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ABSTRACT: Memory effects in self-assembled monolayers (SAMs) of zinc with without

porphyrin carboxylic acid on TiO, electrodes have been demonstrated for the
first time by evaluating the photovoltaic and electron transfer properties of
porphyrin-sensitized solar cells prepared by using different immersion solvents
sequentially. The structure of the SAM of the porphyrin on the TiO, was

porphynn porphyrin

exchange retention

o8-8

maintained even after treating the porphyrin monolayer with different neat

immersion solvents (memory effect), whereas it was altered by treatment with

porphynn SAM

solutions containing different porphyrins (inverse memory effect). Infrared

spectroscopy shows that the porphyrins in the SAM on the TiO, could be exchanged with the same or analogous porphyrin,
leading to a change in the structure of the porphyrin SAM. The memory and inverse memory effects are well correlated with a
change in porphyrin geometry, mainly the tilt angle of the porphyrin along the long molecular axis from the surface normal on
the TiO,, as well as with kinetics of electron transfer between the porphyrin and TiO,. Such a new structure—function
relationship for DSSCs will be very useful for the rational design and optimization of photoelectrochemical and photovoltaic

properties of molecular assemblies on semiconductor surfaces.
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Bl INTRODUCTION

Elucidating the structural details of molecular assemblies
formed on surfaces is essential in understanding a variety of
fundamental surface and interface phenomena as well as
developing new types of functional surfaces and interfaces.
Examples include molecular electronic devices'™® and
adsorption of biological molecules and materials.* ® In the
past the vast majority of such studies have been performed for
thiol-based self-assembled monolayers (SAMs) which can be
formed on gold surfaces by immersion.”® In contrast, the use of
thiol-based SAMs on other metal and semiconducting surfaces
has been limited technologically.”'’ Meanwhile, carboxylic and
phosphonic acids have been frequently employed as an
anchoring group for the immobilization of functional molecules
on semiconducting surfaces.”" "' However, their studies have
focused mainly on function rather than structure. As such,
adsorption/desorption and exchange behavior of functional
molecules on semiconducting surfaces and their structure—
function relationship have not been fully addressed.

As a promising alternative to silicon-based solar cells,
considerable efforts have been devoted to the development of
dye-sensitized solar cells (DSSCs) where a SAM of dye is
formed on a highly porous semiconducting electrode.”*™*" In
particular, porphyrin-sensitized solar cells (PSSCs)**~® have
drawn much attention in DSSCs because of the potential
advantage of porphyrins over ruthenium dyes in terms of cost,
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molecular design, and light-harvesting properties. On the basis
of a push—pull concept as well as asymmetrical z-elongation,
cell performances of PSSCs have been improved rapidly. In
particular, push—pull porphyrins have been developed
intensively in recent years with the aim of better matching
between the absorption and solar spectra, reaching a power
conversion efficiency (7) of more than 10%.°***~%° To achieve
further improvement of the cell performances, it is also
important to elucidate a close relationship between the dye
structure, film structure, and photophysics and photovoltaic
properties, providing a guideline for the rational molecular
design of high-performance dyes.

We have extensively examined the effects of substituents and
adsorption conditions on the photovoltaic and photophysical
properties of PSSCs.*"**%” From these results we have
demonstrated that the porphyrin geometry on the TiO,
electrode controls through-space electron transfer (ET)
kinetics on the TiO,.°>®” Namely, more upright geometry of
the zinc porphyrin (ZnP) on the TiO, slows down electron
injection from the porphyrin excited singlet state ('ZnP*) to a
conduction band (CB) of the TiO, as well as charge
recombination (CR) from the electron in the CB of the
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TiO, to the porphyrin radical cation (ZnP*"), leading to
improvement in the short circuit current (Jsc) and resulting #-
values. In particular, the n-value of PSSC prepared by the
treatment of a TiO, electrode with a MeOH immersion
solution of the porphyrin is significantly higher than that
prepared by the treatment of a TiO, electrode with the
corresponding tert-butyl alcohol:acetonitrile mixture (v/v =
1:1) (denoted as +-BuOH:MeCN) (vide infra). These results
imply that immersion solvents influence the structure of
porphyrin SAMs, mainly the tilt angle (8) of the porphyrin
along the long molecular axis from the surface normal on TiO,
surfaces greatly.

During the course of our studies, we accidently encountered
“memory effects” of the photovoltaic properties in the
porphyrin SAMs on the TiO, that could be regulated by
choice of the immersion solvents (MeOH vs -BuOH/MeCN)
with and without the porphyrins. Although there are some
examples of memory effects of SAMs induced by external
stimuli,’*~"° “memory effects” of photovoltaic properties by
SAMs have not been reported in organic photovoltaics devices.
Herein we report the first example of the memory effects in
porphyrin SAMs on TiO, electrodes that can be controlled by
immersion solvents, which have been evaluated by the
photovoltaic properties of PSSCs, complemented by measure-
ments of electron transfer kinetics and SAM composition and
thickness. CN-labeled ZnP carboxylic acid (CNMP)®” and the
reference porphyrin (MP)*"**” were used in this study
(Figure 1).
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Figure 1. Molecular structures of porphyrin sensitizers.

B EXPERIMENTAL SECTION

Instruments. UV—visible absorption spectra were obtained on a
PerkinElmer Lambda 900UV /vis/NIR spectrometer. Attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) spectra were taken
with the Smart iTR diamond anvil ATR accessory (NICOLET 6700,
Thermo scientific), using typically 512 scans at a resolution of 4 cm™.
All samples were placed in contact with the diamond window using the
same mechanical force. Photocurrent—voltage characteristics were
measured by PECK2400-N with PEC-L11 solar simulator (Peccell
Technologies) under standard two-electrode conditions (100 mW
cm™2, AML.S). Photocurrent action spectra were recorded with CEP-
2000RR (BUNKOUKEIKI). TEM micrographs were measured by
applying a drop of the sample to a carbon-coated copper grid. Images
were recorded using a JEM-2200FS transmission electron microscope
(JEOL).

Materials. All solvents and chemicals were of reagent-grade quality,
purchased commercially, and used without further purification unless
otherwise noted. The synthesis and characterization of [S-(4-
carboxyphenyl)-15-(4-cyanophenyl)-10,20-bis(2,4,6-trimethylphenyl)-
porphyrinato]zinc(II) (CNMP)®” and [5-(4-carboxyphenyl)-10,15,20-

tris(2,4,6-trimethylphenyl)porphyrinato]zinc(Il) (MP)*' were re-
ported previously.

Sample Preparation of Porphyrin-Sensitized TiO, Films.
Nanoporous films were prepared from a colloidal suspension of TiO,
nanoparticles (P2S, Nippon Aerogel) dispersed in distilled water.”’
This TiO, colloidal suspension was deposited on a transparent
conducting glass substrate (Asahi Glass, SnO,: F, 8 ohm/sq) by using
the doctor blade technique. The films were annealed for 10 min at 673
K for the 4-um-thick TiO, films, followed by similar deposition and
annealing (723 K, 2 h) for the 10-um-thick TiO, films. The thickness
of the films was determined using a surface roughness tester
(SURFCOM 130A, ACCRETECH). First, the TiO, electrodes were
sensitized in a 0.2 mM porphyrin solution of +-BuOH:MeCN or
MeOH at room temperature (step I). Then, after washing the TiO,
electrodes were further immersed into +-BuOH/MeCN or MeOH
with and without 0.2 mM porphyrin at room temperature (step II).
After removal from the porphyrin bath, the nonadsorbed molecules
were washed off by rinsing the films with the same solvent, and the
films were dried at room temperature for ~20 s to yield the porphyrin-
sensitized TiO, films.

Photovoltaic Measurements. The photovoltaic measurements
were performed in a sandwich cell consisting of the dye-sensitized
electrode as the working electrode and a platinum-coated glass
electrode as the counter electrode.”' The two electrodes were placed
on top of each other using a thin transparent Surlyn polymer film
(Dupont) as a spacer for the electrolyte solution (0.5 M Lil, 0.01 M L,
0.6 M dimethylpropyl imidazolium iodide, and 0.5 M 4-tert-
butylpyridine in MeCN). The IPCE and current—voltage character-
istics were determined by a PEC-L 11 solar simulator (Peccell, Japan)
irradiated with simulated air mass (AM) 1.S solar light (100 mW
cm™). All experimental values were given as an average of five
independent measurements.

Transient Absorption (TA) Spectroscopy. The femtosecond
laser setup is based on a MaiTai seeded Spitfire Pro XP amplifier
(Spectra Physics) with central output wavelenﬁg7th of 796 nm and 1
kHz repetition rate delivering ~60 fs pulses.®*®” The beam was split
into two parts: one for pumping a collinear optical parametric amplifier
(TOPAS-C, Light Conversion) to generate the pump beam (555 nm),
while the second part was led through a computer-controlled delay
line and used to generate the probe beam in a second TOPAS-C
parametric amplifier (665 nm). Subsequently, the probe pulses were
split into two parts: one overlapping with the pump pulse in the
sample volume and another serving as a reference. The probe and the
reference beams were then detected with photodiode (PD) detectors
(Pascher Instruments). The intensity of excitation pulses was kept
below S X 10" photons-pulse™-cm™. Absorption spectra were
measured before and after experiments to check for possible sample
degradation, and films were moved during the experiments to prevent
photo and thermal damage. The mutual polarization between pump
and probe beams was set to the magic angle (54.7°) by placing Berek
compensator in the pump beam. The porphyrin-sensitized TiO, films
for the TA spectroscopy measurement were prepared by a similar
procedure as described above for the photovoltaic measurements. A
parafilm spacer of ~100 ym was placed on top of the TiO,/porphyrin
film, and the cell was closed by a thin glass slide, while the volume
between the slides was filled with acetonitrile. Binder clips were used
to press the glass assembly to prevent solvent evaporation during
measurements (Figure S1). Multiexponential fitting of measured
kinetics was performed in Matlab software.

B RESULTS AND DISCUSSION

Photovoltaic Properties. To evaluate the memory effects
of immersion solvent on the photovoltaic properties of the
CNMP-sensitized solar cell, we used the stepwise procedure
(steps I, IT) for preparing the porphyrin-stained TiO, electrodes
with two different immersion solvents, yielding contrasting
photovoltaic performances.”' Namely, the TiO, electrodes were
initially immersed into either +BuOH/MeCN or MeOH with
0.2 mM porphyrin at room temperature (step I). Then, after
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Table 1. Device Characteristics of Solar Cells under AM1.5 Conditions (100 mW cm™2)

step I step II
time/ time/

entry dye solvent” h® dye solvent® h” Joo/ mA cm™ Voo/<V ff n/< % 6/ deg
1 CNMP  t-BuOH/MeCN 1 49 £ 0.1 0.64 + 0.01 0.68 + 0.01 2.1 +0.1 63+ 2
2 CNMP t-BuOH/MeCN 1 CNMP MeOH 12 6.1 + 0.1 0.70 + 0.01 0.68 + 0.01 29 +0.1 52+7
3 CNMP  +-BuOH/MeCN 1 MeOH 12 4.6 + 0.1 0.62 + 0.01 0.70 £ 0.01 20 £ 0.1 64 £ 7
4 CNMP  +-BuOH/MeCN 1 t-BuOH/MeCN 12 4.6 £0.1 0.66 + 0.01 0.69 + 0.01 2.1 +0.1 -

S CNMP MeOH 1 7.3 +02 0.69 + 0.01 0.67 + 0.02 34 +02 42 +4
6 CNMP MeOH 1 CNMP  +BuOH/MeCN 12 54 +02 0.69 + 0.01 0.66 + 0.02 25 +02 62 + 8
7 CNMP MeOH 1 t-BuOH/MeCN 12 7.1 +£02 0.71 £ 0.01 0.67 + 0.02 34 +£02 39+ 4
8 CNMP MeOH 1 MeOH 12 6.8 + 0.2 0.72 + 0.01 0.68 + 0.02 34+ 02 -

9¢ MP t-BuOH/MeCN 1 7.6 +0.2 0.69 + 0.02 0.64 + 0.02 34 +03 3+ 7
10° MP MeOH 1 94+ 02 0.76 + 0.02 0.64 + 0.01 4.6 £ 0.1

“Immersion solvent. “Immersion time. “Average values from five independent experiments. “Tilt angle determined by TEM measurements. “Taken

from ref 41./Taken from ref 67.

washing the TiO, electrodes were further immersed into t-
BuOH/MeCN or MeOH with and without 0.2 mM porphyrin
at room temperature (step II). Finally, the porphyrin-stained
electrodes were rinsed repeatedly with the same solvent as for
the adsorption. Current—voltage characteristics and photo-
current action spectra were measured using the 10-pm-thick
TiO, electrode stained with CNMP and a Pt counter electrode
under standard AM 1.5 conditions.”" The detailed adsorption
procedures (steps I, II) and their photovoltaic properties under
the different adsorption conditions (entries 1—10) are listed in
Table 1.

For instance, when the TiO, electrode was sensitized solely
by immersing it into +-BuOH/MeCN containing 0.2 mM
CNMP in 1 h, the -value of PSSC was found to be 2.1% (entry
1), as shown in Figure 2 and Table 1. Unexpectedly, when the
TiO, electrode was sensitized under the same condition for
step I, followed by washing and immersing into MeOH
containing 0.2 mM CNMP in 12 h (step II), the #-value of
PSSC was increased remarkably to 2.9% (entry 2). After
treatment under the same condition for step I, additional
treatment only in MeOH in 12 h (entry 3) or +BuOH/MeCN
in 12 h (entry 4) yielded no effect on the photovoltaic
properties. Opposite stepwise sensitization experiments were
also performed. When the TiO, electrode was sensitized solely
by immersing it into MeOH containing 0.2 mM CNMP in 1 h,
the #-value of PSSC reached 3.4% (entry S), which is close to
the 7-value (2.9%) of PSSC under the entry 2 condition.
Contrary, when the TiO, electrode was sensitized under the
same condition for step I, followed by washing and immersing
into +BuOH/MeCN containing 0.2 mM CNMP for 12 h (step
II), the n-value of PSSC was decreased remarkably to 2.5%
(entry 6), which is close to the 7-value (2.1%) of PSSC under
the entry 1 condition. After treatment under the same
condition for step I, additional treatment only in #BuOH/
MeCN in 12 h (entry 7) or MeOH in 12 h (entry 8) gave no
effect on the photovoltaic properties. Note that the porphyrin
molecules are densely packed on the TiO,, showing formation
of the porphyrin SAM on the TiO, ((1.1-1.3) X 107'° mol
em™2)* and no significant desorption of the porphyrin
immobilized on the TiO, occurred under the step II procedure
(entries 3 and 7). These results imply that (i) once the
porphyrin SAM is formed on the TiO,, the structure of
porphyrin SAM on the TiO, is retained even after treating the
porphyrin SAMs with different neat immersion solvents
(memory effect) and (ii) the structure of the porphyrin SAM
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Figure 2. (a) Current density—voltage curves and (b) photocurrent
action spectra of CNMP-sensitized solar cells (entry 1, dashed line;
entry 2, solid line).

on the TiO, is altered solely by treatment with different
immersion solutions with porphyrin (inverse memory effect).
These results suggest that there is an equilibrium between the
porphyrins in the SAM on TiO, and any exchangeable
porphyrins in the immersion solution, and they are exchanged
with time to reach the stable equilibrated state depending on
the type of the porphyrin, concentration, immersion solvent,
and temperature. During the exchanging process, there would
be a transient void space at the exchanging site between the
porphyrins. Therefore, the TiO, surface contacting directly the
immersion solvent may be responsible for the change of
porphyrin SAM on the TiO, surface. Namely, the structure of
the porphyrin SAM, mainly the tilt angle of the porphyrin
molecular axis on TiO,, would be changed by a higher degree
of freedom in the SAM structure.
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Characterization of Porphyrin SAMs. The porphyrin MP
is known to have a similar dependence of the cell performance
on the immersion solvent as CNMP (entries 9 and 10 in Table
1).* To confirm the above hypothesis, the TiO, electrode
prepared in the CNMP/MeOH solution for 1 h (step 1) was
further immersed into a MP/MeOH solution (step II). ATR-
FITR measurement on the TiO, electrode showed that the
signal intensity of the CN group arising from CNMP at 2232
cm™" decreases with increasing immersion time of step II,
reaching the plateau in 4 h (Figures 3 and 4). Moreover, the
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Figure 3. (A) ATR-FTIR spectra of the TiO, electrodes (a) prepared
by immersing the MeOH solution containing CNMP in 1 h (step I)
and (b) further immersed into the MeOH solution containing MP in
12 h (step II). (B) ATR-FTIR spectra of the TiO, electrodes (a)
prepared by immersing the MeOH solution containing MP in 1 h
(step I) and (b) further immersed into the MeOH solution containing
CNMP in 12 h (step II).

opposite behavior was observed when the MP/MeOH TiO,
electrode (1 h immersion) was further treated with a CNMP/
MeOH solution, ie., an increase in the CN intensity with
increasing immersion time of step II. During these experiments
there was no change in the porphyrin visible absorption spectra
(Figure S). These results unambiguously show that exchange of
the porphyrin molecules in the SAM on the TiO, is essential to
change in the SAM structure, resulting in further alternation in
the cell performances.

We have already reported that the @ value of the porphyrin
on TiO, determines the porphyrin core-TiO, ET distance and
electron injection and CR between the porphyrin and TiO,
occurs through space, rather than through the bridge
connecting the porphyrin to the TiO, surface.’*®” A simple
linear correlation between the € value and the concentration of
long-lived electrons in the conduction band of TiO, was shown
to exist. Namely, the more perpendicular orientation of the

Absorbance / a.u.

0 2 4 6 8 10 12
Immersion time /h

Figure 4. Change in IR signal intensity of the CN group at 2232 cm™
as a function of immersion time of step II (solid line with black circles:
The TiO, electrode, prepared by immersing the MeOH solution
containing CNMP in 1 h (step I), was further immersed into the
MeOH solution containing MP (step II); dashed line with white
circles: The TiO, electrode, prepared by immersing the MeOH
solution containing MP in 1 h (step I), was further immersed into the
MeOH solution containing CNMP (step 1I)).
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Figure 5. (A) UV—vis absorption spectra of the TiO, electrodes (a)
prepared by immersing the MeOH solution containing CNMP in 1 h
(step I) and (b) further immersed into the MeOH solution containing
MP in 12 h (step II). (B) UV—vis absorption spectra of the TiO,
electrodes (a) prepared by immersing the MeOH solution containing
MP in 1 h (step I) and (b) further immersed into the MeOH solution
containing CNMP in 12 h (step II).

adsorbed ZnP relative to the TiO, surface, the higher
concentration of long-lived electrons in the CB, which
contributes to the increase of photocurrent and #-value under
the operating solar cell device. Transmission electron
microscopy (TEM) measurements on TiO, nanoparticles
sensitized under the different sensitization conditions provide
support for the change in the tilted binding geometry of the
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porphyrin on TiO,. For instance, the TEM of the sample
prepared under the entry 2 condition reveal ca. 20 nm-sized
TiO, nanoparticles covered with a thin porphyrin layer with an
average thickness of 1.2 & 0.1 nm, which is thicker than that of
0.9 + 0.1 nm obtained under the entry 3 condition (Figure 6).

Figure 6. Typical TEM images of TiO, nanoparticles sensitized with
(A) CNMP in +-BuOH:MeCN for 1 h, followed by treatment with
CNMP in MeOH for 12 h (entry 2) and (B) CNMP in ¢t
BuOH:MeCN for 1 h, followed by treatment without CNMP in
MeOH for 12 h (entry 3). The average thicknesses of the porphyrin
layers were determined as (A) 1.2 + 0.1 nm and (B) 0.9 + 0.1 nm.

Considering that the molecular length of CNMP along the long
axis is 2.0 nm, the average tilt angles (0) of the molecular axis
with respect to the surface normal are estimated as 52 + 7° for
entry 2 and 64 + 7° for entry 3 (Table 1). This agrees with the
prediction that the porphyrin SAM on TiO, prepared initially
with the mixed sensitization solvent would adopt more
perpendicular geometry only after being sensitized with
MeOH containing the same porphyrin molecules. The tilt
angle of CNMP for entry 2 is smaller than those for entries 1 (6
=63 +2°)* and 3. On the other hand, the tilt angle of CNMP
for entry 6 (6 = 62 + 8°) is larger than those for entries S (6 =
42 +4°) and 7 (0 = 39 + 4°), which is in good agreement with
the prediction that the porphyrin SAM on TiO, prepared
initially with the MeOH sensitization solvent would adopt
more tilted geometry only after being sensitized with the mixed
solvent containing the same porphyrin molecules.

Transient Absorption Measurement. To obtain further
insight about the behavior of porphyrin SAMs, we examined
the photophysics of the ZnP-sensitized TiO, films by time-
resolved TA spectroscopy. The interpretation of measured TA
spectra has been discussed in detail in refs 66 and 67. Figure 7
displays TA kinetics at 665 nm since the differential TA
spectrum at 665 nm has contributions from the oxidized
dye.””®” The decay of the traces reflects the CR process and
can be described by several components, ranging from
subnanoseconds to more than several tens of nanoseconds
(>50 ns). On the basis of the model of the CR process
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Figure 7. TA kinetics of CNMP on TiO, sensitized under different
conditions (see Table 1 for details). The amplitudes of >50 ns
component are shown in parentheses.

proposed previously,éé’67 the kinetics profiles were fitted

(Figure 7). Note that the amplitude of the >S50 ns
recombination kinetic component (denoted as A, ),
corresponding to ZnP** that is quenched by the redox couple
in the electrolyte solution, should correlate with the number of
electrons collected in the external circuit per absorbed photon
and thereby the Jsc and #-values in an operating DSSC.°*” In
other words, the amplitude of long-lived component (A, ;) is
directly related to the photovoltaic properties.

The amplitude of >50 ns component (76%) for the TiO,
electrode first immersed into tBuOH/MeCN and then
followed by CNMP/MeOH treatment (entry 2) is significantly
higher than that (29%) for the TiO, electrode prepared in the
same manner but without CNMP present in the second
sensitization step (entry 3). The amplitude of the slow, >50 ns,
recombination phase of the electrode in entry 2 is almost as
high as that of the electrode in entry S (single sensitization step
in CNMP/MeOH, 1 h), which was shown to be close to 100%
in our previous work.”” The somewhat lower efficiency of the
electrode in entry 2 (2.9%) as compared to that (3.4%) of the
electrode in entry S agrees nicely with the somewhat lower
amplitude (76%) of slow recombination compared to the
almost 100% slow component of the electrode in entry 5.
This shows that the exchange of sensitizer molecules in the
SAM layer is a slow (or a somewhat incomplete) process.
These results also reveal that a nonoptimized electrode can be
“repaired” by a second sensitization step in an optimized
sensitizer/solvent combination (e.g, taking the step from
electrode in entry 1 to entry 2).

Similarly, but perhaps of less practical interest, an optimized
electrode can be “ruined” by a second sensitization step in a
nonoptimized sensitizer/solvent combination. This is illustrated
by comparing the electrodes in entry S (7 = 3.4%; A g s = ~
1009%°”) and entry 6 (1 = 2.5%; A, s = 48% (Figure 7)). The
second sensitization step in -BuOH/MeCN brings the #-value
and A, ¢, down to 2.5% and 48%, respectively, close to the
2.0—2.1% efliciency and 29% of A, for the electrodes in
entries 1 and 3. That the lowest efliciency is not reached in the
second sensitization step in the nonoptimal +-BuOH/MeCN
solvent once more shows that the exchange process of the
sensitizer molecules is incomplete over the time used in the
present experiments. These changes of CR dynamics caused by
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a change of sensitization conditions all follow the trends
expected from the above-discussed dependence on the
sensitization procedure of the SAM structure and photovoltaic
performance of the studied DSSCs.

B CONCLUSION

In conclusion, we have successfully demonstrated memory
effects of the photovoltaic properties of porphyrin SAMs on
TiO, electrodes for the first time. The structure of the
porphyrin SAM on the TiO, is retained after treating the
porphyrin SAMs with different neat immersion solvents
(memory effect), whereas it is changed by treatment with
different immersion solutions containing a porphyrin (inverse
memory effect). The porphyrin in the SAM on the TiO, is
exchanged with the porphyrin in the immersion solution,
leading to change in the structure of the porphyrin SAM. The
memory and inverse memory effect correlate well with the
change in the porphyrin binding geometry on TiO, as well as
the electron transfer kinetics between the porphyrin and TiO,.
Although the involvement of immersion solvents for dye
adsorption processes and their final structures on TiO, still
remains elusive, the results obtained from porphyrin SAMs for
DSSCs will be very informative for the rational design of
molecular assemblies on semiconducting surfaces exhibiting
excellent solar cell performances as well as photoelectrochem-
ical and photovoltaic properties.
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