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ABSTRACT: A series of novel linear and star branched tri-
phenylamine-containing aromatic polyimides (Al, AlIl, AIII)
were designed and synthesized by the condensation of 4-
aminotriphenylamine(I), 4,4'-diamino triphenylamine(Il),
4,4 A"-triamino triphenyl-amine(Ill) with perylene-3,4,9,10-
tetra-carboxylic dianhydride to investigate the influence of
topological structure on the energy levels and photophysical
performance. The polyimides were characterized by elemen-
tal analysis, FTIR, and "H-NMR. The onset temperatures for
5% weight loss determined by thermoanalysis were between
415 and 428°C. The results of UV-vis spectra, quantum

chemical calculation, and cyclic voltammetry revealed that
introduction of triphenylamine group changed the energy
levels of entire dye system. The aggregation way of polymers
was also studied by the methods of UV-vis spectra, X-ray
diffraction (XRD), atom force microscopy, and the molecular
simulation. The dye-sensitized solar cells prepared by using
the series of dyes showed big photoelectric response. © 2011
Wiley Periodicals, Inc. ] Appl Polym Sci 125: 200-211, 2012

Key words: perylene diimide; triphenylamine; sensitized
solar cell; electrochemistry; optical properties

INTRODUCTION

Dye-sensitized solar cells” Gratzel cells (DSSCs) have
attracted a great deal of interest, as they offer high
energy-conversion efficiencies at low cost. Ruthenium
dyes are used in DSSCs containing titania nanocrys-
tals, exhibit high performance and good stability with
record solar energy-to-electricity conversion efficiency
of 11% under AM 1.5 irradiation." Because of the use
of rare metals and the difficulty of purification, the or-
ganic and conducting polymers offer the prospective
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of very low cost fabrication and present attractive fea-
tures that facilitate market entry.

Recently, organic dyes have received more and
more attention for their structure variety, high molar
extinction coefficients, and simple preparation pro-
cess of low cost in comparison to ruthenium com-
plexes. Metal-free dyes such as perylene dyes,” cya-
nine dyes,” merocyanine dyes,* coumarin dyes,’
porphyrin dyes,° and indoline dyes’ have been
investigated as sensitizers for DSSCs, yielding re-
spectable conversion efficiencies between 5 and 9%
with the traditional iodide/triiodide redox.

Perylene diimides are important electron acceptors
and electron-transporting materials that have been
used in high-tech applications, spanning from elec-
tronic to biological fields, such as optical switches,
lasers, deoxyribonucleic acid /ribonucleic acid (DNA /
RNA) probes, and so on.> " It is well known that the
perylenetetracarboxylic acid is easy to form close n—n
aggregation that can not only lead to self-quenching
and reduction of electron injection into TiO, but also
to the instability of the organic dyes due to the forma-
tion of excited triplet states and unstable radicals
under light irradiation. However, this shortcoming
may be overcomed by chemical modifications. Sensi-
tizers derived from perylene imides have also
received much attention due to their outstandingly
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Figure 1 Synthesis route for monomers: I, II, and III.
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chemical, thermal, and photochemical stabilities and
high molar extinction coefficient in the visible to NIR
range.''™" Up to now, a record of photoconversion ef-
ficiency of 2.6% has been reported by Imahori and co-
workers® with dipyrrolidinyl perylene bisimide
derivatives, and the overall solar to electrical energy
conversion efficiency was improved to almost 4% for
the dye with intramolecular charge transfer character,
but in the latter dye, there was C—N bond instead of
imide bond between the donor and acceptor.!

Recently, it has been found that by incorporating
electron donor triarylamine group into the dye mole-
cules, the physical separation of the dye cation from
the electrode surface will be increased, which fasci-
nates to achieve high rates of charge separation and
collection compared with interfacial charge-recombina-
tion processes, and many higher efficient DSSCs based
on the concept have been built”®*?* In order to
improve the solubility of the imide and to enlarge
intramolecular charge separation, we have designed,
synthesized the novel organic and polymeric sensi-
tizers: Al, All, All that consist of the triarylamine moi-
ety acting as electron donor (D) and perylene acid moi-
ety acting as acceptor (A) and investigated the
influence of D-A-D, D-A types of structures on the opti-
cal, electrochemical, energy levels, photovoltaic proper-
ties, and morphologies.

EXPERIMENTAL
Materials

3,4,9,10-Perylenetetracarboxylic acid dianhydride
(PTDA) and isoquinoline were purchased from

Aldrich. Ferrocene and tetrabutylammonium per-
chlorate were purchased from Acros and used for
the electrochemical characterization of polymers.
N,N-dimethylformamide, N-methyl-2-pyrrolidinone
(NMP), dimethyl sulfoxide (DMSO), m-cresol, and
other reagents were reagent grade and used as
received unless otherwise stated. Cis-di(thiocya-
nato)-N,N'-bis (2,2'-bipyridyl-4-carboxylic acid-4'-tet-
rabutyl ammonium carboxylate) ruthenium(ll) was
the commercial product by the trade name of N719
obtained from Solaronix S.A., Aubonne, Switzerland.

Typical procedure for the monomer synthesis

The monomers based on triphenylamine were syn-
thesized in according to Figure 1. A total of 20.84 g
(0.072 mol) of the desired nitro compound such as 4-
nitro-triphenylamine and 0.4 g of Pd/C (10 wt %
palladium on activated carbon) were charged into a
pressure reactor and reacted for 72 h at 200 rpm
under 0.4 MPa of hydrogen pressure. Catalyst was
removed by filtration over celite, followed by solvent
evaporation and recrystallization from ethanol under
nitrogen, white needles was obtained (15.89 g, 85%
yield). Other two triphenylamines were prepared by
an analogous procedure according to Figure 1.
Compound I: yield: 85%; m.p. = 148~ 150°C; IR
(KBr, cm™1): 3430, 3350 (N—H asymmetric and sym-
metric stretching). 3036 (aromatic C—H stretching),
1624, 1584 (N—H bending and aromatic ring stretch-
ing), 1509, 1403(aromatic ring stretching), 1330, 1269
(C—N stretching), 1220, 829 (C—H bending in 1,4
substituted ring), 754, 695 (C—H bending in single
substituted ring). '"H-NMR (DMSO-dg, ppm): 6.47 (d,
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2H), 6.80 (d, 4H), 7.09 (t, 4H), 6.67~ 6.72 (m, 4H),
494 (s, 2H, NH). Anal. Calcd. for CigH N> (260.33):
C, 83.04%; H, 6.19%; N, 10.76%. Found: C, 83.35%;
H, 6.19%; N, 10.72%.

Compound II: yield: 81%; m.p. = 191°C; IR (KBr,
cm™Y): 3430, 3340 (N—H asymmetric and symmetric
stretching), 3030 (aromatic C—H stretching), 1623,
1590 (N—H bending and aromatic ring stretching),
1500, 1403 (aromatic ring stretching), 1330, 1280
(C—N stretching), 827 (C—H bending in 1,4-substi-
tuted ring), 761, 696 (C—H bending in single substi-
tuted ring). 'H-NMR (DMSO-ds, ppm): 6.94 (dd,
2H), 6.75~ 6.60 (m, 4H), 6.60~ 6.33 (m, 7H), 4.85 (s,
4H); Anal. caled for CigHy7N3 (260.36): C 78.52%, H
6.22, N 15.26%; found C 78.65%, H 6.32%, N 15.36%.

Compound III: yield: 89%; m.p. = 246°C; IR (KBr,
cm ™ Y): 3406, 3336 (N—H asymmetric and symmetric
stretching), 3029 (aromatic C—H stretching), 1618
(N—H bending and aromatic ring stretching), 1502,
1405 (aromatic ring stretching), 1331, 1261 (C—N
stretching), 829 (C—H bending in 1,4-substituted
ring). 'H-NMR (DMSO-d, ppm): 6.35 (6H, ArH),
6.31 (6H, ArH), 4.52 (6H, ArH). Anal. Calcd. for
C18H16N2 (29040) C, 83.040/0,' H, 6.190/0; N, 10.76%.
Found: C, 83.35%; H, 6.19%; N, 10.72%.

Typical procedure for the syntheses of imides and
polyimides

In a three-necked, round-bottomed flask fitted with
an Ar inlet/outlet and a Dean-Stark trap, PTDA
(0.3923 g, 1 mmol), amine I (0.5206 g, 2 mmol), and
2 mL of isoquinoline were dissolved in 60 mL of m-
cresol. The reaction solution was heated to 200°C for
24 h, and during the course of the reaction, about 15
mL of m-cresol was distilled off. The mixture was
then cooled to 100°C and poured into 300 mL of
methanol. The precipitated polymer was collected
by filtration and washed with methanol several
times. Unreacted PTDA was removed by treatment
with 10% sodium hydroxide several times, until the
green fluorescent color in basic solution faded away.
The crude product was treated with acetone in a
Soxhlet apparatus for 24 h, to remove high boiling
point solvents such as m-cresol and isoquinoline.
The dark brown precipitate was collected and dried
at 80°C under vacuum (0.6846 g, 75% yield). AIl and
Alll were prepared by the same method to that of
Al shown in Figure 2, except that the raw materials
mol ratios of PTDA to triphenylamine are 1 : 1 of
All and 2 : 3 of Alll, respectively.

AlL vyield 75%; IR (KBr, cm'): 1716, 1658 (imide
stretch). "H-NMR (DMSO-dy, §, ppm): 8.22 (PTDA-
H), 7.34~ 6.77 (AI’H) Anal. Calcd. for (C(,0H36N4O4)
876.97: C, 82.17%; H, 4.15%; N, 6.39%. Found: C,
77.87%; H, 3.76%; N, 5.04%.
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AIL Yield: 80%; IR (KBr, cm '): 1717, 1658 (imide
stretch). 'H-NMR (DMSO-ds, 8, ppm): 8.35 (PTDA-
H), 7.28~ 6.62 (AI'H) Anal. Calcd. for (C42H21N304)
631.66: C, 79.87%; H, 3.35%; N, 6.65%. Found: C,
75.49%; H, 3.15%; N, 5.21%.

AIIL: Yield: 82%; IR (KBr, cm™'): 1714, 1657 (imide
stretch). Anal. Calcd. for (Ci0gsH4sNgO12) 1649.57: C,
78.63%; H, 2.94%; N, 6.79%. Found: C, 74.14%; H,
4.10%; N, 5.55%.

Fabrication of DSSCs

DSSCs were fabricated using fluorine-doped tin ox-
ide (FTO) glass (20~ 25 Q* Nippon glass) as sub-
strates for both photoelectode and counter elec-
trode. For the preparation of photoeletrode, a
mesoporous film of anatase TiO, coated on the
FTO glass substrate was fabricated by sol-gel pro-
cess according to the literature.** In general, in a
modified sol-gel synthesis, two solutions were pre-
pared. A Ti-precursor solution (namely solution A)
was formed via adding 10 mL tetrabutyl titanate
and 1.5 mL acetylacetone to 10 mL absolute etha-
nol. A mixture of 0.2 mL hydrochloric acid, 2 mL
double distilled water, and 4 mL absolute ethanol
(namely solution B) was added dropwise into the
solution A under ultrasonic, and the viscosity of
the solution increased gradually with hydrolytic
reaction proceeding. At last, a bright yellow and
transparent sol (Meso-TiO; sol) was obtained after
1 h reaction. Meso-TiO, sol was spread on FTO
glass by dipping method and then was calcinated
at 380°C for 30 min in air. Then TiO, paste (P25
paste, Degussa) was deposited onto substrate men-
tioned above. After TiO, being dried, the covered
glass plates were sintered in air for 30 min at
450°C, cooled to about 80°C, and immersed in an-
hydrous m-cresol containing dyes for 48 h at room
temperature; excess dye was removed by rinsing
with m-cresol, acetonitrile and dried in vacuum at
80°C. The thickness of the TiO, was about 16 pm
determined by profiler. The N719-sensitized elec-
trode was made in similar way for reference. The
FTO counter electrode was thermally platinized by
depositing 15 pL of 5 mM H,PtCls in 2-propanol
and heated to 380°C for 15 min. The assembly of
DSSCs was done by pressing the counter-electrode
against the coated dye-sensitized electrode spaced
with a 60 pm Surlyn-1760 frame, and then the elec-
trolyte was introduced from the edge of the two
glass substrates just before measurements. The sur-
face area of the TiO, film electrode under illumina-
tion was 0.25 cm® The electrolyte was 0.6M 1-
butyl-3-methylimidazolium iodide (BMII), 0.1M Lil,
0.05M 1, solution in acetonitrile with 0.5M 4-tertbu-
tyl-pyridene (4-TBP).
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Figure 2 Synthesis route for model compounds and polymers: Al, All, and AIIL

Instruments and characterization

'"H-NMR spectra were recorded on a Bruker-300
instrument using tetramethylsilane as an internal
reference. Infrared measurements were performed
on a PE FTIR spectrometer. UV-vis absorption
spectra of the dyes in solution and adsorbed on
TiO, were measured on SHIMADZU UV-1700 spec-
trophotometer. Photoluminescence spectra were
measured on Jasco FP-6200 spectrophotometer. The
emission spectra of dyes were taken at Ae. = 520
nm. Melting points were obtained with a WRX-4
microscopy apparatus that were uncorrected. Inher-
ent viscosities were measured in concentrated
H,S0, solution at 25 = 0.1°C using an Ubbelohde
dilution viscometer. The stabilities and glass-transi-
tion temperatures (Tgs) of the polymer samples were
determined using a NETGSCH49C at a heating rate
of 10°C/min under nitrogen flow (50 mL/min).
X-ray diffraction patterns were recorded using
powder samples on a wide-angle D/max-yB diffrac-
tometer working in typical Bragg geometry with
Cu Ko radiation. The morphology observation of the

samples was carried out on a field-emission scanning
electron microscopy (Mx2600fe) and atom force mi-
croscopy (AFM, Nanoscope Illa digital instrument)
equipped with a silicon cantilever (typical spring
constant 40 Nm ™) in tapping mode under ambient
conditions.

Electrochemical measurements were performed
on a CHI660 electrochemical analyzer to obtain all
E§ /28 via cyclic voltammograms (CV) calibrated to
Fc(Il)/Fc(Ill)  oxidation couple. CV experiments
were carried out in three-electrode cell consisting of
a platinum working electrode, a platinum counter
electrode and a Ag/Ag" reference electrode. Solu-
tions of the polyimides and compounds were pre-
pared in reagent grade NMP dried over 4-A molec-
ular sieves. The supporting electrolyte was 0.1M
tetra-n-butylammonium perchlorate dried overnight
at 100°C. The solution was deoxygenated by sparg-
ing with Ar for 15 min prior to scanning and was
blanketed with Ar during scans. CV was performed
with microelectrode technique according to the
literature.*

Journal of Applied Polymer Science DOI 10.1002/app
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Photocurrent-voltage characteristics of solar cells
and photocurrent action spectra (incident photon-to-
photocurrent efficiency, IPCE) for the polymer-modi-
fied electrodes were obtained with CHI instrument
under simulated light source using a 500W high-
pressure Xe lamp as the excitation light source, with
the collimated light beam passing through an gra-
ting monochromator (Tianjin Lanlik) to select the ex-
citation wavelength when the steady-state photocur-
rent was recorded. The incident light intensities at
the different wavelengths were measured with a
Light Radiometer (Beijing Normal University).

Density functional theory (DFT) calculations were
performed on a computer. Geometry optimizations
were carried out using the B3LYP functional and 6-
31G basis set, as implemented in Gaussian 98 pro-
gram.”’ Molecular dynamics(MD) simulations were
carried out using MATERIALS Studio software
package (Accelrys). The models were built with a
Visualizer module, the molecular dynamics, and the
minimization calculations were performed on the
Discover module. The force field, we implemented
in this work, was condensed-phase optimized molec-
ular potentials for atomistic simulation studies
(COMPASS), which was based on the earlier class II
CFF9x and PCFF force fields and was the first ab ini-
tio-based force field that was parameterized using
extensive data for molecules in the condensed phase.
The MD simulations were performed within a ca-
nonical ensemble (NVT) at 298 K, and the tempera-
ture was controlled by Andersen method. The smart
minimizer was used, combining the steepest
descents method and conjugate gradient method.

RESULTS AND DISCUSSION
Monomer and polymer synthesis

4-Aminotriphenylamine(I), 4,4'-diaminotriphenylami-
ne(ll), and 4,4',4"-triamino triphenyl-amine(Ill) were
prepared by the condensation of diphenylamine, ani-
line, 4-nitroaniline with 1-fluoro-4-nitrobenzene fol-
lowed by hydrazine Pd/C catalytic reduction
according to the synthetic route outlined in Figure 1.
The monomers successfully synthesized were identi-
fied by elemental analysis, IR, and "H-NMR spectro-
scopic techniques in agreement with the litera-
tures.”®° The nitro groups of compounds a, b, ¢
that gave two characteristic bands at 1580 and 1313
cm ! (—NO, asymmetric and symmetric stretching)
disappeared after the reduction, and the amino
group showed the typical N—H stretching absorp-
tion pair in the region of 3300~ 3500 cm™'. The 'H-
NMR spectra of compounds a, b, ¢ confirmed that
the nitro groups have been completely transformed
into amino groups by the high-field shift of the aro-
matic protons and by the resonance signals at
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around 4.5 ppm corresponding to the amino
protons.

Reaction of monoamine(l), diamine(Il), and tria-
mine (III) with dianhydrides (PTDA) with the reac-
tion ratio of 2 : 1,1 : 1, and 2 : 3 was carried out at
200°C in refluxing m-cresol containing a small
amount of isoquinoline by one-step method accord-
ing to the Figure 2. All, AIll were obtained in high
yield with intrinsic viscosities in range of about 0.4
dL/g in concentrated sulfuric acid in agreement
with the literatures.'®*' Owing to the low solubility
of PTDA in m-cresol at room temperature, higher
temperature may increase its solubility. The gener-
ated water was removed through a gentle argon
flow, and hence, the reaction equilibrium was
moved to the formation of polyimide. Because the
polymers were partly soluble in common organic
solvents, their molecular weights could not be
obtained.

The reaction mixture slowly dissolved on imidiza-
tion to give a deep red solution and the product pre-
cipitated upon cooling to 100°C. The 'H-NMR spec-
tra of perylene imides showed multiplet resonances
at about 8.2 (8.7) representing the aromatic protons
from the perylene moiety, other resonances at about
7.2 representing the aromatic protons from triphe-
nylamine. Complete imidization was confirmed by
IR spectroscopy, which indicated the loss of six-
membered anhydride peaks at 1773, 1756 cm ™' and
the appearance of the characteristic imide peaks at
1716, 1668 cm™'(Fig. 3). The reaction procedure also
can be monitored by IR. When some raw materials
existed, there were peaks at 1773, 1756 cm ! in IR
spectra. The raw product was washed with 10% so-
dium hydroxide solution to discard unreacted mate-
rials. In all cases, however, the carbon and nitrogen
elemental analysis values were lower than the calcu-
lated values in the proposed structures. This prob-
ably relates to higher char yields of these polymers
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TABLE I
The Heat Stability Analysis of AI, AII, AIII
5% Mass 10% Mass Residual %
TBg (°O)s O O (700°C)
Al - 425 483 52
An 248 425 515 46
A 268 418 470 60

at elevated temperatures, which will be discussed
subsequently.

Thermal properties and crystalline

All polyimides and model compounds synthesized
were characterized by differential scanning calorime-
ter (DSC) and thermogravimetry (TG). The results
were summarized in Table I. As indicated by the
onset temperatures of decomposition (T,;) for 5%
weight loss ranging from 418 to 425°C (Supporting
Information Fig. S1), polyimides were quite ther-
mally stable in nitrogen. The amount of carbonized
residue (char yield) of these PTDA-containing poly-
mers in nitrogen atmosphere was more than 46% at
700°C. The Tgs of all the polymers were observed in
the range of 248~ 268°C. This result also supports
the amorphous nature of these triphenylamine-con-
taining polymers, which showing no peak of T,,.
The polydispersity maybe so wide that the polyi-
mide experience phase transition during a large tem-
perature range and the molecular chain is so stiff
that the molecule can move at higher temperature.

To investigate the aggregation state in the com-
pounds, the XRD patterns of model compounds and
polyimides powders were obtained and shown in
Supporting Information Figure S2. Broad diffraction
peaks of diffusion type centered at 23° (20) were
observed in plots. The steric repulsion of the bulky tri-
phenylamine unit twists the rings dramatically out of
the plane, which inhibits chain packing and crystalli-
zation. The pristine polyimides and model compound
are amorphous. The results are in line with the results
of DSC determination. All perylene-containing dyes
are soluble in polar aprotic solvents such as NMP,
concentrated sulfuric acid, m-cresol, and stable at
room temperature. The polyimides exhibit solubility
because of the increased flexibility and free volume
caused by the introduction of a bulky pendent triphe-
nylamine group in the repeat unit.

Morphologies of films

Supporting Information Figure S3 shows the tap-
ping-mode AFM topographical images (1 x 1 pm?)
of the polyimides films. The films were casted from
m-cresol and annealed at 120°C to make the solvent
evaporate. The coatings were homogenous and po-
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rous. The films of AIl and AIIl were rough (mean
roughness, Ra = 7.73 nm and 7.85 nm), which could
make ion of electrolyte penetrate readily and would
improve the current in the solar cell.

Optical properties

The UV-vis spectra obtained in different polar solvent
such as DMSO, NMP, m-cresol, concentrated H,SO,
were summarized in Supporting Information Table
S1. As shown in Figure 4, in DMSO, the Al spectrum
showed the characteristic four modal absorbance
peaks at 432, 460, 493, 528 nm, which attributed to 0—
3, 0— 2, 0— 1, 0— O transition. The peaks of three
dyes were in the similar place and shifted to low
energy region by 6 or 13 nm compared with PTDA.
This implies the linear and star structures play minor
role in the UV-vis spectrum compared with model
compound. The absorption and fluorescence spectra
of compounds showed consistent mirror-image
behavior as shown in reference.*?

However, in strong polar solvent, such as m-cre-
sol, the peaks of Al moved to low energy region by
about 24 nm compared with that in DMSO. As
shown in the spectrum in H,SO,, besides that the
peaks moved to long wavelength, a new peak
appeared in 600 nm, which may be explained by
interaction of the dye with H,SO, and protonation
of dyes.’”® The perylene pigments we synthesized
were dissolved in concentrated sulfuric acid and
reobtained by dilution showing no decomposition.
So, we think the concentrated sulfuric acid was not
easy to destroy the molecule. The new peak was
mainly attributed to the interaction of concentrated
sulfuric and perylene pigments.

We also investigated the peaks position depend-
ence of concentration and found that no new peak
appeared (representing dimer or aggregation) with
the increasing of concentration of dyes. When the
dyes were absorbed by TiO,, the absorption peaks
did not blue shift like the ref. 24. There only plots of
absorption superimposed over the spectra of dyes in
solvent. The absorbance of the thin film was gov-
erned by the monomer like that in dilution. This did
not indicate that H- or J-aggregation formed in con-
centrated solution or in films, which would quench
the photogenerated electron, induce to recombina-
tion of electrons and holes, thus decrease the photo-
current density. This can be explained by the intro-
duction of nonplanar triphenylamine moiety, which
gave hindrance of aggregation. This will be dis-
cussed by molecular simulation in the next section.

Electrochemical properties

CV was used to determine the redox potentials of the
dyes and to estimate the driving force of the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 UV-vis spectra of AI, AIl, and AIIl (a) in
DMSO; (b) in concentrated H,SOy; (¢) on TiO, nanofilms.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

photoinduced electron injection process. The CV
curves of a series of compounds were shown in Figure
5. able II summarized Ejymos calculated from the re-
dox half-wave potentials in CV and band gaps (E;pt)
estimated from the onset absorption wavelength of
maximum absorption wavelength (Amax), assuming
that the HOMO energy level for the Fc/Fc" standard

Journal of Applied Polymer Science DOI 10.1002/app

NIU ET AL.

was 4.80 eV with respect to the zero vacuum level.
The measured E;ymos and calculated Exomos were
listed in Table II, respectively, which suggested that
the three types of triphenylamine derivatives exhib-
ited analogous energy levels.

For example, Al underwent two reversible one-
electron reductions. The first of which was the
reduction of the neutral monomer to the radical
anion and the second reduction corresponded to the
formation of the dianion. The others dyes behave
similarly. However, during the anodic scan, no strik-
ingly reversible oxidations of compounds represent-
ing the characteristic of triphenylamine were
observed. It implied perylene cores that had the
characteristic of the intensive withdrawing electron
played the key role.

Despite different chemical structures, it was
mainly the conjugated planar structure that deter-
mined the energy levels as well as the band gaps
other than alkyl group.'® The results from CV meas-
urements illustrated that the compounds could be
easily reduced (n-doped), which implied that the
polymers possessing the capability for accepting
electron were n-type semiconductors. The energy
levels of the HOMO were lower for the compounds
compared with the redox potential of I"3/I" (-5.03
eV, referring to vacuum), which meant that the dyes
had more driving force to be reduced by the I"5/1"
redox system in thermodynamics due to the shift in
ionization potential. The excited-state levels, Erymos
calculated from CV were similar for all the dyes
(shown in Table II) and were sufficiently high for
electron injection into the TiO, (energy level of con-
ducting band is about —4.40 eV). All the present
dyes satisfied the energy gap rule. This means that,
in thermodynamics, the designed dyes molecules
can be used as sensitizers for DSSCs application, in
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Figure 5 CV curves of Al, AlIl, and AIIL Scan rates were
indicated in labels. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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TABLE 1I
CV Data of Dyes and Calculated Energy Levels from Experiments and Quantum Chemistry
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Figure 6 Spectra of monochromatic incident photo-to-
current conversion efficiency (IPCE) for DSSC based on A
series of compounds in acetonitrile. Every point is repre-
senting mean value of three values. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

which the dyes have stronger electron injection driv-
ing force.

The kinetics of the perylenediimide-based electro-
des can be discussed by looking at the effect of the
scan rate on the peak intensity and potential values.
It can be seen that the higher the sweep rate values,
the higher the peak currents for the film electrodes.
At the same time, increasing the scan rate promoted
peak broadening and separation, indicating kinetic
limitations in the compounds films. These data point
to a diffusion-controlled reaction.**

Potovoltaic performance of DSSCs based on dyes

The coatings were homogenous and porous with
about 40-nm nanocrystalline particle sizes, suitable
for the applications in photovolatic devices as shown
in Supporting Information Figure S4. The nanocrys-
talline TiO, could adhere to FTO strongly that can
not only lower the electron resistance but also
adsorb enough dyes to produce photogenerated
electrons.

According to the literature,® the IPCEs were
obtained by the following equation:

12401, [A/cm?] x 100

IPCE(%) = [A(nm) x Iinc(W/cm?)]

where I, is the short-circuit photocurrent density for
monochromatic irradiation and A is the wavelength
and ;. is the incident radiative flux.

The IPCE action spectra of the solar cells based on
imides and polyimides were shown in Figure 7. AIl
yielded about 10% at 544 nm. The plots of IPCE

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 J-V characteristics of DSSCs with polyimide
and model compounds dyes as sensitizers under illumina-
tion of AM 1.5. The effective area: 0.25 cm?. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

were similar to the UV-vis spectra of polyimides,
which indicated that the current originated from the
absorption of photon.

The photovoltaic test of DSSCs was carried out by
measuring the J-V characteristic curves under simu-
lated AM 1.5 solar illumination (90 mW cm ?) in
ambient atmosphere (Fig. 7); the fill factor (FF) and
overall light-to-electrical energy conversion effi-
ciency (1) of DSSCs were calculated according to the
following equation:

= VocJscFF
P in
FF— 2
VocJsc

where Jsc is the short-circuit current density (mA
cm?), Voc is the open-circuit voltage (V), Py, is the
incident light power, and ], (mA cm ?) and V, (V)
are the current density and voltage at the point of
maximum power output on the J-V curves,
respectively.

From the Figure 7, ns are in the range of 0.07-
0.116%, which are lower than N719. But these values
are of the same order of magnitude as some dyes
with carboxylic groups reported.”® It will be full of
promise of the dyes after chemical modification.

It has to be noted that for these comparative stud-
ies no complete optimization was performed such
as modulation of thickness of TiO, and adding scat-
tering layer. If optimization of solar cell be carried
out, the efficiency would be improved. However,
the structure of dye is the key to improve the effi-
ciency. We should design perylene containing dye
with carboxyl bonds that would anchor to the TiO,
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surface chemically. The bond would enhance the
charges injecting and transferring from dyes to
TiO,. The polyimides are dissolved only in strong
polar solvent such as m-cresol, DMAc, and NMP.
The poor solubility of the polyimide would also
decrease the potovoltaic performance of the DSSCs.
To avoid the doped of m-cresol, we rinsed the dyes
and solvent with ethanol and acetonitrile. We also
tried to use different solvent to dissolve the dyes,
but the photovoltaic results were similar. We need
to modify the perylene molecule with some groups
such as long alkyl chain to improve the solubility
and photovoltaic performance of the polyimides in
the future.

Characteristic photocurrents observed on irradia-
tion of electrode under applied biases of —0.4, —0.2,
0, +0.2, and +0.4 V were shown in Figure 8(a). The
observed photocurrents increased as the applied
potential of the photoelectrochemical cell was shifted
to a more positive bias. On illumination under a bias
of —0.2 V, a decay of anodic photocurrent and a
growth of cathodic current on termination of illumi-
nation could be observed. The growth of cathodic
current arose from a back electron transfered from
reduced TiO, nanoparticle to the photooxidized
adsorbed dye AIIl. The anodic photocurrent under
illumination was suppressed at a bias of 0 V and
disappeared completely below a bias of —0.4 V. This
observation clearly indicated that a positive bias
facilitated electron transport across the TiO, nano-
particle thin film toward the conducting surface of
FTO-coated glass and suppressed the recombination
of electrons and holes.

Figure 8(b) showed typical open-circuit photovol-
taic response of electrode on illumination at different
voltage biases. In contrast to Figure 8(a), the photo-
voltage did not change as the bias was altered. Pho-
tovoltage generation was instantaneous and
remained virtually constant over several on-off illu-
mination cycles. This observation was consistent
with the injection of electrons from the LUMO of the
Alll to the conduction band of the TiO, nanopar-
ticles, followed by interparticulate hopping of elec-
trons to the conduction band of the FTO-coated
glass. After the light was turned off, the photovolt-
age decayed to zero instantly.

The |-V characteristics of the optimized inverted
cell, measured with different incident light intensity
from 0 to 90 mW/cm?, were shown in Supporting
Information Figure S6. and data were summarized
in Table III. The performance parameters of the cell
(Jsc) were plotted as functions of the incident light
intensities. Because [,. was linear with illuminated
light intensity, there was no substantial space
charge buildup in the device. The V,. also
increased monotonically with an increase of light
intensity.
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Figure 8 The transient photocurrent response (a) and
open-circuit photovoltage (b) of AIIl sensitized solar cell at
different voltage bias. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

TABLE III
J-V Measurement Results of DSSCs Sensitized with Al,
AII, AIIL, Under Illumination with 90 mW/cm? Light
Intensity by AM 1.5 Solar Simulator

Al All AII N719
Jsc (mA/cmP?F) 0.317 0.526 0.362 14.1
Ve (V) 0.333 0.406 0.387 0.735
PBiax (MW /cmP?) 0.063 0.105 0.075 5.35
FF 0.599 0.490 0.534 0.516
N (%) 0.070 0.116 0.083 5.94
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Figure 9 The molecular structures of the novel dyes Al
and dimmers of AIl and the frontier molecular orbitals cal-
culated with DFT on a B3IYP/6-31G level. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Electronic structures and molecular simulations

In Figure 9, the structures of the dyes and the Fron-
tier orbitals were depicted by Gaussian software.'”
The diphenylamine moiety was nonplanar and
would suppress aggregation due to the disturbance
of the m-n stacking. The HOMO was to a large
extent distributed over triphenylamine moiety the
donor group, and the LUMO was distributed over
perylene core plane, which was the acceptor group.
The electronic redistribution between the HOMO
and LUMO showed a pronounced intramolecular
charge separation for this transition. The Frontier
molecular orbital energies were summarized in Ta-
ble II. Because of the computer limit, only energies
of dimers of AIl were calculated to be compared.
With the degree of polymerization increasing and
the p-A (donor—acceptor) structure forming, the Epy.
MoS were decreasing and Epomos were increasing
that resulted in that the gap between LUMO and
HOMO was becoming narrow. Comparison of the
electron distribution in the Frontier molecular orbi-
tals revealed that photoinduced electron transfered
from the triphenylamine moiety to the perylene moi-
ety. Consequently, electrons could be injected into
TiO, via the perylene moiety. Assuming similar mo-
lecular orbital geometry when molecular anchored
to TiO,, the position of the LUMO close to the
anchoring group would enhance the orbital overlap
with the titanium 3d orbitals and would favor elec-
tron injection.
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We also investigated the energy levels of raw
monomers of PTDA with same basis level DFT cal-
culations and found that the Ejynos and Epowmos
were —4.07 and —6.67 eV (not shown here), respec-
tively. When introduced triphenylamine group, the
Erumos and Epomos were improved to provide
enough driving force for an efficient electron injec-
tion to TiO,.

There was difference between Eponos estimated
from CV experiment and DFT free molecule calcula-
tions. These can be explained by the nature of the
theoretical calculations. The calculations were done
for systems with free molecules in a vacuum, but
the environment differed substantially from the real
experimental conditions, where solvent effects, ions,
and molecular interactions play a decisive role in
determining the properties.

The molecular aggregation and interaction were
also important to the properties of dyes. Looking
down the center of the polyimide AIl chain in Sup-
porting Information Figure 56, we saw the circle of
oxygen and nitrogen. The images showed the fold-
ing of the chains. The chains were helicoid, which
would suppress aggregation and prevent electron
recombination due to the nonplanar conformation of
triphenylamine and the disturbance of the n—n stack-
ing. On the one hand, the formed porous centers in
the three-dimensional structures would facilitate the
ion transport; on the other hand, it would be trouble
to transport the electrons along the main molecular
chains because of a block of conjugation.

CONCLUSIONS

Three perylene containing dyes were synthesized
and the structures were confirmed by 'H-NMR and
IR spectra. The optical and photophysical properties
were characterized by UV-vis absorption, CV, and
quantum chemistry calculation. The three dyes can
be dissolved in polar solvents such as NMP and
concentrated H,SO,. As has been observed with sen-
sitizers adsorbed on nanoporous TiO; films, the pho-
tosensitization took place by a mechanism involving
photoinduced electron injection from the dyes to the
TiO,, and subsequent electron hopping to the con-
ductive FTO electrode surface. Lower efficiencies
were observed for the solar cells. It would be
explained by some factors such as no chemical
bonding to TiO,, the series resistant of the cell, and
the chain conformations. However, the results do
demonstrate the viability of polymeric adsorbed
photosensitizers for porous nanoparticle metal oxide
electrodes and reveal the way of designing of mole-
cules to provide the bright future prospect of devel-
oping more efficient DSSCs.
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