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ABSTRACT: Cg—Triphenylamine dyads were synthesized for incorporation as
photoswitched interfacial layers in organic photovoltaic (OPV) cells. Self-assembled
monolayers (SAMs) of these dyads on gold (through S—Au and Cy—Au interactions)
were prepared through one or two adsorption processes, and their packing densities
were fully characterized. Analysis using quartz crystal microbalance (QCM) and
electrochemical impedance spectroscopy (EIS) measurements indicated that all SAMs
exhibit dense coverage on the gold surfaces. Electrochemical desorption in KOH
confirmed that the cis-1 dyad is anchored to the gold surface through its thiol group.
Impedance measurements in the absence and presence of UV irradiation were
performed to observe the photoswitched properties of these surface confined dyads.
Upon UV light exposure of the SAMs, the charge-transfer resistance decreased when
Fe(CN)¢>™/* was used as the probe redox couple and increased with Ru(NH,)s**/%,

confirming the generation of positive charges on the surface upon UV irradiation.
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1. INTRODUCTION

Organic photovoltaic (OPV) devices, while not as efficient
energy-wise as inorganic ones, are considered to be of great
potential for cost efficient solar cell technology because of their
electronic and optical properties, their light weight, and their
mechanical flexibility.'~* A requirement for higher efficiency is
the proper collection of charge carriers while minimizing charge
recombination processes.”* To accomplish this, it is important
to collect the majority of the charge carriers while blocking the
counterparts to create a depletion region to improve the
diffusion and to polarize the OPV device to increase drift
velocities.*® A variety of interfacial treatments and materials
has been used to improve the charge transport/blocking and
the ohmic contacts at both cathode/organic and anode/organic
interfaces.'”"" Poly(3,4-ethylenedioxythiphene):poly-
(styrenesulfonate) (PEDOT:PSS) has been widely used as an
interfacial layer (IFL) which exhibits good hole transport in
contact with tin-doped indium oxide (ITO) in typical OPV
anodes. However, the inhomogeneity of the electrode surface
results in some limiting factors for stability and performance of
OPVs, such as high series resistances, acidity, and low durability
caused by degradation under UV illumination.'>"? It has been
reported that self-assembled monolayers (SAMs) in OPVs can
block currents at the cathode or serve as moisture blocking
layers and as dipolar surface layers to enhance charge
injection."*”'® Moreover, it has been shown that the use of a
polarized SAM as an IFL can increase the photoconversion
efficiency of small-molecule OPV devices."” On the basis of
these reports, electrical polarization at interfacial layers in
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anodes or cathodes should increase the efficiency of OPV
devices. Using donor—acceptor (D—A) dyads with the correct
molecular orientation should lead to D*—A~ charge separated
states upon photoexcitation and in turn to enhanced OPV
device efficiencies. Light-induced charge separation plays an
important role in the design of OPVs based on D—A systems.
Several investigations have shown that the lifetimes of the
charge-separated states (D*—A") can be controlled by different
parameters such as: the nature of the D—A'® spacer (linker)
between the donor and acceptor’” >' and the length and
orientation of the spacer.””** Cg, has been used widely as an
electron acceptor in D—A dyad systems due to its unique three-
dimensional structure, low reorganization energy upon
reduction, and good electron accepting properties.'””>°
Am0n§ the many electron donor molecules that have been
used,”*"?* triphenylamine (TPA) is known as a relatively
strong light absorber and it has excellent hole transporting
properties.”>*”*° In this work, we focused on the design,
syntheses, and analyses of D—A dyad (TPA—C4) SAMs as
IFLs in which the acceptor (Cg) is attached (adsorbed) to the
anode (gold) by an anchoring group (Figure 1). Upon
illumination, the TPA—Cg, dyads form charge-separated states
that should function as hole-blocking/electron transporting
(HB/ET) layers. Electrochemical impedance spectroscopy was
employed to investigate the surface properties of the SAMs
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Figure 1. Concept of photoswitched donor—acceptor (D*—A~) SAM
on a gold surface.

using both a negative as well as a positive electrochemical
probe. Three SAMs containing TPA—Cg, dyads with different
linkers were prepared and their optical, physical, and chemical
properties were investigated using different techniques.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Photoswitched Fullerene-Based Dyads
trans-1 and cis-1. Anhydrous chlorobenzene was purchased from
Sigma-Aldrich and used as received. 4-(Diphenylamino)benzaldehyde
was purchased from Aldrich, and pL-homocysteine was purchased from
TCI America; both were used as received. Cgy 99.5+% was purchased
from SES Research and used as received. 'H and '*C NMR spectra
were recorded on a JEOL ECA 600 NMR spectrometer at room
temperature using CDCl; or CDCl;:CS, as solvent. UV-vis spectra
were collected at room temperature using a Varian UV-vis-NIR Cary
5000 spectrophotometer. Mass spectra were obtained using a Bruker
microFlex MALDI-TOF spectrometer on reflector positive mode
using 1,8,9-trihydroxyanthracene as the matrix.

2.1.1. Synthesis of mono-2-(ethanethiol)-5-((4-diphenylamino)-
phenyl)fulleropyrrolidine (trans-1 and cis-1). Note: this nomencla-
ture should not be confused with Cg, bis-adduct nomenclature. The
general procedure for 1,3-dipolar cycloaddition reactions was
followed.”" C, (100 mg, 0.14 mmol) was added to a 100 mL Schlenk
flask along with 4-(diphenylamino)benzaldehyde (17 mg, 0.07 mmol)
and pr-homocysteine (47 mg, 0.35 mmol). The mixture was dissolved
in 50 mL of anhydrous chlorobenzene and heated to 150 °C under
Argon for 12 h. After 12 h, the reaction mixture was allowed to cool
down and the solvent was finally removed under reduced pressure.
The remaining solid was then dissolved in CS, and chromatographed
using a silica gel column, eluting first with CS, to remove the
unreacted C4, followed by toluene to elute two fractions of
diastereomers (trans-1, 2.0 mg, 3% yield; cis-1, 16.8 mg, 22% yield).
Note: cis-1 was used for SAM formation and analysis.

trans-1. R; = 048 (silica gel, toluene); 'H NMR (600 MHz,
CDClL,) 6 (ppm): 7.58 (d, ] = 8.6 Hz, 2H), 7.24—7.19 (m, 4H), 7.12
(d, ] = 8.5 Hz, 2H), 7.04 (d, J = 8.9 Hz, 3H), 7.01 (t, ] = 7.5 Hz, 3H),
595 (s, 1H), 5.36 (dd, J = 11.5, 3.9 Hz, 1H), 3.28—3.18 (m, 2H),
3.18—3.09 (m, 1H), 3.09—3.01 (m, 1H), 2.68—2.61 (m, 1H), 1.73 (t, J
= 8.0 Hz, 1H). UV—vis 4., (nm): 309, 431; Anal. Calcd for
CeoHyoN,S: C, 92.29; H, 2.08; N, 2.63; S, 3.00. Found: C, 91.13; H,
2.02; N, 2.61; S, 3.12.

cis-1. R;=0.39 (silica gel, toluene); 'H NMR (600 MHz, CDCl,) &
(ppm): 7.63 (d, J = 8.7 Hz, 2H), 7.22—7.18 (m, 4H), 7.08 (d, ] = 8.7
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Hz, 2H), 6.99 (dd, ] = 15.7, 7.6 Hz, 6H), 5.79 (s, 1H), 5.01 (dd, ] =
10.4, 2.7 Hz, 1H), 3.25—2.98 (m, 4H), 2.69—2.61 (m, 1H), 1.70 (t, ] =
8.0 Hz, 1H); *C NMR (151 MHz, CDCl;:CS,) § (ppm): 153.60,
153.45, 153.26, 152.96, 147.90, 147.31, 147.12, 147.09, 146.6S, 146.43,
146.30, 146.20, 146.19, 146.18, 146.14, 146.02, 145.94, 145.88, 145.86,
145.60, 145.48, 145.37, 145.32, 145.29, 145.14, 145.10, 144.60, 144.49,
144.31, 144.23, 143.17, 142.99, 142.68, 142.65, 142.60, 142.47, 142.32,
142.18, 142.10, 142.02, 141.99, 141.86, 141.65, 141.61, 140.13, 140.02,
139.67, 139.41, 137.00, 136.25, 136.06, 135.67, 130.76, 129.31, 129.07,
124.41, 123.40, 123.11, 78.79, 77.16, 76.28, 75.79, 70.56, 37.44, 23.81;
UV—vis 1, (nm): 308, 430; MALDI-TOF MS: calcd. 1067.16 [M +
H]*, found 1067.17 [M + H]*. Anal. Calcd for Cg,H,,N,S: C, 92.29;
H, 2.08; N, 2.63; S, 3.00. Found: C, 91.44; H, 2.04; N, 2.50; S, 3.01.

2.2. Preparation of Self-Assembled Monolayers on Au
Surfaces. Gold on silicon substrates with a thickness of 100 nm Au
over chromium were purchased from Sigma-Aldrich. Substrates were
cleaned prior to SAM formation using sonication with DI water,
isopropanol, and acetone, 15 min each. After drying with a flow of N,
gas, the substrates were left under vacuum for 1 h at SO °C. The
cleaned Au electrodes were immersed for 48 h in a 4 mM ethanol/
toluene (1:3) solution of the desire dyad, unless stated otherwise. The
substrates were rinsed with ethanol and toluene to remove
nonadsorbed molecules from the surface and dried under a nitrogen
gas flow and then stored under vacuum at 50 °C before
electrochemical measurements. Quartz crystal microbalance (QCM)
measurements were used to determine the coverage extent and the
amount of material deposited on the surface of the gold-coated quartz
crystals. A QCM200 Digital Controller and QCM2S5 S MHz Crystal
Oscillator from Stanford Research Systems (SRS) were used. Five
MHz, 1 in. diameter, AT-cut quartz crystal wafers (Cr/Au) with
circular electrodes on both sides were purchased from SRS. The gold-
coated crystals were sonicated in DI water, isopropanol, and acetone
for 5 min each and dried with N, gas before use. Liquid immersion was
the selected technique for the measurements. A crystal holder
containing a clean gold-coated quartz crystal was immersed in a
jacketed beaker containing anhydrous toluene. The temperature was
kept at 25.0 + 0.1 °C during all experiments. A baseline in pure
toluene was established before adding the corresponding compounds.

2.3. Electrochemical Measurements. All electrolyte solutions
for electrochemical measurements were prepared with DI water and
purged with Ar before measurements were made unless stated
otherwise. Electrochemical impedance spectroscopy (EIS) and cyclic
voltammetric (CV) measurements were conducted using a three-
electrode configuration at room temperature. A coiled platinum mesh,
a Ag/AgNOj; nonaqueous electrode separated by a vycor tip, and a
modified gold substrate were used as counter, reference, and working
electrodes, respectively, unless stated otherwise. All redox potentials
were referenced to the Ag/Ag® electrode or to the redox couple of
internally added Fc/Fc". Electrochemical experiments were performed
with a CHI-660A electrochemical workstation. Impedance measure-
ments were performed in a 0.1 M NaPF¢ solution containing equal
concentrations of Ru(NH;)¢*/*" and Fe(CN)s/* (~1 mM). The
frequency range used was 10* to 0.1 Hz with an AC amplitude of §
mV. EIS data were analyzed by the Equivalent Circuit Simulation
program included in the CHI-660A software package. A QCM Entela
UVGL-58 Hand-held UV lamp (254/365 nm/6 W/0.12 Amps) was
used for UV illumination at 365 nm. The electrochemical desorption
experiments were conducted in a 0.5 M KOH solution purged with Ar
for 25 min.

2.4. Contact Angle Measurements. The contact angles of water
were measured using a Ramé-Hart model 250 goniometer using pure
deionized water at room temperature with a relative humidity at a
constant volume of 5 pL. A total of ten static measurements were
analyzed and averaged for each self-assembled monolayer.

3. RESULTS AND DISCUSSION

3.1. Synthesis of TPA—Cg,—thiol. The one-step synthetic
procedure for the preparation of the thiol functionalized TPA—
C¢ dyad 1 is presented in Scheme 1. Treatment of Cg, in
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Scheme 1. Synthesis of Fullerene-Based Dyad 1

Chlorobenzene,
150°C, 12 h

chlorobenzene with pL-homocysteine and 4-(diphenylamino)-
benzaldehyde afforded a mixture of diastereomers: trans-1 and
cis-1 (this nomenclature should not be confused with the
nomenclature used for Cy, bis-adduct). The compounds were
characterized by 'H NMR, *C NMR, COSY, NOESY,
MALDI-TOF MS, cyclic voltammetry, and UV—vis (Figures
$2—S12, Supporting Information). Although four diaster-
eomers are possible (see Figure S1, Supporting Information),
based on NOESY NMR experiments (Figures S3—S4 and S7—
S8, Supporting Information), trans- and cis-structures were
assigned, but not specific enantiomers. The synthesis of TPA—
Cgo dyad 2 (Figure S1, Supporting Information) was performed
following the procedure previously reported by Pinzén et al.**
Dyad 1 is a newly synthesized dyad, but conceptually similar
ones reported in the literature could in principle work in a
similar fashion,>%*"3373%

3.2. Preparation of SAMs on Au Surfaces. The general
procedure for the preparation of the self-assembled monolayers
was described in Section 2.2. A pictorial representation of the
modified Au substrate with cis-1 is depicted in Figure 2a, as
SAM 1. The same procedure was followed to form a SAM of
dyad 2 on the surface of Au, SAM 2 (Figure 2b). The Mirkin
group used a similar process to form a fullerene SAM on a Au
surface.*® For the preparation of TPA—Cy, SAM 3, two steps
were required (Figure 2c). In the first step, the clean Au
substrate was soaked in a 4 mM ethanolic solution of 4-
aminothiophene for 3 days in order to ensure the formation of
a densely packed monolayer (SAM 3a). This modified
substrate was rinsed with ethanol and dried under a nitrogen
flow followed by vacuum drying. In the second step, the
substrate with SAM 3a was soaked in a 4 mM toluene solution
of dyad 2 for 3 days, while refluxing under N,.>’ The Au
modified electrode was then rinsed and dried as described in
Section 2.2 (SAM 3b).

3.3. Characterizations. 3.3.1. Cy4-Based Dyads trans-1
and cis-1. trans-1 and cis-1 were characterized by cyclic
voltammetry (Figures S11 and S12, Supporting Information).
The cyclic voltammogram of ¢is-1 in 0.1 M of TBAPF,/CH,Cl,
solution at a scan rate of 100 mV/s shows three reversible
reduction peaks at —1.18, —1.57, and —2.07 V referenced to the
redox couple Fc/Fc', corresponding to the reduction of the
fullerene, and three irreversible oxidations at +0.47, +0.62, and
+0.85 V corresponding to the —SH group, retro-cyclo-
addition,®® and the TPA group, respectively. Although we are
not certain, we assign the peak at +0.47 V to the oxidation of
the —SH group. On the basis of the work of Han et al,* it is
difficult to detect cysteine oxidation using bare GC electrodes,
but the presence of C4 has been shown to improve its
detection,*® so we tentatively assign the +0.47 V oxidation peak
to the —SH group.
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" SAM 3b

Figure 2. Pictorial representation of (a) SAM 1, (b) SAM 2, and (c)
SAM 3a and 3b on Au surface.

3.3.2. Self-Assembled Monolayers. Contact angle measure-
ments are often used to study the wetting properties of a
surface to reflect its hydrophobicity.*" Self-assembled mono-
layers of organic materials at a surface decrease wettability while
lowering the surface free energy. Table 1 shows the water

Table 1. Water Contact Angle Measurements before and
after Monolayer Treatment

substrate water contact angle (deg)
clean Au 62.94 + 0.16
SAM 1 96.76 + 0.17
SAM 2 8242 + 043
SAM 3a 66.59 + 1.66
SAM 3b 82.53 + 0.41
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contact angles for the self-assembled monolayers studied. The
higher contact angles that the monolayers exhibit relative to
those of a clean gold substrate suggests the formation of a more
hydrophobic surface as expected (see Figure S13, Supporting
Information). The higher contact angle of SAM 1 (97°)
compared to SAM 2 (82°) and 3b (83°) can be explained by
different molecular orientations of the films. In SAM 1, the
presence of S—Au interactions orients the molecules in such a
way that the fullerene and TPA moieties are exposed to the
liquid—solid interface. The contact angle of this monolayer is
comparable to those reported by Honciuc et al. for TPA-based
fullerene compounds (@ = 93° and 76° for fullerene and
triphenylamine exposed moieties to the liquid—solid interface,
respectively).* Additionally, the formation of SAM 3b was
evidenced by the difference in contact angles between SAM 3a
and 3b. SAM 3a exhibits a lower contact angle as expected for
an amine-terminated monolayer that can undergo hydrogen
bonding with water, therefore, increasing wettability. The SAM
3b contact angle is comparable to those of SAM 1 and SAM 2
which possess fullerene-based monolayers.

All SAMs were probed for their passivating ability toward
Fe(CN)¢*™/* and Ru(NH;)**/3*" as shown in Figures S14 and
S15, Supporting Information. An unmodified gold electrode
was also studied as a control which shows reversible behavior
for the Fe(CN)¢>/*~ and Ru(NH;)s**/* redox couples. In all
cases, there is an almost quantitative suppression of the
observed currents of the two electroactive probe ions, but SAM
3a is less effective than the other monolayers in blocking the
electroactivity of the probes, see Figures S15b and S16b,
Supporting Information. This could be due to a less densely
packed SAM in the case of SAM 3a or to a more effective
electron transfer across the SAM.

To quantify the surface coverage by the fullerene-based
dyads, quartz crystal microbalance (QCM) measurements were
performed to detect the small mass changes that occur at the
surface as a function of time. The QCM profiles of SAM 1-3
show that no frequency change is observed in pure toluene at
25 °C, and after the addition of aminothiophenol or the dyad
solution, the resonant frequencies decrease (Figure 3). The
changes in frequency correspond to the adsorption of 1.18 X
107", 0.82 X 107'% and 2.7 x 107" for SAM 1, 2, and 3a,
respectively. These values are relatively close to reported values
for related compounds, 2.0 X 107'° mol/cm? for Cg, ™ 1.6 X
107'% mol/cm? for ferrocene—Cyy,>> and 7.4 X 107'° mol/cm?

——SAM 1
0 ——SAM2
——SAM3a
_ 2
N
T
oy
S .4
[0}
=]
o
[0}
L -6
<
.BA
0 250 500 750 1000 1250 1500
Time (s)

Figure 3. Resonance frequency changes of Au quartz crystal during the
formation of the SAMs.
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for alkanethiol.** cis-1 shows better coverage for Au than the
other monolayers.

The fact that the TPA—Cg, dyad with the thiol group, cis-1,
shows better packing than 4-aminothiophenol could be related
to the attraction between the fullerenes, which helps the
formation of a more densely packed film, compared to the
simple 4-aminothiophenol compound. QCM, CV, and contact
angle measurements confirm the formation of SAMs on the Au
surface. However, these techniques do not provide information
about the binding of the SAM to the Au surface. Many groups
have studied the formation of thiol-based SAMs of fullerenes or
fullerene derivatives on various substrates, particularly on Au
surfaces, but little attention has been paid to the Cg—Cg or
Au—Cy, interaction, which can be in competition with Au—S§
interaction.”"*>*¥3** The X-ray photoelectron (XPS) study of
Shirai et al. with thiol-based SAMs of fullerenes shows that,
since the Au—S bond strength is similar to that of the fullerene
on gold, and also because of the tendency of fullerenes to form
clusters, some thiol groups may not bind to the gold surface.*

Electrochemical desorption of the thiol groups in KOH
solutions was also used to evaluate the surface coverage of the
SAMs.*® Electrochemical desorption experiments were per-
formed using 0.5 M KOH for SAM 1 and 3a. The SAM-
modified gold electrodes were immersed into a thoroughly Ar
degassed KOH solution for 25 min. Cathodic sweeps of the
modified gold electrodes between —0.2 and —1.35 V using a
scan rate of 100 mV/s exhibit an irreversible wave around —0.9
V (Figure 4). This peak is attributed to the desorption of the

2004 ——SAM 1

——SAM 3a
150+

1004

50

Current (uA)

04

-504

-100 T
0.0 -0.3

-0.6
Potential (V)

-0.9 -1.2

Figure 4. Electrochemical desorption of SAM 1 and 3a on Auin 0.5 M
KOH solution.

surface-attached thiolates. A similar shape and position of the
desorption peak was reported previously for thioctic acid and
thiolates,**~* Integration of the current under the desorption
peak leads to values of 1.9 X 107'% and 3.8 X 107 mol/cm? for
SAM 1 and 3a, respectively, which are in agreement with the
values obtained from the QCM measurements. However, there
is a slight difference between the QCM results and those from
KOH desorption measurement values. These small differences
could reflect the adsorption lengths, which are very different for
both experiments. The elapsed times in the QCM experiments
are significantly short (minutes) when compared to the time for
SAMs formed on Au/Cr substrates (hours). After SAM
removal, CV measurements showed reversible behavior for
the probe ions, thus confirming the quantitative removal of the
monolayers.

The resistance to charge transfer of the SAM-modified Au
surfaces was also probed using electrochemical impedance
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spectroscopy in the presence of Fe(CN)s/*" and Ru-

(NH;)¢**/3*. Electrochemical impedance is useful to determine
resistances, capacities, and diffusion contributions. The
impedance Nyquist plots for all Au modified SAMs are
presented in Figure S. All curves exhibit a semicircular loop in
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Figure 5. Impedance responses of (a) Fe(CN) ™+ and (b)
Ru(NH,) /" for SAM 1, 2, and 3b.

the high-frequency region, followed by a linear portion at low
frequencies, indicating diffusion processes for some of the
monolayers. The charge-transfer process between the electrode
and the charged redox couple in solution can be analyzed using
the equivalent circuit model that reflects the real electro-
chemical processes using a fitting procedure (Figure 6).

cdl
| |
N

Figure 6. Designed equivalent circuit.

The equivalent circuit was fitted with Randal’s model, which
includes an ohmic solution resistance between the SAM-
modified Au electrode and the reference electrode, R, in series
with a circuit representing the SAM/solution interface. This
circuit consists of a charge-transfer resistance between the SAM
and the solution, R, which is in parallel with a constant phase
element, CPE, and in series with a Warburg diftusion element,
W, typically resulting from solution redox species penetrating
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through pinholes or from defects present in the monolayer.
The CPE might be associated with the double layer capacitance
at the interface between the SAM and the electrolyte solution.
Table 2 presents the equivalent circuit element values obtained

Table 2. Charge-Transfer Resistance of Fe(CN)>/* and
Ru(NH;)s**/**on SAM 1, 2, and 3b in the presence/absence
of UV Illumination

R, (Q cm?) for R, (Q cm?) for

Fe(CN)Z /4~ Ru(NH,)/3*
no UV light UV light no UV light UV light
SAM 1 3.8 x 10* 2.6 X 10* 1.9 x 10* 2.5 x 10*
SAM 2 1.6 x 10* 1.4 x 10* 0.8 x 10* 1.1 x 10*
SAM 3b 22 % 10* 1.6 x 10* 1.1 x 10* 1.3 x 10*

by fitting the experimental values for unmodified and modified
gold surfaces with different SAMs in the presence of
Fe(CN)/* and Ru(NH,) /3.

The modification results in an increase in charge-transfer
resistance (Rcp) for Fe(CN)* ™4 from 0.55 Q cm?, for the
unmodified gold, to 3.8 X 107 1.6 X 10%, and 2.2 X 10* Q cm?
for SAM 1, 2, and 3b, respectively. On the other hand, the Rcp
for Ru(NH,)¢**/3" increases from 0.33 Q cm? to 1.9 X 10% 0.8
x 10% and 1.3 X 10* Q cm? for SAM 1, 2, and 3b, respectively
(Table 2). SAM 1 exhibits the largest charge-transfer resistance,
likely indicating a better packed monolayer for this compound,
confirming the QCM results. The charge-transfer resistance for
Fe(CN)s>™/* and Ru(NH,)>*/** decreases in the order: SAM
1 > SAM 3b > SAM 2. This was the anticipated result in view
of the fact that no S—Au interactions exist for SAM 2 and SAM
1 possesses well-defined thiol containing molecular structures
that do not rely on noncontrolled interfacial reactions as for
SAM 3b. The equivalent circuit fitting analysis for all
impedance plots showed that Ru(NH;)s*"/3" always exhibits
lower charge-transfer resistances and larger Warburg impedan-
ces than Fe(CN),*/*". Similar behavior has been previously
observed and ascribed to different factors such as fast
homogeneous electron self-exchange kinetics for Ru-
(NH,)¢*/3, which can lead to relatively rapid interfacial
electron-transfer kinetics at a SAM-modified electrode.*” It has
also been reported that the slower electron-transfer rate in the
case of Fe(CN)S /% is due to the higher charge.48
Alternatively, Ganesh and Lakshminarayanan explained these
differences between the probe ions invoking a tunneling effect
for Ru(NH,)¢*"/3*. Blumberger and Sprik reported that the
electron-transfer reaction for Ru(NH,)s**/*" is an outer sphere
reaction in which the redox species exchanges electron through
a bridge without penetrating the layer.>’

After establishing the impedance behavior of the different
SAMs, we performed similar experiments in the presence of UV
irradiation. We monitored the same electrodes in the presence
of UV light using both Fe(CN)g™4" and Ru(NH;)s>*/3* as
electrochemical probes. The impedance responses for SAM 1,
2, and 3b in the presence and absence of UV light are presented
in Figures 7, 8, and 9 (Figures S16—S21, Supporting
Information).

Upon illumination, the electrode surfaces showed a
significant decrease in the value of R, for all SAMs in the
presence of Fe(CN)*/*" and a corresponding increase for
Ru(NH,)s**/3* (Table 2). These results clearly indicate the
development of positive charge on the surfaces upon UV
irradiation. The increases in Ry in the case of Ru(NH,)2*/3*
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Figure 7. (a) Pictorial representation of SAM 1 before and after UV-light irradiation and impedance response in the absence/presence of UV light

for the charged probes (b) Fe(CN)s*~4~ and (c) Ru(NH;)>*/>".
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Figure 8. (a) Pictorial representation of SAM 2 before and after UV-light irradiation and impedance response in the absence/presence of UV light

for the charged probes (b) Fe(CN)s*™*~ and (c) Ru(NH;)¢>*/>".

result from the electrostatic repulsion between the positively
charged probe and the positively charged SAM surface (Figures
7a—9a). In the same way, the electrostatic attraction between
the negatively charged probe Fe(CN)¢>~/#" and the positively

3717

charged SAM surface results in a higher local concentration of
the redox probe that facilitates electron transfer. This
phenomenon results from the photoinduced intramolecular
charge-transfer processes for these dyads (D*—A~). Upon
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Figure 9. (a) Pictorial representation of SAM 3b before and after UV-light irradiation and impedance response in the absence/presence of UV light

for the charged probes (b) Fe(CN)s*~*~ and (c) Ru(NH;)¢>*/>".

photoexcitation, intramolecular electron transfer from the
donor, TPA, to the acceptor, Cq, yields the charge-separated
states. Although it is p0551ble to oxidize thiol groups in the
presence of UV illumination,>" in our case, no such processes
were observed since KOH desorption was performed after the
UV irradiation experiments for SAM 1 and 3b, and the values
are in agreement with those performed by the QCM
measurements.

4. CONCLUSION

In this work, we described a simple one step synthesis of a thiol
functionalized TPA—Cg4, dyad. Three SAMs of TPA—Cg,
compounds with different anchors were prepared on Au
surfaces, and their electrochemical and charge separation
properties were investigated using CV, QCM, and electro-
chemical impedance spectroscopy. Contact angle and electro-
chemical impedance measurements in the presence of both
negative and positive ion probes show that all SAMs form a
relatively well packed film on the Au surfaces. Although SAM 1
is likely a mixture of enantiomers, it was the most densely
packed. In future work, it would be interesting to prepare
enantiomerically pure fullerene-based self-assembled mono-
layers and study their packing characteristics as well as their
effect on charge separation efficiencies upon irradiation.
Although triphenylamines are known to have limited light
absorptivity, mainly in the UV region of the spectrum, the
impedance response of Fe(CN)>~/#" and Ru(NH,)s**/3* in
the presence and absence of UV light clearly show that light
absorption was sufficient to generate polarized SAMs with
positively charged surfaces. We are currently working with
porphyrin-fullerene dyad SAMs with higher light absorptivity
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on transparent conductive oxide electrodes in order to increase
the efficiencies and charge polarization. Given that these SAMs
absorb a minimal amount of the solar radiation, no adverse
effects on the absorption by the photoactive layers are
anticipated.
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