO, particles in
ACN (red line), EtOH (black line), and IPA (blue line). The average
hydrodynamic size distribution in ACN, EtOH, and IPA is 310 + 73,
483 + 134, and 444 + 156 nm, respectively.

and 280 nm smaller than the hydrodynamic size in ACN,
EtOH, and IPA, respectively. The substantially thicker
solvation shells observed for EtOH and IPA (>150 nm) likely
stems from stronger bonding of the solvent with TiO,.

Second Harmonic Light Scattering. It has been shown
that p-ER can facilitate second harmonic generation (SHG)
following irradiation with 800 nm light. The resulting 400 nm
SH light is resonantly enhanced."> As p-ER adsorbs onto a
surface, molecule—surface interactions (as well as interadsor-
bate interactions) align the adsorbed p-ER molecules so that
the SH light generated by these molecules constructively
interfere. Conversely, SH light generated by randomly oriented
p-ER molecules in solution destructively interfere and cancel
with each other. Consequently, SHS signal detected from
samples containing colloidal TiO, and p-ER reflects the
amount of p-ER adsorbed on the particle surface.

Figure 2 displays the SHS intensities measured as a function
of the p-ER concentration added into the TiO, colloid in
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Figure 2. Experimentally measured adsorption isotherm of p-ER onto
TiO, nanoparticle surface in ACN (red dots), EtOH (black dots), and
IPA (blue dots). The solid curves are fits based on different Langmuir
adsorption models: eq 3 for ACN and eq 6 for EtOH and IPA. Inset
shows the normalized SH intensity curves.

different solvents. The SHS intensity at each data point was
recorded after it reached a constant value following the
addition of the dye, indicating that equilibrium has been
reached at that specific p-ER concentration. The red dots are
the SH intensities from p-ER molecules adsorbed on TiO, in
ACN. The SH signal reached saturation at the low
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concentration of only ca. 5 yM. The black dots are SH
intensities from p-ER adsorbed on TiO, in EtOH, where the
signal reaches saturation at ca. 25 M. Blue dots are from p-ER
adsorbed on TiO, in IPA, where saturation is observed at ca.
20 uM, similar to the EtOH result. The maximum SH intensity
of p-ER adsorbed on the TiO, surface in ACN is almost 25
times larger than the signal for either EtOH or IPA. The insert
in Figure 2 shows the SH intensity as a function of p-ER
concentration with the maximum of each SHS curve
normalized to the same magnitude.

Next, we consider competing solvent effects on the
adsorption of p-ER on the TiO, surface. Specifically, we
monitor changes in the measured SH intensity from a sample
containing colloidal TiO, in ACN, a constant concentration of
p-ER, and increasing concentrations of EtOH. Figure 3 shows
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Figure 3. Normalized SHS signal from a sample containing 10 uM p-
ER and TiO, in ACN colloid as a function of EtOH concentration
added. The decrease of the SHS signal indicates that EtOH can
displace adsorbed p-ER molecules from the TiO, surface in ACN.

the normalized SHS signal from 10 yM p-ER interacting with
TiO, in ACN colloid, as a function of EtOH concentration
added. The first point is the measured SH signal without EtOH
and was normalized to 1. Importantly, the SHS signal is
observed to decrease as the concentration of EtOH increases.
Specifically, the SHS signal decreases to 0.5 when 10 uM
EtOH was added (i.e., corresponding to equal parts p-ER and
EtOH) and the signal decays to less than 0.1 when 0.1 M
EtOH was added.

IV. ANALYSIS

The SHS intensity, Igys, can be quantitatively analyzed for
extraction of information such as the adsorption free energy
and the density of surface adsorbed dye. Experimentally, Iy is
related to the square of the p-ER surface coverage, 6, which is
defined as the ratio of the number of surface adsorbed dye
molecules (N) to the maximum number of adsorption sites
(N ) on the nanoparticle surface:**%7~4

Igyg A (1)

Here A is a proportionality scaling constant that is intrinsically
related to the ensemble average of the hyperpolarizability of p-
ER adsorbed on the particle surface.

p-ER in Aprotic Solvents. The surface coverage of p-ER
on the TiO, surface at any given dye concentration in the
colloidal solution can be quantitatively described by the
Langmuir model. For an aprotic solvent like ACN the coverage
is determined by the adsorption equilibrium:
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Table 1. Fitting Parameters, Including the Proportionality A Constant and the Maximum Number N,,., of p-ER Adsorbed onto
TiO, Particles, the Binding Constant K in ACN, and the Scaled aK in EtOH and IPA“

aprotic ACN protic EtOH IPA
A 257800 + 998 A 8672 + 148 9478 + 133
N,... (uM) 1.58 + 0.04 N (uM) 182 + 0.4 150 + 03
19/K (uM) 0.08 + 0.01 1/aK (uM) 0.13 + 0.06 0.11 + 0.04
K (24 +0.3) x 10 ak (M) (7.5 + 3.4) x 10° (8.8 + 3.4) x 10°
AG (kcal/mol) —114 + 0.1 AG (kcal/mol) —94 + 02 -9.5+02

“The free energy AG is calculated from K or aK.
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Figure 4. FTIR spectra of p-ER in ACN (a) and EtOH (b). Peaks at 1598.2 and 1599.2 cm™" correspond to aromatic modes. Peaks at 1722.1 and
1719.3 cm™" correspond to COOH stretches. The new peak at 1698.5 cm™ (in EtOH) is the hydrogen-bonded COOH stretch. The broad band

near 1640 cm™

in the ACN spectrum corresponds to residual signal from the ACN solvent not removed from the subtraction procedure.

ka
D+ TS=DT + S
kd

)

Here a p-ER dye molecule (D) moves onto a surface
adsorption site (TS), displaces an adsorbed solvent molecule
(S) from the surface into the solution, and becomes adsorbed
(DT). The adsorption and desorption rates are denoted as k,
and kg, respectively. 8 is related to the total concentration of p-

ER in solution:*"*73°
N
0= —_
Nmax

(C + N, + %) -~ \/<C + N, + %)2 — 4CN,,,
- 2-N_ ..

)

where N, and the adsorption equilibrium constant, K = k,/kg,
can be obtained from a nonlinear least-squares fit of the
adsorption isotherm in Figure 2. K can then be used to
calculate the adsorption free energy AG,q. The numerical
constant 19 corresponds to the molar concentration of pure
ACN in units of mol/L.

The fit deduced N, for p-ER on TiO, in ACN is 1.58 +
0.04 uM (Table 1), which is similar to the theoretical
maximum number 1.5 uM. The adsorption free energy is
—11.4 + 0.1 kcal/mol.

p-ER in Protic Solvents. Adsorption of p-ER onto TiO, in
protic solvents, such as EtOH and IPA, differs from that in
aprotic solvents due to two primary considerations: (1) p-ER
can form hydrogen bonds with solvent molecules, and (2)
protic solvent molecules strongly bind to the TiO, surface.

The existence of hydrogen bonded p-ER can be identified in
the IR absorption spectrum. Figure 4 depicts the FTIR
absorption spectra for p-ER and TiO, in ACN (Figure 4a) and
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EtOH (Figure 4b). All the observed spectral resonances can be
assigned as follows except the broad band near 1640 cm™ in
the ACN spectrum which is an artifact resulting from the
subtraction procedure aimed at removing the signal from the
ACN solvent. The bands at 1598.2 and 1599.2 cm™!
correspond to the aromatic modes (Vyomaic) of p-ER in
ACN and EtOH, respectively. Likewise, the bands at 1722.1
and 1719.3 cm™" are the C=0 stretch mode (vcoop) of the
carboxylic groups of p-ER in ACN and EtOH, respectively.
The peak at 1698.5 cm™! in EtOH, but not in ACN, is
assignable to hydrogen bonded carboxylic groups of p-ER. The
measured intensity ratio between hydrogen bond COOH
(1698.5 cm™") and free COOH (1719.3 cm™") is roughly 2:1,
strongly suggesting that the ratio of hydrogen bonded COOH
to free COOH is about 2:1.

Protic solvents like EtOH and IPA bind strongly to
TiO,.”*"* The strong binding is supported by the particle
size measurements described in the previous section.
Furthermore, previous studies have reported that the
adsorption free energy for a hydroxyl group (—OH) interacting
with a TiO, surface is comparable to that of a carboxyl group
(—COOH).***™* We therefore expect that, in alcoholic
solvents, it is unlikely that p-ER will displace a solvent
molecule from the TiO, surface. This is especially true for our
experimental conditions in which the p-ER concentration is
orders of magnitude smaller than the solvent (i.e., uM vs M).
Instead, we anticipate that p-ER would predominantly adsorb
onto the solvent shell around the TiO, particle.

The adsorption of p-ER can therefore be described by two
distinct equilibria: (1) the hydrogen bonding equilibrium for p-
ER and solvent molecules forming hydrogen bonded p-ER
(represented by DHS)

k
D + S = DHS
kl

(4)
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Scheme 1. Different Adsorption Models for p-ER onto TiO, Nanoparticle Surfaces in ACN and EtOH"
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“In ACN, p-ER can replace the adsorbed ACN and chemically bind with TiO,. In EtOH, p-ER interacts with the EtOH solvation shell covering the

TiO, particle.

and (2) the adsorption equilibrium of p-ER onto a surface site
of the solvent shell (represented by DTS)

ka
D + TS = DTS
k, 5)

Consequently, the dye surface coverage for protic solvents
can be expressed as*’

N
0= ——
Na.x

m

(C + N, + ﬁ) - \/<C + N, + ﬁ)z — 4CN,,
- 2N,

max

(6)

where a = 1/(17K; + 1), in which K, is the equilibrium
constant of eq 4 and K is the equilibrium constant of eq S.
Nonlinear least-squares fittings of SH intensities as a function
of p-ER concentration in EtOH and IPA yield values of aK and
N,
The N,,,, of p-ER on TiO, in EtOH and IPA obtained from
the fitting (reported in Table 1) are 18.2 + 0.4 uM and 15.0 +
0.3 uM, respectively. These are more than 10 times higher than
the theoretical maximum number 1.5 ygM. The hydrogen bond
scaled adsorption free energy of p-ER on TiO, in EtOH and
IPA are =94 + 0.2 and —9.5 + 0.2 kcal/mol, respectively.
Both are 2 kcal/mol less than the adsorption free energy in
ACN.

V. DISCUSSION
V.A. Adsorption of p-ER on TiO, in Protic vs Aprotic

Solvents. In our previous report, effects of aprotic solvents
on the adsorption of p-ER onto TiO, nanoparticle surfaces
were examined using SHS. We found that more polar solvents,
like acetonitrile, result in a larger adsorption free energy change
for p-ER adsorption. Here, using the same experimental
approach, we characterize the effect of protic solvents on the
adsorption of p-ER on TiO, particles. In protic solvents, the
solvent molecules bind strongly to the TiO, surface and
compete against direct dye adsorption onto the particle
surface. Further, hydrogen bonding between solvent molecules
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and p-ER reduces the quantity of p-ER molecules that may
adsorb onto the particle surface.

Hydrogen bonding between the solvent hydroxyl group and
the carboxylic group of the dye has already been discussed."
Here, hydrogen bonding specifically between EtOH and p-ER
was confirmed by FTIR measurements (Figure 4).

The interaction of alcohols on TiO, surfaces has previously
been studied."””™ The chemisorption and dissociation of
alcohols on TiO, surfaces have been observed.””> Our DLS
measurements in Figure 1 show that the TiO, hydrodynamic
size is 1.5 times bigger in EtOH and IPA when compared with
that in ACN: indicating that EtOH and IPA strongly bind onto
the TiO, particle and form a solvent shell. Consequently, in the
presence of protic solvents, p-ER likely adsorbs to the solvation
shell, rather than the TiO, particle surface.

Our analysis shows that the adsorption free energy change
for p-ER adsorption onto TiO, in ACN is roughly 2 kcal/mol
larger than in EtOH and IPA. This difference is likely due to
the differences in binding sites: ie., in ACN, p-ER adsorbs
directly onto TiO,, whereas in protic solvents, p-ER adsorbs
onto the solvent shell surrounding the particle. The binding
energy between the carboxylic group of p-ER with TiO, is
expected to be stronger than that between the carboxylic group
with the solvent molecules surrounding the TiO, particle.

The N, for p-ER on the particle surface in protic solvents
is deduced to be an order of magnitude larger than in the
aprotic solvent ACN. We note that N, is the total number of
p-ER molecules on the surface and is a product of the surface
area and the adsorption density.

The unit cell dimension of the Rutile TiO, (110) surface is
around 6 A.*” The carboxylic group binding site on the TiO,
(110) surface is expected to be 36 A% which is consistent with
the results suggesting only 1—2 binding sites per nm’ are
available on Anatase p-25 TiO,.** For 160 nm diameter TiO,
particles, the maximum number of adsorbed molecules (N,,,,,)
is calculated to be around 1.5 M. This number compares well
with the 1.58 + 0.04 uM measured for p-ER on TiO, in ACN.
This number is, however, an order of magnitude smaller than
the 18 uM and 15 uM values deduced for p-ER on TiO,
particles in EtOH and IPA, respectively.

To rationalize the much larger N, in protic solvents, we
first consider that the particle size measured in EtOH and IPA
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was 1.5 times larger than in ACN. Correspondingly, the surface
area of the particles in the protic solvents is ~2.25 times larger
than in ACN. Furthermore, the larger particle sizes in the
protic solvents are consistent with the conjecture that there is a
solvent shell around the TiO, particle and that p-ER adsorbs
onto the solvent shell. As reflected by the free energy changes
measured for the different adsorptions in the two different
types of solvents, the dye—protic molecule interaction is
weaker than the dye—TiO, binding. The weaker interaction
depicts that the adsorption of dye on the solvent shell is less
site-specific than on the TiO, surface. Consequently, the
adsorption density on the solvent shell can be larger than on
the TiO, surface. An estimate based on the measured N,,,, and
particle size put the average adsorption site on the particle in
the protic solvents as ~2.5 A% a small but not unreasonable
number considering that the carboxylic group has a 2—3 A’
size.*’

As shown in Scheme 1, two different solvent-dependent
adsorption models are described for interactions of p-ER with
TiO, particles. In ACN, the —COOH group of p-ER
chemically bonds with the Ti atoms of the TiO, and displaces
the surrounding ACN solvent from the TiO, surface.
Conversely, in EtOH, which binds strongly with TiO, to
form a solvent shell around TiO,, p-ER is unable to displace
the EtOH solvent. Instead, p-ER adsorbs onto the surface of
the EtOH solvation shell coating the TiO, particle.

We then ask the following question: Why does a smaller
density of p-ER on TiO, in ACN give more SHS signal than
the protic solvent cases where more p-ER are adsorbed on the
particle? Here we recognize that in addition to adsorption
density, factors like the ensemble orientation and intermo-
lecular interactions of the molecules on the surface may
strongly affect the SHS intensity.

First, consider the orientation of p-ER at the particle surface
in different solvents. It is reasonable to assume that p-ER
molecules are aligned in the same orientation when they
adsorb directly on the TiO, surface with the —COOH group
chemically bound to the Ti atoms.”® In contrast, p-ER
adsorbed on the surface of the EtOH solvation shell, where
the interaction is weaker and the solvent shell molecules may
not be as ordered as the TiO, surface atoms, may not have the
same alignment and therefore yields a more disordered
orientation. Consequently, the ensemble average of the
molecular hyperpolarizability of the aligned molecules on the
TiO, surface may result in a much larger surface susceptibility
than that of the more disoriented molecules on the solvent
shell.

Time-dependent DFT calculations were performed in order
to characterize the magnitude and relative spatial orientation of
the resonantly enhanced first hyperpolarizability tensor
components, f(—2w;»,w), of p-ER in both protic (EtOH)
and aprotic (ACN) solvents. Specifically, we calculated the
f(—2w;w,w) components at 2w = 400 nm, which is in near
resonance with the predicted S, state of p-ER. The molecular
frame orientation of the B(—2w;w,w) components were
predicted to be relatively invariant with respect to solvents,
in which the main projections were aligned predominantly
along the major in-plane molecular axis (x-axis), and (to a
lesser extent) along the out-of-plane axis (z-axis). However, the
magnitude of f(—2w;w,®) showed a clear solvent dependency
in which f(—2w;w,) for ACN was predicted to be ca. 25%
larger than that for EtOH (e, 2.55 X 1072 esu vs 1.91 X
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10726 esu). These calculations further substantiate the validity
of the proposed adsorption models.

V.B. Protic Solvents Bind More Strongly than p-ER
with TiO,. A key factor influencing the adsorption behaviors
of the carboxylic anchoring group of p-ER to TiO, under
different solvent environments is that, as compared to p-ER,
protic solvent molecules tend to bind more strongly with TiO,.
To demonstrate this point, we examine the competitive nature
of absorption between p-ER and EtOH on TiO, particles.

Specifically, we examined what would happen to the
measured SHS signal from a p-ER in TiO,/ACN sample
following addition of increasing concentrations of EtOH. If
protic solvents, such as EtOH, do indeed exhibit stronger
interactions with the TiO, surface, the expected result should
be a reduction in the measured SHS signal as p-ER is displaced
from the TiO, surface. As depicted in Figure 3, the maximum
signal is observed only in the absence of EtOH. As EtOH is
introduced to the sample, and as the concentration of EtOH
increases, the measured SHS signal exhibits a substantial and
monotone decrease. This result strongly indicates that EtOH
displaces surface adsorbed p-ER from TiO, in ACN, and
likewise that EtOH exhibits stronger binding to the TiO,
surface. This is consistent with our proposed adsorption model
that, for protic solvents, p-ER is shielded from direct TiO,
adsorption due to preferential binding of the solvation shell.

It should be noted that some prior studies have reported the
usage of 7protic/ alcoholic solvents in the preparation of DSSC
devices.'”*">! Further, it has been previously reported that
carboxylic-anchoring dyes, such as p-ER, in gaseous conditions
bind to rutile TiO, in several different forms (e.g., bidentate,
monodentate). So how can we reconcile our current
observation that p-ER does not bind to the surface of rutile
TiO, in the presence of an alcoholic solvent? It is important to
note that during the production process of most DSSC devices,
the solvent is eventually evaporated leaving behind the dye
which can then interact with the TiO, surface. In the current
study, we examine the dye-TiO, binding in the presence of
solvent (ethanol) which exists in the colloid with orders of
magnitude higher concentration than the dye. This is a very
different scenario compared to the dry dye—TiO, electrode.
Our study shows that in the presence of alcoholic solvents, p-
ER cannot access the TiO, surface due to preferential binding
of the excess solvent, but adsorbs onto the solvent shell
surrounding the particle. However, during the drying/
evaporation process, p-ER can adsorb to the TiO, surface
following the loss of nearby solvent molecules. In fact, our
results are actually fully consistent with prior studies examining
the dye—TiO, interaction in the absence of solvent.

Interestingly, it is well-known that solvent selection can
significantly affect the overall efficiency of DSSC devi-
5,'°7'%5% even though the solvents are eventually removed
from the electrode. The effects of solvent selection to the
overall efficiency of DSSC devices, however, until recently
remained to be characterized. This and our previous study on
aprotic solvents'’ directly examine the interactions between
the carboxylic anchoring dyes and the TiO, surface in the
presence of solvents, and contribute to the eventual under-
standing of the role of solvents in making the most efficient

DSSC devices.

VI. SUMMARY

The adsorption of the carboxylic anchoring dye, p-ER, onto
TiO, particles in protic (e.g., EtOH, and IPA) vs aprotic (e.g.,
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ACN) solvents was studied using the surface sensitive
technique SHS. IR absorption spectra indicate that portions
of p-ER in protic solvents are hydrogen bonded. Light
scattering measurements show that the particle size of TiO,
in protic solvents is about 50% larger than in the aprotic
solvent. The adsorption free energy and the maximum density
of p-ER on TiO, were determined from analyses of p-ER
adsorption isotherms recorded from the SHS experiments.

Two different models for p-ER adsorption on TiO, particles
were proposed for the two different types of solvents. In the
aprotic solvent (ACN), p-ER dye molecules adsorb directly
onto the TiO, surface and replace the adsorbed ACN
molecules. In the protic solvents, however, it is assumed that
the solvent molecules bind strongly with TiO, and form a
solvent shell. Consequently, as they are unable to displace the
solvent molecules, the p-ER molecules adsorb onto the solvent
shell, but not the TiO, surface. Furthermore, the equilibrium
between hydrogen-bonded and free p-ER is included in the
adsorption model in which only the non-hydrogen-bonded p-
ER adsorbs to the surface. The adsorption models can
quantitatively reproduce the observed adsorption isotherms.
The free energy change for adsorption in the aprotic solvent is
about two kcal/mol bigger than in the protic solvents:
reflecting that binding of p-ER directly to TiO, is stronger
than to the protic solvent shells. Experiments depicting the
competition of adsorption between p-ER and ethanol on TiO,
in ACN further illustrate that the protic solvent molecules bind
stronger than p-ER with TiO,.

Analyses show that there are 10 times more p-ER on the
protic solvent shell than on the TiO, in aprotic solvent, even
though the SHS intensity is stronger for the aprotic solvent
case. This observation is consistent with the adsorption model
in that p-ER moieties directly adsorbed on TiO, are aligned in
the same direction and result in larger surface susceptibility. In
contrast, more p-ER can adsorb on the solvent shell but with
less alignment and thus smaller susceptibility.

These findings show that, for protic solvents, the carboxylic
anchoring dye molecules (like p-ER) do not adsorb directly on
TiO,; instead, they adsorb on the solvent shell that is around
the TiO, particles. On the basis of this observation, it is
reasoned that aprotic solvents (ACN) are more suitable for
mediating adsorption of carboxylic dyes on TiO, for DSSC
applications.
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