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ABSTRACT: The first quantitative comparison between self-assembled mono-
layers of homologous carboxylate- and phosphonate-terminated organic dyes that
are of use in dye-sensitized solar cells (DSSCs) is reported. (Cyanovinyl)-
phosphonate-terminated oligothiophenes and (cyanovinyl)carboxylate-terminated
oligothiophenes were synthesized on TiO, thin film electrodes. Structurally
analogous organics were compared for the effect of the anchoring groups on
photochemical properties in solution as measured by UV/vis spectroscopy and for
reactivity with the electrode surface. Monolayers were grown on the TiO, electrodes
either by “tethering by aggregation and growth” (T-BAG) or by solution dipping.
Surface roughness and homogeneity, elemental composition, and thickness of the
monolayers were evaluated by atomic force microscopy (AFM), X-ray photoelectron

spectroscopy (XPS), and ellipsometry. Molecular loadings for each monolayer on TiO, were quantified by quartz crystal
microgravimetry (QCM), and the stability of bonding between each class of dyes and the TiO, was evaluated by measuring
desorption, also by QCM; the carboxylates underwent significant dissociation in aqueous media but the phosphonates did not.
DSSCs were prepared from each congener and from simple oligothiophene phosphonates to determine the effect of the
cyanovinyl group on device behavior; all DSSCs were studied under irradiation from a AM 1.5G solar light source; the effect of
cyanovinyl group termination was comparable to that of adding a thiophene moiety, and the DSSC using a self-assembled
monolayer of (sexithiophene)phosphonate (6TP) had total power conversion efficiency () of ca. 5%.

KEYWORDS: phosphonate self-assembled monolayers, carboxylate self-assembled monolayers, oligothiophenes, precious metal-free dye,

dye-sensitized solar cells

B INTRODUCTION

Dye-sensitized solar cells (DSSCs) continue to attract
considerable attention as inexpensive alternatives to conven-
tional p-n junction solar cells for the generation of electricity;
they do not require high-purity materials and can be
implemented at low cost." This type of device typically consists
of an n-type wide band gap semiconductor (such as TiO,) that
is deposited onto a transparent conducting oxide (TCO)
electrode; dye molecules are adsorbed and anchored onto the
semiconductor, and a redox electrolyte matrix is placed in
contact with a metallic counter electrode.” The best known of
these was pioneered by Gritzel and co-workers, who
demonstrated that dyes based on organometallic complexes
of ruthenium or, less commonly, zinc can achieve high power
conversion efficiencies of up to 12.3% under AM 1.5G
irradiation.>* From a practical standpoint, however, the high
cost and low abundance of ruthenium has lead researchers to
consider organic dyes, which have advantages of low cost, high
molar extinction coefficients, structural and functional flexi-
bility, and facile preparation and puriﬁcation.5’6 It has been
proposed’ that the carboxylate anchor group, either with
organic or organometallic moieties, can participate in electron
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transfer from the photoexcited dye molecule to the semi-
conductor, and this has been demonstrated experimentally.”
Other classes of nonmetallic organic dyes have been studied
systemically, but only at the theoretical level;* "> among these,
donor—n—bridge—acceptor organic frameworks have attracted
keen interest because of the variety of functional groups that
can be incorporated in such dyes."

Self-assembled monolayers of phosphonates (SAMPs) are
robust building blocks for surface and interface modification;
they are attractive alternatives to organosilicon-'*"> and
organocarboxylate-based'® coatings where stability to hydrol-
ysis is required. SAMPs can be prepared as highly vertically
ordered and dense monolayers. They provide stable and
organized platforms for modifying the gate dielectric in organic
thin-film transistors,’”>* construction of SAMP duplexes,zs_29
applications in DNA microarrays,*® sensing of target molecules
in electrolyte-gated field-effect nanowire transistors,”" and for
promoting cell adhesion on oxide and polymer substrates.”*>*

Received: September 6, 2012
Accepted: November 9, 2012
Published: November 9, 2012

dx.doi.org/10.1021/am301907z | ACS Appl. Mater. Interfaces 2012, 4, 6735—6746


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

wen: sy ™
sTPn=3 s \\ 7/ s~ ROH
6TPn=4 n (o)

Figure 1. Oligothiophene phosphonate and carboxylate dyes.
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Theoretical studies suggest that phosphonate anchoring groups
should be comparable to carboxylates for facilitating electron
transfer from a surface-bound dye to a semiconductor
electrode.'”

The goal of our study was to quantitatively compare the
effect of the more common carboxylate anchoring groups with
phosphonate analogs for their effect on photochemical
properties in solution as measured by UV/vis spectroscopy
and for reactivity with a TiO, electrode surface. It was of
particular interest to determine molecular loadings for analog
monolayers on TiO, by quartz crystal microgravimetry
(QCM), and to determine, also quantitatively, the stability of
these dyes on the TiO, in the aqueous media that characterize
DSSCs. A notable gap in our understanding of DSSCs is that,
although organic dyes absorbed onto TiO, surfaces have been
characterized by UV /vis absorption spectroscopy, water wetting
contact angle measurements, atomic force microscopy (AFM),
ellipsometry, or X-ray photoelectron spectroscopy (XPS),*® for
the most part, molecular loadings of such dye molecules have
not been measured directly; only in a few cases have indirect
measurements of loading been made by desorption of dye
molecules from TiO, into aqueous ammonia solutions:*®
Lacking measurement of electrode surface loading by the
various dyes makes it problematic to meaningfully compare
devices based on them. It was also of interest to quantitatively
compare the effect of increasing conjugation length in a series
of simple oligothiophene dyes achieved by successive
introduction of thiophene units on the performance of simple
DSSCs with the introduction of terminal cyanoacrylate
moieties® as polar, electron-withdrawing groups, that are used
to shift absorption maxima toward visible wavelength regions of
high solar radiation intensity®*” and proposed to enhance
exciton separation and electron capture by the TiO,.*® We
report herein results of these quantitative studies, which show
that, while molecular loadings of carboxylate and phosphonate
analog dyes can be made comparable on TiO,, carboxylate
derivates readily desorb from this surface under aqueous
conditions, but the phosphonates do not. We show that SAMPs
of simple oligothiophenes on TiO, semiconductor electrodes
provide DSSCs in which power-conversion efficiency is
improved with an increasing number of thiophene units in
the dye (3TP-6TP; Figure 1) as measured under irradiation
from a AM 1.5G solar light source; loadings for 3TP-6TP were
comparable, so changes in device performance can be attributed
directly to changes in oligomer number. We also show the
surprising result that the effect of cyanovinyl group termination
(4TCC and 4TCP; Figure 1) on DSSC performance is
comparable only to that of adding a simple thiophene moiety.

B EXPERIMENTAL SECTION

General. a-Terthiophen-2-yl-boronic acid,* a-quarterthiophen-2-
yl-phosphonic acid*® (4TP), a-terthiophen-2-yl-carboxaldehyde,*' and
a-quarterthiophen-2-yl-carboxaldehyde* were synthesized according
to published procedures. Bithiophene (2T, Sigma-Aldrich), a-
terthiophene (3T, TCI), and 5-(4,4,5,5-tetramethyl-1,3,2-dioxabor-
olan-2-yl)-2,2'-bithiophene (TCI) were used as received. All other
chemicals were purchased from E. Merck, Sigma-Aldrich, Acros, or
TCI, and were used without any further purification. Solvents used for
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reaction, precipitation, and column chromatography were freshly
distilled according to standard procedures. All reactions and
manipulations were carried out under an argon atmosphere. 'H and
BC nuclear magnetic resonance (NMR) spectra were recorded using a
Bruker AVANCE (500 MHz) at 298K. Chemical shift (§) and
coupling constant (J) data are expressed in units of ppm and Hz,
respectively. 'H and "*C chemical shifts are referred to the solvent
signal. Mass spectrometry was performed on a Kratos MS 50 RFA.
UV/vis absorption spectra were recorded on an Agilent-8453
spectrophotometer. Atomic force microscopy (AFM) analysis of
films was done using a Digital Instruments Dimension NanoMan
equipped with silicon tips in tapping mode. Quartz crystal micro-
balance (QCM) measurements were made using an International
Crystal Manufacturing standard (clock) oscillator equipped with Au-
coated electrodes; the surface roughness of TiO,/Au-coated electrodes
was determined by a BET experiment as previously described.* Mg
Ka (1253.6 eV) radiation was used for X-ray photoelectron
spectroscopic (XPS) analysis. TiO, thin films were deposited onto
ITO, SiO,/Si, and Au QCM electrodes, respectively, using the method
described in our previous reports.**** DSSC J—V characteristics were
measured in the dark and under illumination using a Keithley 236
source-measure unit. Illumination was provided by a Newport/Oriel
solar simulator equipped with AMIL.5G filters. Intensities were
measured using a broadband thermopile detector.
a-Oligothiophen-2-yl-phosphonic Acids and (1-Cyano-[a-oligo-
thiophen-2-ylJ-vinyl)phosphonic Acids. Syntheses of phosphonic acid
diethyl ester precursors to these dyes are found in the Supporting
Information. The phosphonic acid diethyl ester (1 mmol) was
suspended in anhydrous DCM (20 mL) under an argon atmosphere,
and bromotrimethylsilane (0.8 mL, 4 mmol) was added. The reaction
mixture was stirred overnight at room temperature; anhydrous
methanol (0.8 mL) was then added, and the reaction mixture was
stirred for an additional 6 h. The resulting suspension was
concentrated under reduced pressure, and the solid was washed
thoroughly with DCM (10 mL) and diethyl ether (20 mL), and was
recrystallized from methanol and THF, affording the product.
Photophysical properties of these compounds are listed in Table 1
and shown in Figure 2.
(1-Cyano-2-[a-terthiophen-2-yl]-vinyl)phosphonic Acid (3TCP).
Dark red solid; yield 90%. '"H NMR (500 MHz, di-DMSO, 298K,
TMS): 6 = 8.04 (d, °] (H,P) = 18.5 Hz, 1H), 7.87 (d, ] (HH) = 3.5
Hz, 1H), 7.61 (d, 3] (H,H) = 5.0 Hz, 1H), 7.55 (d, ¥] (H,H) = 4.0 Hz,
1H), 7.55 (d, ] (HH) = 4.0 Hz, 1H), 7.45 (d, 3] (HH) = 3.0 Hz,
1H), 7.38 (d, 3] (HH) = 4.0 Hz, 1H), 7.15 (dd, 3] (H,H) = 5.6 Hz, }]

Table 1. Photophysical Properties and Comparative
Parameters for the Oligothiophene Dyes

e(x10*M™' HOMO/LUMO  band gap

dye Amax (nm)? cm )¢ (eV)d (eV)d
3TP 357 238 —5.40/-2.09 331
4TP 395 3.55 —5.17/-2.24 2.93
STP 421 4.16 —5.04/—2.33 271
6TP 430 4.89 —4.94/-2.38 2.56
3TCP 392 (413)° 5.96 —5.53/-2.71 2.82
3TCC 413 (416)° 423 —5.55/-2.84 271
4TCP 413 (438)° 6.90 -5.31/-2.75 2.56
4TCC 436 (440)° 577 —5.32/-2.87 245

“Absorption of charge-transfer transitions measured in THEF.
bAbsorption spectra measured in DMF. “e: absorption coefficient.
9B3LYP/6-31G(d) calculated values.
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Figure 2. Absorption spectra of (a) 3TP-6TP in THF; (b) 3TCP, 3TP, 4TCP, and 4TP in THF comparing (cyanovinyl)oligothiophene
phosphonated species with their oligothiophene phosphonated congeners; and (c) absorption spectra of 3TCP, 3TCC, 4TCP, and 4TCC in THF
comparing (cyanovinyl)oligothiophene phosphonated species with (cyanovinyl)oligothiophene carboxylated ones.

Figure 3. AFM images of 2 nm TiO, /SiO,/Si: (a) S ym X S pym (rms roughness: 0.28 nm); (b) 1 ym X 1 ym (rms roughness: 0.37 nm).

(HH) = 4.0 Hz, 1H) ppm. *C NMR (125 MHz, d;-DMSO, 298K): §
= 146.4, 1464, 142.9, 139.2, 137.9, 135.6, 135.5, 133.7, 128.8, 127.7,
126.6, 125.5, 125.1, 124.8, 117.3, 117.2, 101.1, 99.6 ppm. *'P NMR
(202 MHz, d¢-DMSO, 298K): § = 5.42 ppm. HRMS (ESI-TOF) for
C,sH,,NO;PS;: caled, 379.9639 (M+H) *; found, m/z 379.963S.

(1-Cyano-2-[a-Quarterthiophen-2-yl]-vinyl)phosphonic acid
(4TCP). Dark red solid; yield 94%. '"H NMR (500 MHz, d;-DMSO,
298K): & = 8.02 (d, ’] (H,P) = 18.5 Hz, 1H), 7.87 (d, *] (HH) = 4.0
Hz, 1H), 7.58—7.55 (m, 3H), 7.42 (d, *] (H,H) = 3.5 Hz, 1H), 7.41 (4,
3] (HH) = 3.0 Hz, 1H), 7.38 (dd4, *] (H,H) = 3.5 Hz, ¥] (HH) = 1.0
Hz, 1H), 7.33 (d, 3] (H;H) = 4.0 Hz, 1H), 7.13 (dd, ¥ (H,H) = 5.0
Hz, °] (HH) = 4.0 Hz, 1H) ppm. *C NMR (125 MHz, d--DMSO,
298K): & = 146.4, 142.8, 139.2, 137.3, 136.4, 135.8, 135.7, 135.6,
134.2, 133.9, 128.6, 127.8, 126.2, 126.1, 125.7, 125.3, 124.9, 124.7,
117.3, 1172, 101.1, 99.6 ppm. *P NMR (202 MHz, d,-DMSO,
298K): § = 5.49 ppm. HRMS (ESI-TOF) for C,;;H;3NO;PS,: calcd,
461.9516 (M+H)*; found, m/z 461.9509.

a-Terthiophen-2-yl-phosphonic Acid (3TP).*> Greenish yellow
solid; yield 70%. 'H NMR (500 MHz, [Ds]DMSO, 298K, TMS): § =
7.56 (d, 3] (H,P) = 5.5 Hz, 1H), 7.38—7.35 (m, 4H), 7.30 (d, ’] (H,H)
= 3.5 Hz, 1H), 7.12 (dd, 3] (HH) = 5.0 Hz, ’] (H,H) = 3.5 Hz, 1H)
ppm. *C NMR (125 MHz, [Ds]DMSO, 298K): § = 141.2, 141.1,
1364, 135.8, 134.8, 134.7, 134.5, 134.2, 134.2, 132.9, 128.6, 126.2,
126.1, 125.1, 124.7, 124.7, 1246 ppm. *P NMR (202 MHyz,
[Ds]DMSO, 298K): § = 4.32 ppm. HRMS (ESI-TOF) for
C1,H;oO0;PS;: caled, 328.9530 (M+H)*; found. m/z 328.9522.

a-Quinquethiophen-2-yl-phosphonic Acid (5TP). Orange solid;
yield 92%. '"H NMR (500 MHz, d--DMSO, 298K, TMS): § = 7.56 (d,
] (H,P) = 5.0 Hz, 1H), 7.41 (d, ] (H,H) = 4.0 Hz, 1H), 7.38—7.34
(m, 7H), 7.31 (d, 3] (H,H) = 4.0 Hz, 1H), 7.12 (dd, ] (H,H) = 5.0
Hz, %] (HH) = 3.5 Hz, 1H) ppm. *C NMR (125 MHz, d--DMSO,
298K): § = 141.1, 141.0, 135.9, 135.8, 135.7, 135.3, 134.8, 134.7,
134.6, 134.5, 128.6, 126.4, 126.0, 125.8, 125.5, 125.5, 125.4, 125.2,
124.8, 124.8, 124.6 ppm. *'P NMR (202 MHz, d;-DMSO, 298K): § =
4.25 ppm. HRMS (ESI-TOF) for C,oH,,05PS;: calcd, 492.9284 (M
+H)*; found, m/z 492.9280.
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a-Sexithiophen-2-yl-phosphonic Acid (6TP). Red solid; yield 98%.
'H NMR (500 MHz, d;-DMSO, 298K, TMS): 6 = 7.57—7.55 (m,
2H), 7.51 (d, 3] (HH) = 4.0 Hz, 1H), 7.48 (d, 3] (HH) = 4.0 Hz,
1H), 7.47 (d, 3] (HH) = 3.5 Hz, 1H), 7.43 (dd, 3] (H,H) = 3.0 Hz, ¥
(H,H) = 3.0 Hz, 1H), 7.39—7.36 (m, SH), 7.32 (d, ¥ (H,H) = 4.0 Hz,
1H), 7.12 (dd, ’] (HH) = 5.0 Hz, 3] (H,H) = 3.5 Hz, 1H) ppm. *C
NMR (125 MHz, d,DMSO, 298K): § = 140.8, 140.7, 136.3, 1362,
135.8, 135.0, 134.9, 134.9, 134.9, 1349, 134.8, 134.3, 1332, 132.7,
129.9, 129.6, 128.6, 128.4, 1282, 126.7, 126.7, 126.1, 125.8, 125.7,
125.5, 1252, 1252, 125.1, 124.6 ppm. *'P NMR (202 MHz, d¢
DMSO, 298K): & = 4.18 ppm. HRMS (ESI-TOF) for C,,H,40,PSj:
caled, 574.9161 (M+H)*; found, m/z 574.9153.

Synthesis of 1Cyano-[a-oligothiophen-2-yll-vinyl)carboxylic
Acids. 6(1-Cyano-2-[a-terthiophen-2-yl]-vinyl)carboxylic Acid
(3TCC).** A mixture of a-terthiophen-2-yl-carboxaldehyde (497 mg,
1.8 mmol), 2-cyanoacetic acid (463 mg, 5.4 mmol), and ammonium
acetate (S5 mg, 1.2 mmol) in glacial acetic acid (10 mL) was refluxed
for 3 h under argon. The resulting suspension was concentrated under
reduced pressure, and the residue was washed thoroughly with DCM
(10 mL) and diethyl ether (20 mL). The recovered solid was
recrystallized from methanol and THF, affording the product as a
purple solid (476 mg, 77%). 'H NMR (500 MHz, d;-DMSO, 298K): 5
=8.50 (s, 1H), 7.99 (4, ’] (HH) = 3.5 Hz, 1H), 7.61-7.61 (m, 3H),
7.46 (d,] (HH) = 3.0 Hz, 1H), 7.39 (d, ¥] (H,H) = 3.0 Hz, 1H), 7.19
(dd, ¥ (HH) = 4.0 Hz, ’] (H,H) = 3.5 Hz, 1H) ppm. *C NMR (125
MHz, d,-DMSO DMSO, 298K): § = 163.7, 146.5, 145.3, 141.8, 138.5,
135.5, 134.0,133.5, 128.8, 128.3, 126.8, 125.6, 125.3, 1252, 116.6 ppm.
HRMS (ESI-TOF) for C;H;(NO,S;: caled, 343.9874 (M+H)%;
found, m/z 343.9870.

(1-Cyano-2-[a-quarterthiophen-2-yl]-vinyl)carboxylic Acid
(4TCC). The synthetic procedure was similar to the preparation of
3TCC via a Knoevenagel reaction using a-quarterthiophen-2-yl-
carboxaldehyde (200 mg, 0.56 mmol), cyanoacetic acid (145 mg, 1.68
mmol), ammonium acetate (30 mg, 0.65 mmol), which gave crude
product that was recrystallized from methanol and THF, affording a
dark red solid (219 mg, 92%). 'H NMR (500 MHz, d¢-DMSO, 298K):

dx.doi.org/10.1021/am301907z | ACS Appl. Mater. Interfaces 2012, 4, 6735—6746
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Scheme 1. Synthetic Route to Prepare Cyanovinyl-Conjugated Phosphonate and Carboxylate Dyes®

NC NC
B I\ H oR
1 \( s /\/COZH a s \5/ s b I N/ s /\/E_OR
T s -— n o —— ST s 1

ITCCn=1
4TCCn=2

1n=1
2n=2

3n=1;R=Et
4n=2.R=Et

3TCPn=1:R=H
4TCPn=2:R=H

i

“Reagents and conditions: (a) cyanoacetic acid, NH,OAc, HOAG, reflux, 77% for 3TCC and 92% for 4TCC; (b) Diethyl (cyanomethyl)-
phosphonate, piperidine, MeCN/CHCL,, reflux, 97% for 3 and 73% for 4; (c) TMSBr, CH,Cl,, then MeOH, 90% for 3TCP and 94% for 4TCP.

Scheme 2. Synthetic Route to Prepare the Organic Dyes®
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“Reagents and conditions: (a) BuLi, THF, —60 °C; (b) P(O)(OEt),Cl, 87%; (c) B(OMe);,, followed by H,SO,, 85%; (d) NIS, 1,, TFA, MeOH,
78%; (e) 7, Pd(PPh,),, Na,CO,, THF, H,0, reflux, 86%; (f) 11, Pd(PPh,),, Na,CO,, THE, H,0, reflux, 10%; (g) TMSBr, CH,Cl,, then MeOH.
BulLi = butyllithium, THF = tetrahydrofuran, NIS = N-iodosuccinimide, TFA = trifluoroacetic acid, 11 = 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

y1)-2,2'-bithophene, TMSBr = bromotrimethylsilane.

5=2827 (s, 1H), 7.83 (d, ’] (H,H) = 4.0 Hz, 1H), 7.56 (d, *] (H,H) =
5.0 Hz, 1H), 7.54 (d, ¥] (H,H) = 4.0 Hz, 1H), 7.54 (d, ¥] (H,H) = 4.0
Hz, 1H), 7.40 (dd, 3] (HH) = 4.0 Hz, 3] (H,H) = 3.5 Hz, 1H), 7.38
(d,% (HH) = 3.5 Hz, 1H), 7.21 (s, 1H), 7.12 (dd, 3] (H,H) = 5.0 Hz,
%] (H,H) = 4.0 Hz, 1H) ppm. '*C NMR (125 MHz, d¢-DMSO, 298K):
5 = 163.0, 137.1, 136.3, 135.8, 135.2, 134.3, 134.1, 128.6, 127.6, 1262,
126.1, 125.7, 1252, 125.0, 124.7, 118.0 ppm. HRMS (ESI-TOF) for
CyoH;,NO,S,: caled, 4259751 (M+H)*; found, m/z 425.9738.
Photophysical properties of these compounds are listed in Table 1
and shown in Figure 2.

General Methods for Preparing Self-Assembled Monolayers
of Phosphonates (SAMPs) and Carboxylates (SAMCs) on TiO,
Thin Films. Thin films of TiO, deposited onto a SiO,/Si substrate
were used as a model system to study deposition of the oligothiophene
and carboxylate- and phosphonate-terminated (cyanovinyl)-
oligothiophene dyes on TiO, electrodes; the deposition method was
adapted from our previous reports,>*** and involves thermolysis of
metal oxide surface-attached titanium tetra-tert-butoxides proceeded
by sequential decomposition of tert-butoxide groups and cross-linking
of the resulting oxide units under controlled heating to form a robust
TiO, thin film. AFM images of TiO, thin films deposited onto Si/SiO,
revealed a smooth surface with roughness (rms: 0.28 nm) comparable
to that of the underlying SiO, surface (rms: 0.21 nm) (Figure 3). The
detailed surface morphology of the TiO, thin film was observed at
higher magnification of the AFM image (Figure 3b), which suggests
that the thin film consists of an aggregate of TiO, nanoparticles of
diameters of from 30 to 50 nm; the thickness of the TiO, film was
estimated by QCM and ellipsometry to be 2.5 nm.*

SAMPs of the a-oligothiophen-2-yl phosphonic acids 3TP-6TP
were formed on TiO, thin films from a solution in anhydrous THF
(1.0 uM) by four cycles of T-BAG treatment'”*’ and heating (120 °C
for 1 h under argon). Any residual multilayer was removed after this
heating step by solvent rinsing under sonication condition. Negligible
changes in QCM frequencies were measured between the second and
third T-BAG cycles, so film coverage was considered to be complete at
that point. Films prepared under these conditions were surface
conforming and had essentially no pin holes as determined by AFM.
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SAMPs were also formed by immersing the TiO, thin films into a
solution of a-oligothiophen-2-yl phosphonic acids 3TP-6TP (0.1
mM) in THF and methanol (1:1) mixture for 48 h, respectively. The
dye-absorbed TiO, thin-films were then rinsed with isopropanol and
dried by a steam of nitrogen. Negligible changes in QCM frequencies
were measured after 24 h of immersion, so film coverage was
considered to be complete at that point. SAMP film quality was also
evaluated by water wetting contact angle (6), XPS, and QCM analyses.
Self-assembled monolayers of (cyanovinyl)phosphonate- and carbox-
ylate-conjugated oligothiophenes 3TCP, 4TCP, 3TCC, and 4TCP
were grown onto the TiO, surface in the same way.

Fabrication and Characterization of DSSCs. General fabrica-
tion and cell assembly of DSSCs were modified from the procedure
published by Gritzel, et al.*” The photoelectrodes were fabricated by
spin coating (1500 rpm, 1 min) a blocking layer of ~25 nm TiO,
nanoparticles (Evonik Aerodisp W740X) on FTO coated glass.
Following drying at 125 °C for 6 min and calcination in air at 450 °C
for 30 min, the resulting layer thickness is approximately 1.5 ym. A
mixed layer of nano (15—20 nm) and scattering (>100 nm) TiO,
particles (Solaraonix 18NR-O) was then deposited by screen printing
using a 43-thread/cm mesh, and calcined in air at 450 °C for 60 min.
Most devices were fabricated in this way; the sintered TiO, film could
also be further treated with 0.2 M TiCl, aqueous solution at 70 °C for
30 min, then washed with deionized water and ethanol, and annealed
at 500 °C at 30 min. (see Table 3, entry for 6TP). Then the substrates
were cooled to room temperature and immersed into the solution of
phosphonate dyes (3TP-6TP, 3TCP, and 4TCP; 0.1 mM) in a THF
and methanol (1:1) mixture or a saturated solution of carboxylate dyes
(3TCC and 4TCC; ca. 2 mM) in methanol for 48 h, respectively. The
completed photoelectrodes were assembled with a sputtered Pt
counter electrode and a 25 pm Surlyn spacer. Predrilled holes in the
counter electrode were used to fill the cell with an I7/I;-based
electrolyte (Dyesol EL-141). Following filling, the holes were sealed
with Surlyn and a microscope coverslip. The active area of the cell,
defined by the size of the TiO, electrode, was 0.04 cm”.

dx.doi.org/10.1021/am301907z | ACS Appl. Mater. Interfaces 2012, 4, 6735—6746



ACS Applied Materials & Interfaces

Research Article

Figure 4. AFM images of (a) 2.0 nm 4TCP/TiO,/SiO,/Si (rms roughness: 0.37 nm); (b) 2.0 nm 4TCC/TiO,/SiO,/Si (rms roughness: 0.42 nm).

Scan area is S ym X S pm.

B RESULTS AND DISCUSSION

The synthesis of cyanovinyl-conjugated oligothiophene dyes is
shown in Scheme 1. Briefly, 3TCC and 4TCC were synthesized
from (a-terthiophen-2-yl)carboxaldehyde 1*' and (@-quarter-
thiopen-2-yl)carboxaldehyde 2,** respectively, that were con-
densed with cyanoacetic acid via an ammonium acetate-
catalyzed Knoevenagel reaction.*® Phosphonate-terminated
analogs 3TCP and 4TCP were synthesized through piper-
idine-catalyzed condensation of the aldehyde precursors with
diethyl (cyanomethyl)phosphonate followed by hydrolysis of
ester intermediates 3 and 4. As shown in Figure 2, absorption
spectra of the carboxylate- and phosphonate-terminated
(cyanovinyl)oligothiophene dyes showed a red-shift of their
absorption maxima with higher extinction coeflicients com-
pared to their simple oligothiophene dye congeners (Table 1);
phosphonate-terminated dyes 3TCP and 4TCP absorbed at
shorter wavelengths, but with larger band widths and higher
extinction coeflicients compared to their carboxylate analogs
3TCC and 4TCC. This is attributed to the effect of the
electron-withdrawing propensity provided by the (cyanovinyl)-
carboxylate and -phosphonate groups, which also extend the
effective conjugation length of the oligothiophene framework."!
These data are consistent with those experimental and
theoretical studies that indicate that carboxylate anchors
provide better conjugation than phosphonate ones with their
carbon-based chromophores and to induce a greater red-shift in
their absorption spectra.®

a-Oligothiophen-2-yl phosphonic acids 3TP, STP and 6TP
were synthesized as shown in Scheme 2; 4TP was prepared
according to our previous report.*’ In brief, the oligothiophenes
were constructed via Suzuki coupling*’ in which key
intermediate 4 was prepared from a-terthiophene by a
sequence of lithiation, substitution by phosphonate, and
iodination (overall yield 68%). Sexithiophene 2 was made
from 1 and (a-terthiophen-2-yl)boronic acid catalyzed using
Pd(PPh;),; quinquethiophene 3 was synthesized similarly from
1 and (bithioenyl)boronic ester 11. The (a-oligothiophen-2-
yl)phosphonic acids (3TP-6TP) were obtained by bromo-
trimethylsilane-promoted hydrolysis of their diethyl ester
derivatives.’® Structures of all new compounds were charac-
terized spectroscopically. UV—vis absorption spectra of 3TP-
6TP in THF solution are shown in Figure 6, and parameters,
including structure and energy potentials of 3TP-6TP, were
calculated by DFT method (B3LYP/6-31G[d]) and are listed
in Table 1. Absorption wavelength maxima (4,,,,) of 3TP-6TP
displayed a red-shift with increased absorptivity commensurate
with the number of thiophene units, which is consistent with
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increasing the effective conjugation length of the chromo-
phores.> The A, and molar extinction coeficients of 3TP-
6TP (see Table 1) were nearly the same as for the
unsubstituted a-oligothiophenes (3T-6T),*' which implies
that the phosphonate groups of 3TP-6TP do not partici}fate
strongly in conjugation with the a-oligothiophene motifs."
Deposition and Characterization of (Cyanovinyl)-
oligothiophene Phosphonates and Carboxylates on
TiO,. AFM images of 4TCP/TiO,/Si0,/Si (QCM, 0.52
nmol/cm?; Table 1) prepared by T-BAG (1 uM solution in
THF) showed a conforming monolayer with the same
homogeneity and surface roughness as the underlying oxide
(Figure 4a). The AFM image of T-BAGed 4TCC/TiO,/SiO,/
Si (1 uM solution in THF; QCM, 0.55 nmol/cm?; Table 2) did

Table 2. Monolayer Characterization Parameters of
Phosphonate and Carboxylate Dyes

contact angle film thickgless molecular loagling (nmol/

dye 9 (nm) cm
3TP 80 11 0.64° (0.58)7
4TP 82 LS 0.65° (0.55)°
STP 76 1.8 0.61° (0.49)7
6TP 79 2.1 0.62° (0.51)7
3TCP 76 17 0.47° (0.41)7
3TCC 72 18 0.51° (0.43)°
4TCP 80 2.0 0.52° (0.44)7
4TCC 70 2.0 0.55° (0.47)°

“6, water wetting contact angle (deg). bFilm thickness estimated by
ellipsometry. “SAMs prepared by the T-BAG method. “SAMs
prepared by dipping in 0.1 mM in THF. “SAMs prepared by dipping
in 0.1 mM saturated dye solution (ca. 2 mM in THF).

not show any obvious differences in terms of surface
morphology, roughness, or pin holes compared either to the
underlying surface or to 4TCP/TiO,/SiO,/Si (Figure 4b).
However, unlike the T-BAG, the dipping process did not
promote dense packing of the carboxylated derivative when
TiO, substrates were soaked in a low concentration solution of
4TCC in THF/methanol (1:1). QCM analysis of 4TCC/TiO,
prepared by dipping in a 0.1 mM solution of 4TCC for 24 h
showed the molecular loading to be only 0.04 nmol/ cm?. An
approximately 1 order of magnitude higher loading could be
obtained by dipping the substrate in a solution of 4TCP at the
same low concentration (0.1 mM; 0.44 nmol/cm? Table 2).
The molecular loading of 4TCC/TiO, only reached that
obtained by T-BAG by using a much higher concentration of
4TCC solution for dipping (2.0 mM; 0.47 nmol/cm?; Table 2).
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Figure 6. XPS spectra of 1.5 nm 4TP/TiO, (2 nm)/SiO,/Si. (a) Ti 2p in TiO,; (b) C 1s in 4TP; (c) S 2p in 4TP; (d) P 2p in 4TP..

This relative reactivity for deposition generally parallels the
acidity of phosphonic and carboxylic acids.>>>> The stability of
chemical bonding of phosphonate and carboxylate derivatives
was tested by monitoring the change in molecular loading of
4TCP and 4TCC on TiO, when the substrates were dipped (S
min) and rinsed successively in deionized water and dimethyl
sulfoxide (6 cycles of dip and rinse). QCM analysis showed that
the molecular loading of 4TCC on TiO, decreased by 28%
(from 0.47 to 0.34 nmol/cm?) in this process, whereas the
molecular loading of 4TCP was reduced by only 6%; this
simple test shows that phosphonates provide more stable
chemisorption onto TiO, than do carboxylates.

Deposition and Characterization of (Oligothiophene)-
phosphonate Dyes onto TiO,. Dense molecular packing of
4TP on the TiO, surface was also accomplished using the T-
BAG method and was measured by QCM to be 0.65 nmol/
cm’; this corresponds to a molecular footprint of 25.5 A%/
molecule and is comparable to our previous measurement of
4TP/ Si0,/Si,* close to that reported for crystalline 4T.%*
Molecular loadings of 3TP, STP, and 6TP were also evaluated
by QCM analysis, which gave a molecular footprint similar to
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the SAMP of 4TP prepared by the T-BAG method (Table 2).
Simply dipping the TiO, substrate in a solution of 4TP did not
give SAMP coverage as dense as was prepared by the T-BAG:
The molecular packing of the monolayer of 4TP prepared by
this simple dipping was measured by QCM to be only 0.55
nmol/cm? which corresponds to a 15% reduction in molecular
loading. It may be that disordered packing of molecular
constituents of the SAMP results from the dipping process.
There was essentially no change in the frequencies (Af < S Hz)
of the 4TP/TiO,/Au QCM electrodes prepared either from
the T-BAG or dipping processes after rinsing sequentially with
water, methanol and isopropanol under sonication conditions
at 60 °C for 15 min; this observation demonstrates the
robustness and stability of the covalent bonding of the
phosphonated monolayers to the TiO, surface. AFM analysis
of SAMPs of 4TP formed on a TiO, thin film by T-BAG
showed surface-conforming coverage with rms roughness (0.24
nm) comparable to that of the underlying oxide (0.28 nm), as is
expected for a truly surface bound monolayer (Figure S). The
thickness of the 4TP SAMP was measured by ellipsometry to
be 1.5 nm, which is similar to its calculated thickness (1.57 nm)
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as estimated using the MM2 method in Chem3D software
(CambridgeSoft) for 4TP/TiO, in which the C—P bond is
normal to the surface; this result is comparable to our previous
report of a SAMP of 4TP that was grown on the SiO, surface.*’
The thicknesses of 3TP, STP, and, 6TP SAMPs grown on the
TiO, surface were also measured by ellipsometry and gave 1.1,
1.8, and 2.1 nm, respectively (Table 2). That the measured
thicknesses of 3TP-6TP SAMPs were close to their calculated
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lengths suggests that only small deviations of oligothiophene
moieties from a vertical orientation, if any, exist.*®

XPS Analyses. XPS was used to analyze the elemental
composition of the monolayer as well as the underlying TiO,/
SiO, substrate. Detailed scans of the O 1s (532.5 eV), Ti 2p
(458.8 and 464.5 eV), and Si 2p regions (104.0 eV) are shown
in Figure 4 and confirm the presence of Ti on the SiO, surface.
The O 1s showed a shoulder at lower binding energy compared
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to SiO, (530.4 eV), attributed to TiO,. Detailed XPS scans of
4TP/TiO,/Si0,/Si for Ti 2p (458.8 and 464.6 eV), C 1s
(285.4 eV), S 2p (164.7 eV), and P 2p (133.8 eV) regions are
shown in Figure 6, which confirm the presence of a thiophene
phosphonate on the TiO, thin film. XPS of C 1Is showed a
shoulder at higher binding energy (286.1 eV), attributed to the
sp>-hybridized carbons connected to sulfur atom in the
oligothiophene phosphonate. The other oligothiophene
phosphonate/TiO,/Si0,/Si substrates (3TP, STP, and 6TP)
were also examined by XPS, which showed results for elemental
composition consistent with analogs of 4TP/TiO,/SiO,/Si.
The elemental compositions of T-BAGed 4TCC/TiO, and
4TCP/TiO, thin films were studied by XPS. As shown in
Figures 6 and 7, detailed XPS scans for 4TCP/TiO, showed
elemental compositions similar to 4TP/TiO, for Ti 2p (458.8
and 464.5 eV), C 1s (2853 eV), S 2p (164.2 eV), and P 2p
(1332 eV) regions, but with an additional signal for N 1s
(397.5 eV); the elemental composition for 4TCC/TiO,
(Figure 8) was also examined by XPS, which was similar to
that for 4TCP/TiO, for the Ti 2p (458.8 and 464.7 eV), C 1s
(284.8 eV), S 2p (164.4 eV), and N 1s (397.2 eV) regions.
Device Performance of DSSCs Using Oligothiophene
SAMPs, and a Comparison with Carboxylate Analogs.
Parameters for dye-sensitized solar cells (DSSCs) fabricated
with oligothiophene phosphonates 3TP-6TP (open-circuit
photovoltage (V,.); short circuit current (J,.); fill factor (FF);
and total power conversion efficiency (1), measured under AM
1.5G solar light source (100 mW cm)) are listed in Table 3;

Table 3. DSSC Performance Parameters of Phosphonate and
Carboxylate Dyes

dye Voc®™ (V) Jsc* (mA/cm®) FE* (%) ﬂ“’b (%)
3TP 0.43 1.27 54 0.29
4TP 0.47 3.14 48 0.69
STP 0.57 7.21 61 2.5
6TP 0.58 12.22 59 4.1; 5.0°
3TCP 0.53 S5.44 48 1.4
3TCC 0.48 2.86 S1 0.69
4TCP 0.57 6.93 58 23
4TCC 0.50 5.47 61 1.7

o~ open-circuit photovoltage; ], short-circuit photocurrent density;
ff, ﬁll factor; and 7, total power conversion efficiency. “DSSCs were
irradiated under 1.0 sun (AM 1.5G) and measured in a 0.04 cm?
working area on a FTO (8 Q square™) substrate. “TiO, first treated
with TiCl,.

photocurrent—voltage (J—V) plots are shown in Figure 9. It is
interesting that the open-circuit photovoltage of DSSCs
fabricated with oligothiophene phosphonates 3TP-6TP by
the dipping process increased monotonically from 0.43 to 0.60
V with the number of thiophene units in the dye. Moreover, the
short circuit current and total power conversion efficiency of
3TP-6TP solar cells increased exponentially with the number
of thiophene units. Surface molecular loadings for each SAMP
were comparable; device performance improved as 4, for the
oligothiophene adsorption shifted toward the wavelength of
highest emission intensity in the solar radiation spectrum
(Figure 2). The A, of 6TP (430 nm) is still to the blue of this
wavelength (ca. 530 nm). The performance of the DSSC based
on 6TP is likely attributed to the dense molecular loading of
the phosphonate molecules in its SAMP (and each has a high
molar extinction coefficient); this DSSC showed higher total
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power conversion efficiency (in which # could be as high as
5%) than did those based on (oligothiophene)carboxylate and
-dicarboxylate dyes that were reported to have an even greater
number of conjugated thiophene units (for 8T, 7 = 1.39%; and
12T, 57 = 0.55%).>°

DSSCs fabricated from (cyanovinyl)phosphonate (4TCP)
showed excellent device behavior; 2.3% total power conversion
efficiency was obtained (under 1 sun), which compares
favorably with other quarterthiophene (4T) derivatives: The
efficiencies of 4TCP DSSCs were more than 50 and 200%
greater than those for 4TCC and 4TP DSSCs, respectively
(Figure 10b). We interpret these results to correlate with the
solution absorption spectra of the 4T dyes themselves, in which
4TCP absorbs with a larger bandwidth (full bandwidth at half
height, ca 100 nm) and higher extinction coefficient (¢ = 6.9 X
10* M™" em™") compared to its carboxylate (4TCC) or simple
quarterthiophene phosphonate (4TP) analogs, even though
4TP adsorbed with slightly higher molecular loading (0.55
nmol/cm?) onto TiO, compared to 4TCP (0.44 nmol/cm?) or
4TCC (0.47 nmol/cm?). Terthiophene (3T) dyes also showed
the same trend: Device efficiency of 3T DSSCs was 3TCP >
3TCC > 3TP (Figure 10a), which parallels light absorption of
the 3T dyes in terms of A,,, bandwidths, and extinction
coefficients.

Performance Analysis of DSSCs. Understanding the short
circuit currents and open circuit voltages of our nTP-based
DSSCs requires analysis of several fundamental photophysical
processes. The open circuit voltages of all devices described
here are significantly less than the optical gap energies of the
dyes. The maximum possible V. of a DSSC is determined by
the difference in energies between the quasi-Fermi level of the
TiO, (the energy of the electron following char 6ge transfer) and
the electrolyte redox potential (here, I7/I;7);>*> this assumes
that the dye LUMO level is sufficiently above the TiO,
conduction band and the redox potential is sufficiently above
the dye HOMO to allow for electron transfer. The electron
affinity of anatase TiO, is reported to be ca. 4.0 eV,>>*” and the
redox potential of I7/I,” is 4.8 eV (0.35 V relative to NHE).*
Thus, regardless of the optical gap of the dye, the maximum V,
that can be produced is ~0.8 V using a TiO, electrode and this
electrolyte. For instance, while 6TP exhibits an onset of optical
absorption near 540 nm (2.3 €V), the measured V,_ at 1 sun is
only ~0.6 V. This phenomenon has be noted for other dyes,
such as N3,%° which has an optical gap of ~1.7 eV but results in
typical DSSCs V. values of ~0.6—0.8 V under 1 sun
illumination; our results are consistent with this model.

Although an upper limit exists for V,, an illuminated cell can
produce a lower V,_ than this estimated maximum. Typically,
V,. increases with increasing illumination or, more accurately,
with increasing photocurrent density.”” Our data show a
monotonic increase in V. and an accompanying increase in
with increasing conjugation length for the nTP series of dyes.
We suggest that this observed increase in V,_ is due to the
increase in photocurrent (produced at the same illumination)
as the conjugation length of the dye is increased. In particular,
in simple solar cell models, a photocurrent source (I ) is placed
in parallel with an ideal diode.” The magnitude of Ip is a linear
function of illumination. Under open circuit conditions, all of
the photocurrent, I, must pass through the ideal diode, and the
diode current must equal the photocurrent. Based on the
Shockley diode eq 1 it is expected that V. increases as the
logarithm of the photocurrent.””*" Usmg the short circuit
current density as a proxy for the photocurrent, we find that V,
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does indeed scale as the logarithm of the photocurrent,
indicating that the observed change in V. with an increasing
number of thiophene rings is due to the increased photocurrent
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density.
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Diode reverse saturation current, I; electronic charge, g;
ideality factor, n; Boltzmann’s constant, kg; temperature, T.

The strong relationship between the short circuit current
density and the number of thiophene units in the dye reveals an
interesting facet of photophysics that pertains to series of
congener dyes that differ not only in band gap but also in
molecular size. As seen in Table 3, the current density
approximately doubles with each additional thiophene unit. As
expected, the peak molar extinction coefficient increases as the
number of thiophene rings also increases, and absorption
spectra red-shift toward the maximum of the solar spectrum,
near 530 nm (Figure 2). Thus, all other structural factors being
equal, we would expect that the current produced by these
devices will increase as thiophene rings are added to the dye.
To estimate the difference in photocurrent due to the change in
absorption spectra, we consider the FTO-coated glass substrate
to have a hard short-wavelength cutoff at 350 nm, and the
photocurrent is assumed to be proportional to the product of
the absorption spectrum (Figure 2) and a blackbody spectrum
at 5777 K integrated between 350 nm and the optical
absorption onset wavelength for each dye species. As seen
from the data in Table 3, this simple model underestimates the
photocurrent increase that is measured: It predicts a 2-fold
increase in photocurrent from 4TP to 6TP, but a 4-fold
increase is observed in experiment.

The simple model described above is flawed in that it
implicitly assumes that changing the conjugation length of the
molecule has no effect on three important rate factors: (1)
electron transfer from the excited dye molecule to the TiO,;
(2) charge recombination from the TiO, conduction band to
the electrolyte; and, (3) charge recombination from the TiO,

nkBT q‘/oc

nkgT

~

I, = I(eMo/"oT — v,

ocC

1) or
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directly to the oxidized dye. Clearly, all three of these rates have
an impact on the observed photocurrent that is measured
external to the cell. While we cannot definitively assess the
relative importance of each of these three effects, it is
reasonable to propose that all will be affected by changing
the molecular length of the nTP dye as n increases (see Table
2), and that all three will tend to increase the photocurrent with
increasing conjugation length beyond that which is predicted by
the simple model for several reasons. First, the electron affinity
of the dye molecule will increase as its conjugation length
increases; this decreases the energy difference between the
excited state of the dye and the TiO, conduction band, which
should increase the rate of electron transfer from the dye to the
TiOZGZ’63 thus giving rise to a corresponding increase in
photocurrent, as electron transfer competes with decay of the
excited dye to the ground state. Second, the increase in
molecular length of the dye will also effectively increase the
tunneling barrier width for an electron in the TiO, conduction
band to recombine with the electrolyte. Finally, because of the
polarity of the nTP molecules imparted by the electronegative
phosphonate groups, we anticipate that the hole state on the
oxidized dye molecule should tend to be localized at its distal
end. Thus, the longer the molecule (see Table 2), the lower the
probability of direct recombination of an electron from the
TiO, conduction band and the electrolyte. We believe that
these effects, in addition to the commonly discussed overlap of
absorption and solar spectra, give rise to the exponential
increase in short circuit current density with conjugation length
that we have observed.

B CONCLUSIONS

A series of metal- and amine-free organic sensitizers based on
oligothiophenes and (cyanovinyl)-terminated oligothiophenes
was prepared through straightforward synthesis. Structural
analysis of dye/TiO, substrates was made by QCM, AFM, and
XPS and indicated homogeneous growth of monolayers, with
no multilayer formation, from (oligothiophene)phosphonates,
(cyanovinyl)carboxylate-terminated oligothiophenes, and
(cyanovinyl)phosphonate-terminated oligothiophenes. QCM

dx.doi.org/10.1021/am301907z | ACS Appl. Mater. Interfaces 2012, 4, 6735—6746



ACS Applied Materials & Interfaces

Research Article

(@ °
- ]
&
=
g2
£
S—
=
w -3
&
@
(]
c
@ 4|
b=
5
(&) ——3TP
-5 ——3TCC
——3TCP
- ‘ . ‘
0 01 0.2 03 04 0.5
Voltage (V)
(b) °
-1
&
£ 2
2
E
-3
2
n
&
o 4]
e
c ——4TP
=
5 5
3 ——4TCC
6 ——4TCP
7 - : . . ‘
0.00 0.10 0.20 0.30 0.40 0.50 0.60
Voltage (V)

Figure 10. Photocurrent—voltage plot for (a) 3TP, 3TCC, and 3TCP; (b) 4TP, 4TCC, and 4TCP DSSCs showing systematic improvement with

changes in terminal groups TCP > TCC > TP.

showed that the T-BAG method gave dense molecular loadings
of self-assembled monolayers of phosphonates and carboxylates
prepared from 1 pM solutions; adsorption of carboxylate dyes
onto TiO, by a simple solution dipping process required
concentrations of two to 3 orders of magnitude greater, and
was thus limited by the solubility of the free dye. The
carboxylates experienced significant dissociation in aqueous
media, whereas the phosphonates did not. All were shown to be
effective light-absorbing chromophores for use in DSSCs; the
(cyanovinyl)phosphonate-terminated oligothiophenes showed
broader light absorption spectra with higher extinction
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coefficients compared to their carboxylate-terminated analogs,
which correlates with the better performance in DSSCs
measured for phosphonate- vs analogous carboxylate-termi-
nated dyes; clearly, UV/vis spectra are one important
parameter for predicting device behavior. In general DSSC
performance increased commensurately with the conjugation
length of the oligothiophene moieties, but it was surprising that
the effect of 7-extension of conjugated oligothiophene moieties
by introduction of the polar cyanovinyl group was only
approximately equal to that of one additional thiophene unit
(Figure 11). Taken together, the homogeneity of molecular
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Figure 11. Comparative DSSC device performance of
(oligothiophene)phosphonate, (cyanovinyl)phosphonate, and
(cyanovinyl)carboxylate dyes.

growth, the high absorptivity onto TiO,, and the stability of the
SAMPs to desorption under aqueous conditions suggest that
the phosphonate anchor can be an important constituent in the
design of new organic molecular chromophores with wide band
absorbance in the visible and near-infrared regions, where a
robust interface enabling dense molecular packing onto an
oxide semiconductor is essential for DSSC performance.
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