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ABSTRACT: The design of visible light absorbing organic dyes as
strong photoinduced oxidants is needed for many potential
applications in energy production and storage. To access more
positive potentials, the electron deficient thienopyrroledione
building block is promising as a m-bridge combined with weak
aryl-ether donor groups and the phenyl-cyanoacetic acid acceptor
group. The thienopyrroledione (TPD) building block is compared
to the ubiquitous benzothiadiazole (BTD) building block, which
was recently used in a dye-sensitized solar cell (DSC) device with
>1.4 V photovoltage output. The variation in dye donor group is
studied through UV—vis absorption spectroscopy and electro-
chemical methods both in solution and on TiO, films. The TPD
building block resulted in a more positive ground state and excited
state oxidation potential, a higher photocurrent (up to 3.5 mA/
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cm?), and a higher power conversion efficiency (up to 2.9%) than a BTD analogue while retaining comparable photovoltages
(~1.3 versus ~1.4 V). Computational analysis was used to better understand the optical properties of the thienopyrroledione-
based dyes showing overlap of orbitals at the TPD bridge in the Sy and S, states. The dyes were analyzed in high voltage-DSC
devices with a challenging to oxidize redox shuttle, Fe(bpy);**, at 1.37 V versus NHE.
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1. INTRODUCTION

Strong photoinduced oxidants are valuable to a range of
applications, including solar batteries,' ™ solar-to-fuel devi-
ces,* ™ solar-to-electric devices, "> and chemical synthe-
sis. ”'* Generating a photoinduced oxidant via interfacial
electron transfer to a semiconductor is attractive for many of
these applications since interfacial charge separations are often
dramatically longer lived than intramolecular charge transfers
(milliseconds versus nanoseconds for many organic dyes).">~""
Extending charge separation times is attractive for fundamental
studies and for practical applications. The study of
chromophores bound to metal oxide semiconductors using
visible light to generate oxidants <~1.0 V versus NHE are well-
known through dye-sensitized solar cell and dye-sensitized
photoelectrochemical cell literature;*“*! however, systems
significantly more positive in oxidation potential (>1.5 V
versus NHE) are less frequently reported.'””* Designing
chromophores that increase the oxidation potential is an
important step toward enabling new visible light driven
chemical transformations and using the full potential energy
of early visible range photons to give larger potential energy
separations of charge which are needed for high-voltage dye-
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sensitized solar cells (HV DSCs) and multijunction devices,
such as sequential series multijunction dye-sensitized solar cells
(SSM-DSCs).' #3730

Recently, we reported a >1.4 V HV-DSC device made
possible through chromophore design using undoped TiO,
and Fe(bpy);**/*" as a redox shuttle.'"” While such a high
photovoltage from a DSC device is intriguing, the dye used
(RR9) suffers from the drawbacks of a higher than need
excited-state energy, which lowers the photocurrent available
from the system (Figure 1). Notably, the use of an aryl-ether-
based donor group rather than a commonly employed amine-
based donor allowed for the generation of a stronger oxidant
upon photoexcitation. The aryl-ether donor with $ alkyl chains
also provided excellent surface protection from back electron
transfer events between electrons in TiO, and the oxidized
redox shuttle, which is commonly referred to as recombina-
tion.”"”* Thus, continued exploration of aryl-ether groups as
donors to retain a positive oxidation potential, provide a
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Figure 1. Target structures of AP11, AP14, AP16, and AP17. C¢H,; refers to an n-hexyl substituent and CgH,, refers to 2-ethylhexyl as the

substituent.

directional charge transfer event within the dye, and as a
platform for alkyl chain incorporation to diminish recombina-
tion is desirable. Also, changing of the benzothiadiazole (BTD)
to a thienopyrroledione (TPD) allows for the introduction of
an alkyl chain on the #-bridge to improve dye solubility and
metal oxide surface protection. TPD is well-known in
conjugated organic electronic polymer literature as a strongly
electron-accepting building block,>>™*° with notable uses in
DSC literature, where TPD is combined with aryl amine
donors to give broadly absorbing sensitizers.”* " In this study,
TPD is targeted in place of BTD to lower the excited-state
potential energy relative to photoexcited RR9 leading to less
energy loss and potentially a higher photocurrent through a
red-shifting of the dye absorption while retaining the strong
oxidizing properties of RR9". A series of dyes were selected to
probe this possibility using 2-ethylhexyl alkylated TPD with a
varying number and location of alkyl ethers on the donor
groups (1—S groups per donor) to probe which donor design
is best for recombination resistance (Figure 1).

2. EXPERIMENTAL SECTION

2.1. General Information. Reagents were purchased and used as
received without further purification. Thin-layer chromatography
(TLC) was conducted with Sorbtech silica XHL TLC plates and
visualized with UV light (254 nm). Flash column chromatography
was performed with Silicycle ultrapure silica gels P60, 40—63 pm
(230—400 mesh) or with a CombiFlash R+ instrument using RediSep
R¢ Gold High Performance HP Silica chromatography prepacked
columns. 'H and *C NMR spectra were recorded on a Bruker
Avance-500 (500 MHz) or Bruker Avance-300 (300 MHz)
spectrometer. Data reported as s = singlet, d = doublet, t = triplet,
q = quartet, p = pentet, m = multiplet, br = broad, ap = apparent, dd =
doublet of doublets with coupling constants in Hz, integration. UV—
vis spectra were measured with a Cary 5000 spectrometer. All samples
were measured in a 1 cm cell at room temperature with
dichloromethane as a solvent or on TiO, films sensitized with a dye
open to air (see SI for the film preparation procedure). Cyclic
voltammetry was measured with a C—H Instruments electrochemical
analyzer. Voltammetry measurements were carried out in dichloro-
ethane (see SI for dichloromethane measurements) for solution
studies using 0.1 M Bu,NPFq as the electrolyte in a three-electrode
setup with a glassy carbon working electrode, a silver-wire reference
(see SI for Ag/AgCl reference measurements), and a platinum
counter electrode with ferrocene as an internal standard. Fc*/Fc is
taken as 0.73 V versus NHE in DCE based on CV comparisons of
DCE and DCM (see Figure S2), the reported value of +0.46 versus
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SCE in DCM,* and the reported value of 0.24 V for SCE versus
NHE.*° Voltammetry measurements were conducted at 100 mV/s
scan rates. The solution was purged with N, prior to measurements
and all values are reported versus NHE. For CV measurements on
dye-TiO, films, the working electrode is an FTO coated glass
substrate with 3 ym of 30 nm TiO, particles deposited on the
conductive side (see SI for the film preparation procedure) and
sensitized with a dye as described in the device details section. The
solvent used with the film studies is MeCN. HRMS spectra were
obtained with a QTOF HRMS utilizing nanospray ionization (ESI).
The mass analyzer was set to the 200—2000 Da range. Infrared
spectra were recorded with an Agilent Cary 660 ATR-FTIR. For the
computational studies, geometries were first energy minimized with
MM2 in ChemBio3D Ultra (version 13.0.2.3021). Dihedral angles
between benzene rings were set to values between the global
minimum and the next local minimum on the conformation energy
diagram. Next sequential geometry optimizations were conducted
with density functional theory (DFT) using Guassian09 with the
B3LYP functional with the following basis sets: first, 3-21G; second,
6-31G(d,p); and finally, 6-311G(d,p). No imaginary frequencies were
observed for the optimized geometries. Time-dependent density
functional theory (TD-DFT) computations were performed with
optimized geometries and with the B3LYP functional and 6-
311G(d,p) basis set to compute the 10 lowest energy vertical
transitions and oscillator strengths. Orbital images were prepared with
Avogadro 1.0.3 with an iso value of 0.02.

2.2. Synthetic Procedures. 4-(5-(2-Ethylhexyl)-3-(4-(hexyloxy)-
phenyl)-4,6-dioxo-5,6-dihydro-4H-thieno[3,4-clpyrrol-1-yl)-
benzaldehyde (3). To a flame-dried flask was added S-(2-ethylhexyl)-
4H-thieno|3,4-c]pyrrole-4,6(SH)-dione (1) (0.050 g, 0.19 mmol),*!
1-bromo-4-(hexyloxy)benzene (A-Br) (0.048 g, 0.19 mmol), 4-
bromobenzaldehyde (2) (0.034 g, 0.19 mmol), and toluene (1.88
mL, 0.10 M). The solution was sparged with N, for 20 min, and then,
Pd(OAc), (4.2 mg, 0.019 mmol, 10 mol %), tricyclohexylphosphine
(0.010 g, 0.035 mmol, 20 mol %), and Cs,CO; (0.073 g, 0.22 mmol,
1.2 equiv) were added. The mixture was sealed under N, and stirred
for 16 h at 110 °C. The reaction mixture was extracted with diethyl
ether and the organic layer was separated and dried with Na,SO,.
After removal of the solvent under reduced pressure, the residue was
purified via silica gel column with 10% ethyl acetate/hexane as eluent.
The product was isolated as a yellow solid (0.019 g, 0.035 mmol, 19%
yield). "TH NMR (500 MHz, CDCl,): § 10.06 (s, 1H), 8.32 (d, J = 8.5
Hz, 2H), 8.11 (d, ] = 8.5 Hz, 2H), 7.97 (d, ] = 8.0 Hz, 2H), 6.98 (d, J
= 9.0 Hz, 2H), 4.03 (t, ] = 6.5 Hz, 2H), 3.58 (d, ] = 7.0 Hz, 2H),
1.90-1.75 (m, 4H), 1.50—1.40 (m, 2.0H), 1.4—1.1 (m, 11H) 0.92—
0.88 (m, 9H) ppm. *C NMR (125 MHz, CDCL;): § 191.5, 1634,
1633, 161.3, 147.1, 141.3, 136.7, 136.3, 132.4, 130.3, 130.1, 129.2,
128.6, 122.9, 115.0, 68.4, 42.8, 38.4, 31.7, 30.8, 29.9, 29.2, 28.8, 25.8,

DOI: 10.1021/acsaem.9b00730
ACS Appl. Energy Mater. 2019, 2, 5547—5556


http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b00730/suppl_file/ae9b00730_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b00730/suppl_file/ae9b00730_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b00730/suppl_file/ae9b00730_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b00730/suppl_file/ae9b00730_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b00730/suppl_file/ae9b00730_si_001.pdf
http://dx.doi.org/10.1021/acsaem.9b00730

ACS Applied Energy Materials

24.1, 23.2, 22.7, 14.2, 10.6 ppm. IR (neat): 2924, 2854, 1745, 1698,
1601, 1503, 1462 cm™. HRMS (ESI-TOF) m/z caled [M + Cs]* for
C43H3NO,SCs: 678.1655. Found: 678.1659.
4-(3-(2,4-Bis((2-ethylhexyl)oxy)phenyl)-5-(2-ethylhexyl)-4,6-
dioxo-5,6-dihydro-4H-thieno[3,4-c]pyrrol-1-yl)benzaldehyde (4).
To a flame-dried flask was added S-(2-ethylhexyl)-4H-thieno[3,4-
clpyrrole-4,6(SH)-dione (1) (0.10 g 0.38 mmol), 1-bromo-2,4-
bis((2-ethylhexyl)oxy)benzene (B-Br) (0.16 g 0.38 mmol),*' 4-
bromobenzaldehyde (2) (0.069 g, 0.38 mmol), and toluene (3.8 mL,
0.1 M). The solution was sparged with N, for 20 min, and then,
Pd(OAc), (8.4 mg, 0.038 mmol, 10 mol %), tricyclohexyl phosphine
(0.021 g, 0.075 mmol, 20 mol %), and Cs,CO; (0.073 g, 0.45 mmol,
1.2 equiv) were added. The flask was sealed and stirred under N, for
16 h at 110 °C. After 16 hours the reaction mixture was extracted with
diethyl ether, and the organic layer was separated and dried with
Na,SO,. After removal of the solvent under reduced pressure, the
residue was loaded onto a silica gel column for purification with 10%
ethyl acetate/hexane as the eluent. The product was isolated as a
yellow solid (0.03 g, 12% yield). '"H NMR (500 MHz, CDCL): §
10.05 (s, 1H), 8.56 (d, J = 9.0 Hz, 1H), 8.30 (d, ] = 8.5 Hz, 2H), 7.96
(d, J = 8.0 Hz, 2H), 6.65 (dd, J = 11, 2.0 Hz, 1H), 6.54 (d, ] = 2.0 Hz,
1H), 4.02 (d, J = 5.5, 2H), 3.92—3.90 (m, 2H), 3.57 (d, ] = 7.5 Hz,
2H), 1.90—1.7.0 (m, 2H), 1.70—1.55 (m, 1.0) 1.76—1.25 (m, 24H),
0.98—0.87 (m, 18H) ppm. *C NMR (125 MHz, CDCL;): § 191.6,
163.8, 163.6, 162.7, 157.5, 143.5, 141.6, 137.0, 136.4, 132.9, 130.8,
130.3, 130.1, 128.5, 112.3, 105.5, 99.5, 71.8, 70.8, 42.7, 39.7, 39.5,
38.4, 31.0, 30.8, 30.6, 29.9, 29.3, 29.2, 28.8, 24.2, 24.1, 24.0, 23.3,
232, 232, 142, 142, 114, 11.3, 10.6 ppm. IR (neat): 2923, 2856,
1742, 1689, 1599, 1568, 1460 cm ™. HRMS (ESI-TOF) m/z calcd [M
+ Cs]* for C;3HyNOSCs: 834.3168. Found: 834.3143 with an
identical isotope pattern to the predicted pattern.
4-(5-(2-Ethylhexyl)-4,6-dioxo-3-(2,2',2",4,4"-pentakis(hexyloxy)-
[1,1':3',1"-terphenyl]-5'-yl)-5,6-dihydro-4H-thieno[3,4-c]pyrrol-1-
yl)benzaldehyde (5). To a flame-dried flask was added S5-(2-
ethylhexyl)-4H-thieno[3,4-c]pyrrole-4,6(SH)-dione (1) (0.10 g, 0.38
mmol), 5’-bromo-2,2,2” ,4,4"-pentakis(hexyloxy)-1,1":3’,1”-terphenyl
(5) (0.30 g, 0.38 mmol),"® 4-bromobenzaldehyde (2) (0.069 g, 0.38
mmol), and toluene (3.7 mL, 0.1 M). The solution was sparged with
N, for 20 min, then Pd(OAc), (8.4 mg, 0.038 mmol, 10 mol %),
tricyclohexyl phosphine (10.6 mg, 0.07S mmol, 20 mol %), and
Cs,CO; (0.073 mg, 0.22 mmol, 1.2 equiv) were added. The vessel
was sealed and stirred under N, for 16 h at 110 °C. After 16 hours,
the reaction mixture was extracted with diethyl ether, and the organic
layer was separated and dried with Na,SO,. After removal of the
solvent under reduced pressure, the residue was loaded onto a silica
gel column for purification with 5—10% ethyl acetate/hexane as
eluent. The product was isolated as a yellow solid (0.05 g, 0.046
mmol, 12% yield). "H NMR (500 MHz, CDCL): 5 10.05 (s, 1H),
8.31 (d, J = 8.0 Hz, 2H), 8.04 (s, 2H), 7.96 (d, ] = 8.0 Hz, 2H), 7.30
(d, ] = 8.5 Hz, 2H), 6.55—6.52 (m, 4H), 4.00 (t, ] = 6.0 Hz, 4H), 3.96
(t, ] = 6.5 Hz, 4H), 3.56 (d, J = 7.0 Hz, 2H), 3.25 (t, ] = 6.0 Hz, 2H),
1.90—1.75 (m, 6H), 1.75—1.63 (m, SH), 1.63—1.54 (m, 4H), 1.54—
1.41 (m, SH), 1.41—-1.11 (m, 25H), 1.10—1.00 (m, 4H), 1.00—0.80
(m, 12H), 0.80—0.65 (m, 9H). '*C NMR (125 MHz, CDCL,): §
191.6, 163.4, 163.0, 160.0, 158.3, 157.5, 147.7, 141.5, 136.6, 136.5,
133.0, 1324, 132.2, 131.2, 130.3, 129.5, 128.6, 124.4, 1202, 104.9,
100.2, 72.9, 68.6, 68.2, 42.8, 38.2, 31.8, 31.8, 31.7, 31.6, 30.7, 30.0,
29.9, 29.5, 29.3, 28.7, 25.9, 25.9, 25.5, 24.0, 23.2, 22.8, 22.7, 14.2,
142, 14.2, 10.6 ppm. IR (neat): 2926, 2859, 1748, 1698, 1605, 1504
ecm™. MS (ESI-TOF) m/z caled [M+Cs]* for CiHgsNOgSCs [M +
Cs]*: 1230.5833. Found: 1230.5850 with an identical isotope pattern
to the predicted pattern.
4-(5-(2-Ethylhexyl)-4,6-dioxo-3-(2,2",4,4" -tetrakis(hexyloxy)-
[1,1":3',1"-terphenyl]-5'-yl)-5,6-dihydro-4H-thieno[3,4-c]pyrrol-1-
yl)benzaldehyde (6). To a flame-dried flask were added 4-(5-(2-
ethylhexyl)-4,6-dioxo-S5,6-dihydro-4H-thieno[ 3,4-c]pyrrol-1-yl)-
benzaldehyde (7) (0.100 g, 0.27 mmol, 5'-chloro-2,2",4,4"-tetrakis-
(hexyloxy)-1,1":3,1"-terphenyl (D-Cl) (0.197 g, 0.29 mmol), and
toluene (2.7 mL, 0.1 M). The solution was purged with N, for 20
min. Then, Pd(OAc), (3.0 mg, 0.0135 mmol, S mol %), tricyclohexyl
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phosphine (7.6 mg, 0.0268 mmol, 10 mol %), and Cs,CO; (0.10S g,
0.32 mmol) were added. The reaction was sealed under N, and stirred
for 16 h at 110 °C. After 16 h, the reaction mixture was extracted with
diethyl ether and the organic layer was separated and dried with
Na,SO,. After removal of the solvent under reduced pressure, the
residue was loaded onto a silica gel column for purification with 5—
10% ethyl acetate/hexane as eluent. The product was isolated as a
yellow solid (0.100 g, 0.100 mmol, 37% yield). 'H NMR (500 MHz,
CDCl,): 6 10.06 (s, 1H), 8.33 (d, J = 8.0 Hz, 2H), 8.23 (s, 2H), 7.98
(d, J = 7.5 Hz, 2H), 7.84 (s, 1H), 7.40 (d, 8.50, 2H), 6.59—6.57 (m,
4H), 4.02—3.95 (m, 8H), 3.59 (d, J = 7 Hz, 2H), 1.92—1.77 (m, 4H),
1.77—1.65 (m, 4H), 1.60—1.41 (m, 6H), 1.41-1.3 (m, 24H), 1.00—
0.80 (m, 12H), 0.80—0.75 (m, 9H), ppm. *C NMR (125 MHz,
CDCL): 6 = 1914, 163.3, 162.8, 160.1, 157.1, 147.8, 142.0, 138.9,
136.6, 136.3, 133.0, 132.3, 131.3, 130.2, 130.2, 129.2, 128.5 127.3,
122.6, 105.5, 100.4, 68.4, 68.2, 42.7, 38.2, 31.7, 31.7, 30.6, 29.3, 29.2,
28.6, 260, 25.8, 23.9, 23.1, 22.6, 22.5, 14.1, 14.1, 14.0, 10.5 ppm. IR
(neat): 2920, 2852, 1701, 1606 cm™". MS (ESI-TOF) m/z caled [M]*
for C3¢Hg;NO,S: 997.6. Found: 998.0 with an identical isotope
pattern to the predicted pattern.
4-(5-(2-Ethylhexyl)-4,6-dioxo-5,6-dihydro-4H-thieno[3,4-c]-
pyrrol-1-yl)benzaldehyde (7). To a flame-dried flask was added 5-(2-
ethylhexyl)-4H-thieno[3,4-c]pyrrole-4,6(SH)-dione (1) (0.40 g, 1.51
mmol), 4-bromobenzaldehyde (2) (0.28 g, 1.50 mmol), and toluene
(1S mL, 0.1M). The solution was sparged with N, for 20 min, and
then, Pd(OAc), (17 mg, 0.076 mmol S mol %), tricyclohexyl
phosphine (0.042 g, 0.15 mmol, 10 mol %), and Cs,CO; (0.58 g, 1.8
mmol, 1.2 equiv) were added. The vessel was sealed under N, and
stirred for 4 h at 110 °C. After 4 h, the reaction mixture was extracted
with diethyl ether and the organic layer was separated and dried with
Na,SO,. After removal of the solvent under reduced pressure, the
residue was loaded onto a silica gel column for purification with 10—
20% ethyl acetate/hexane as eluent. The product was isolated as a
pale-yellow solid (200 mg, 0.542 mmol, 36% yield). "H NMR (500
MHz, CDCl,): 6 10.06 (s, 1H), 8.30 (d, J = 8.5 Hz, 2H), 7.97 (d, ] =
8.0 Hz, 2H), 7.82 (s, 1H), 3.56 (d, ] = 7.0 Hz, 2H), 1.84—1.81 (m,
1H), 1.35—1.25 (m, 8H), 0.97—0.82 (m, 6H) ppm. *C NMR (125
MHz, CDCL): 5 1914, 1634, 162.7, 145.5, 138.4, 137.0, 1362,
131.0, 1304, 128.6, 124.7, 42.8, 38.4, 30.7, 28.7, 24.0, 23.2, 14.2, 10.6
ppm. IR (neat): 3088, 2954, 2925, 2857, 1757, 1694, 1601, 1532
cm™. MS (ESI-TOF) m/z caled [M + Cs]* for C,H,;NO;SCs:
502.0. Found: 502.0 with an identical isotope pattern to the predicted
pattern.
5'-Chloro-2,2",4,4"-tetrakis(hexyloxy)-1,1":3',1"-terphenyl (D-
Cl). To a flame-dried flask was added commercially available 1,3-
dibromo-S-chlorobenzene (8) (1.5 g, 5.5 mmol), (2,4-bis(hexyloxy)-
phenyl)boronic acid (9) (3.9 g 12.2 mmol),” toluene (22 mL, 0.25
M), and aqueous K,COj; (2.7 mL of a 2.0 M solution). The solution
was sparged with N, for 20 min, then Pd(PPh;), (64 mg, 0.55 mmol,
10 mol %) was added. The reaction was stirred under N, for 16 h at
110 °C. After 16 hours, the reaction mixture was extracted with
diethyl ether, and the organic layer was separated and dried with
Na,SO,. After removal of the solvent under reduced pressure, the
residue was loaded into a silica gel column for purification with 2—5%
diethyl ether/hexane as eluent. The product was isolated as a colorless
oil (1.37 g, 2.2 mmol, 41% yield). "H NMR (500 MHz, CDCL): §
7.53 (s, 1H), 7.47 (d, J = 1.5 Hz, 2H), 7.26 (d, ] = 8.0 Hz, 2H), 6.54—
6.53 (m, 4H), 3.98 (t, ] = 6.5 Hz, 4H), 3.95 (t, ] = 6.5 Hz, 6H) 1.85—
1.75 (m, 4H), 1.75—1.67 (m, 4H), 1.52—1.44 (m, 4H), 1.44—1.38
(m, 4H), 1.38—1.30 (m, 8H), 1.30—1.18 (m, 8H), 0.92 (t, ] = 7.0 Hz,
6H), 0.85 (t, J = 7.0 Hz, 6H) ppm. 3C NMR (125 MHz, CDCL,): §
160.1, 157.1, 139.6, 132.9, 131.2, 128.6, 127.5, 122.4, 105.4, 100.4,
68.5,68.2,31.8,31.7,29.4,29.3, 26.1,25.9, 22.8, 22.7, 14.2, 14.2 ppm.
IR (neat): 2925, 2859, 1605, 1578, 1505 cm™". HRMS (ESI-TOF)
m/z caled [M + Cs]* for C,,H,ClO,Cs: 797.3313. Found: 797.3297
with an identical isotope pattern to the predicted pattern.
(E)-2-Cyano-3-(4-(5-(2-ethylhexyl)-3-(4-(hexyloxy)phenyl)-4,6-
dioxo-5,6-dihydro-4H-thieno[3,4-c]pyrrol-1-yl)phenyl)acrylic Acid
(AP11). To a round-bottom flask was added 4-(5-hexyl-3-(4-
(hexyloxy)phenyl)-4,6-dioxo-5,6-dihydro-4H-thieno| 3,4-c]pyrrol-1-
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Scheme 1. Synthetic Route to Target Dyes AP11, AP14, AP16, and AP17
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H,3C¢0
Br
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yl)benzaldehyde (3) (26 mg, 0.047 mmol) and CHCl; (4.7 mL, 0.01
M), cyanoacetic acid (18 mg, 0.141 mmol) and piperidine (0.033 mL,
0.329 mmol). The flask was sealed under N, and stirred at 80 °C for
16 h. The reaction mixture was acidified with acetic acid (~1.0 mL),
and then, it was extracted with diethyl ether and water. The organic
layer was separated, and the solvent was evaporated under reduced
pressure. The yellow solid was purified through a silica gel column
with a mixture of 5—10% methanol: dichloromethane, and the organic
layer was concentrated under reduced pressure to give the product as
a yellow solid (17 mg, 0.028 mmol, 59%). '"H NMR (500 MHz,
DMSO-dg at 50 °C): 6 8.26 (d, ] = 8.5 Hz, 2H), 8.11 (d, ] = 8.0 Hz,
3H), 8.06 (d, ] = 8.0 Hz, 2H), 7.10 (d, J = 8.5 Hz, 2H), 4.08 (t, ] = 6.0
Hz, 2H), 3.48 (d, ] = 5.5 Hz, 2H), 1.82—1.69 (m, 4H), 1.51—1.37 (m,
3.0H), 1.37—1.10 (m, 10H), 0.89 (t, J = 5.5 Hz, 9H) ppm. *C NMR
data is not available due to limited solubility of the compound. IR
(neat): 3480, 2922, 2855, 1741, 1691, 1596, 1503 cm™'. MS (ESI-
TOF) m/z caled [M — H]™ for C34H3oN,0O;S: 611.3. Found: 611.3
with an identical isotope pattern to the predicted pattern.

(E)-3-(4-(3-(2,4-Bis((2-ethylhexyl)oxy)phenyl)-5-(2-ethylhexyl)-
4,6-dioxo-5,6-dihydro-4H-thieno[3,4-clpyrrol-1-yl)phenyl)-2-cya-
noacrylic Acid (AP14). To a round-bottom flask was added 4-(5-(2-
ethylhexyl)-3-(4-((2-ethylhexyl) oxy)-2-(octan-3-yloxy) phenyl)-4,6-
dioxo-5,6-dihydro-4H-thieno|[3,4-c]pyrrol-1-yl)benzaldehyde (4) (45
mg, 0.064 mmol), CHCl; (6.4 mL, 0.01 M), cyanoacetic acid (16.3
mg, 0.192 mmol), and piperidine (0.044 mL, 0.448 mmol). The flask
was sealed under N, and stirred at 80 °C for 16 h. The reaction
mixture was acidified with acetic acid and then extracted with diethyl
ether and water. The organic layer was separated, and the solvent was
evaporated under reduced pressure. The organic layer was purified
through a silica gel column with a mixture of S—10% methanol:
dichloromethane. The organic layer was concentrated under reduced
pressure to give the product as a yellow solid (20 mg, 0.026 mmol,
48%). '"H NMR (500 MHz, CDCl,): 6 8.55 (d, J = 8.5 Hz, 1H),
8.36—8.22 (m, 3H), 8.10 (d, J = 7.5 Hz, 2H), 6.64 (d, ] = 10.5 Hz,
2H), 6.54 (s, 1H), 4.02 (d, ] = 4.5 Hz, 2H), 3.96—3.85 (m, 2H), 3.56
(d, ] =7 Hz, 2H), 1.97—1.69 (m, 8H), 1.79—1.38 (m, 8H), 1.38—1.28
(m, 11H), 1.00—0.79 (m, 18H) ppm. *C NMR data is not available
due to limited solubility of the compound. IR (neat): 2957, 2922,
2854, 1740, 1689, 1568 cm™'. MS (ESI-TOF) m/z caled [M — H]™
for C,sHsgN,OS: 767.4. Found: 767.5 with an identical isotope
pattern to the predicted pattern.
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(E)-2-Cyano-3-(4-(5-(2-ethylhexyl)-4,6-dioxo-3-(2,2',2",4,4" -
pentakis(hexyloxy)-[1,1':3',1"-terphenyl]-5'-yl)-5,6-dihydro-4H-
thieno[3,4-clpyrrol-1-yl)phenyl)acrylic Acid (AP16). To a round-
bottom flask was added S (100 mg, 0.091 mmol), chloroform (9.1
mL, 0.01M), cyanoacetic acid (23 mg, 0.27 mmol), and piperidine
(0.063 mL, 0.64 mmol). The flask was sealed under N, and stirred at
80 °C for 16 h. Then acetic acid (1.0 mL) was added, and the mixture
was extracted with diethyl ether and water. The organic layer was
purified through a silica gel column with a mixture of 5—10%
methanol: dichloromethane. The organic layer was concentrated
under reduced pressure to give the product as an orange solid (30 mg,
0.026 mmol, 57%). "H NMR (300 MHz, DMSO-d at 100 °C): &
8.27 (d, ] = 8.4 Hz, 2H), 8.17 (s, 2H), 8.10 (d, J = 8.4, 2H), 7.98 (s,
2H), 7.21 (d, ] = 8.4, 2H), 6.65 (d, ] = 1.8, 2H), 6.58 (dd, J = 10.5
Hz, ] = 2.1 Hz, 2H), 4.16—3.98 (m, 8H), 3.45 (d, ] = 6.9 Hz, 2H),
3.19 (t, ] = 6.3 Hz, 2H), 1.80—1.66 (m, SH), 1.66—1.51 (m, SH),
1.51-1.38 (m, SH), 1.38—0.95 (m, 34H), 0.95—0.78 (m, 12), 0.78—
0.60 (m, 9H) ppm. *C NMR data is not available due to limited
solubility of the compound. IR (neat): 2925, 2858, 1744, 1696, 1601,
1504 cm™". MS (ESI-TOF) m/z caled [M — H]™ for C,,HyN,O,S:
1163.7. Found: 1163.6 with an identical isotope pattern to the
predicted pattern.

(E)-2-Cyano-3-(4-(5-(2-ethylhexyl)-4,6-dioxo-3-(2,2",4,4" -
tetrakis(hexyloxy)-[1,1':3',1"-terphenyl]-5’-yl)-5,6-dihydro-4H-
thieno[3,4-clpyrrol-1-yl)phenyl)acrylic Acid (AP17). To a round-
bottom flask was added 4-(5-(2-ethylhexyl)-4,6-dioxo-3-(2,2",4,4"-
tetrakis(hexyloxy)-[1,1’:3’,1"-terphenyl]-5’-yl)-S,6-dihydro-4H-
thieno[3,4-c]pyrrol-1-yl)benzaldehyde (6) (S0 mg, 0.05 mmol),
chloroform (5.0 mL, 0.01 M), cyanoacetic acid (12 mg, 0.12
mmol), and piperidine (0.034 mL, 0.35 mmol) into the flask. The
flask was sealed under N, and stirred at 80 °C for 16 h. Then acetic
acid (1.0 mL) was added, and mixture was extracted with diethyl
ether and water. The organic layer was purified through a silica gel
column with mixture of 5—10% methanol: dichloromethane. The
organic layer was concentrated under reduced pressure to give an
orange product (40 mg, 0.037 mmol, 78%). 'H NMR (500 MHz,
DMSO-d, at 100 °C): & 8.28 (d, J = 7.0 Hz, 2H), 8.22 (s, 1H), 8.18
(s, 2H), 8.09 (d, J = 7.5 Hz, 2H), 7.74 (s, 1H), 7.36 (d, ] = 8.0 Hz,
2H), 6.72—6.55 (m, 4H), 4.05 (t, ] = 6.5, 4H), 4.01 (t, ] = 6.0, 4H),
3.52 (d, ] = 6.5 Hz, 2H), 1.85—1.70 (m, SH), 1.70—1.54 (m, SH),
1.54—1.39 (m, SH), 1.49—0.97 (m, 37H), 0.97—0.74 (m, 12H), 0.71
(t, ] = 7.5 Hz, 6H) ppm. IR (neat): 2922, 2853, 1697, 1601, 1504
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cm™'. HRMS (ESI-TOF) m/z caled [M — H]™ for C4Hg,N,OS:
1063.5870. Found: 1063.5900 with an identical isotope pattern to the
predicted pattern.

3. RESULTS AND DISCUSSION

3.1. Synthesis. The synthesis of the target dyes AP11,
AP14, AP16, and AP17 began with either the palladium
catalyzed single or double C—H activation of starting TPD
building block 1 (Scheme 1).*' A double C—H activation
route was used to install the known bromine substituted aryl
ether donor groups (A—C)'**" and 4-bromobenzaldehyde (2)
in one pot for rapid access to aryl ether donor-TPD-Ph-COH
intermediates 3—S in route to AP11, AP14, and AP16. The
aryl-ether group (D-Cl) used with AP17 was most readily
accessed as the chlorine substituted coupling partner from
commercial materials in one step from 1,3-dibromo-5-
chlorobenzene (8) and dialkoxyphenyl boronic acid 9. A
two-step sequential C—H activation route was used to couple
aryl ether D-Cl to TPD by first synthesizing TPD-Ph-COH
(7) via C—H activation from TPD 1 and 2 in 36% vyield
followed by coupling of D-CI with 7 in 37% yield to give 6.
Knoevenagel condensation with intermediates 3—6 and
cyanoacetic acid awarded the target dyes in 48—78% yield.

3.2. Optical Properties. The optical properties of the dyes
were examined both in solution and on TiO, through UV—vis
absorption spectroscopy to compare the effect of varying the
number and position of the alkoxy-ether groups. In dichloro-
methane, the lowest energy absorption feature presented as a
shoulder in the spectrum for each of the dyes at about 405—
440 nm with absorption curve onsets in the following order
from shortest to longest wavelength: AP17 < AP16 < AP11 <
AP14 (Figure 2). The onsets of absorption are all red-shifted
relative to RR9 indicating a higher photocurrent is possible in
devices based on AP11, AP14, AP16, and AP17 by conversion
of lower energy photons (Table 1). These dyes are designed to
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Figure 2. Molar absorptivities of AP11, AP14, AP16, and AP17 in
dichloromethane (top) and as normalized absorption curves on
TiO,(bottom).
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be intramolecular charge transfer (ICT) dyes with ether donor
groups positioned on one side of the molecule in order to
position the highest occupied orbital density on the aryl ether
region, which can be transferred to the electron-deficient
region. As such, AP17 is expected to be the least red-shifted in
the series, whereas none of the 4 alkoxy groups are in
resonance conjugation with the TPD bridge. AP16 introduces
an additional alkoxy group to AP17, which is in conjugation
with the TPD bridge resulting in a red-shift of the lowest
energy absorption curve feature. AP11 is the next most red-
shifted with a single alkoxy group that is in conjugation with
the TPD bridge. Finally, the most red-shifted dye is AP14. The
relative red-shift of AP14 compared to the other dyes is
predictable since AP14 has the largest number of alkoxy
groups (2) in conjugation with the TPD bridge.

The molar absorptivity (&) was examined for each of the
dyes at the highest absorption point of >350 nm (Table 1).
The peak absorption (4,,,,) for each of the dyes fell between
377 and 399 nm with € values ranging from 19 000 to 27 000
M~ cm™' in the following order: AP11 < AP16 < AP17 <
AP14. The number of alkyl chains and the strength of the ICT
transition are known to affect molar absorptivity.*”** AP11
with the fewest alkyl chains had the lowest molar absorptivity
(19000 M™* cm™), followed by similar values for AP16 and
AP17 (22 000—23 000 M~" cm™") with S and 4 alkoxyl chains,
respectively. AP14 has the highest molar absorptivity in the
series (27000 M™' cm™), which may be due to the donor
group of AP14 having two alkoxy chains in conjugation with
the TPD group resulting in a stronger ICT band. On TiO,
films, the dyes each show similar trends in energy of absorption
and curve shapes as in solution except for AP11 (Figure 2,
Table 1). AP11 shows a change in curve shape on film with the
low-energy shoulder at a similar height to the high energy
feature, which is different to solution measurements where
these features are significantly different heights. The origin of
this change in absorption curve feature height on TiO, is not
apparent for AP11; however, aggregative effects are a potential
cause as has been observed before.””~* This hypothesis is
consistent with AP11 uniquely having only one alkyl chain and
no ortho substituted ether groups to reduce z-system planarity.
The absorption curve onsets are also shifted by about 50 nm
for each dye on TiO, compared to solution.

3.3. Electrochemical Properties. Electrochemical anal-
ysis for each dye was conducted via differential pulse
voltammetry (DPV) in solution or via cyclic voltammetry
(CV) on TiO,-coated FTO (fluorine-doped tin oxide) (Table
1 and Figure 3). AP11 had the highest value ground state
oxidation potential (strongest oxidant as a cation, Es/s)) at
1.81 V vs normal hydrogen electrode (NHE) in 1,2-
dichloroethane (DCE). A similar value is observed when
AP11 is measured on TiO, electrodes (1.85 V). AP14 has the
lowest value E(g'/s) in solution at 1.52 V and on TiO, at 1.73 V.
Concerning the shift in oxidation potential at the TiO, surface,
significant changes in organic dye energetics are commonly
empirically observed in literature when solution and TiO, films
are compared.””*”*° AP16 and AP17 were at intermediate
E(s'/s) values for this series at 1.62 and 1.61 V, respectively.
The oxidation potentials for both dyes increased to 1.95 and
1.85 V on TiO,, respectively. Notably, as a cation, all of these
dyes are adequate energetically to oxidize Fe(bpy);*" at 1.37 V
vs NHE with a regenerative driving force (AG,,) of >300 mV
on TiO, (Figure 3). The cations of the dyes studied herein are
significantly stronger oxidizing than typical organic dyes, which
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Table 1. Optical and Electrochemical Properties of AP11, AP14, AP16, and AP17 in Solution and on TiO, when Listed

Optical Data (in DCM unless noted)

Electrochemical Data

dye Az (nm)u E(o—o) (eV)b ﬂ‘onsetTioz (ev)c £ (M_l Cm_l) E(S*/S) (V)d E(S*/S)Tioz (V)e E(s’/s*) (V)[ E(s'/s*)Tioz (V)g
AP11 377 2.61 2.53 19 000 1.81 1.85 —-0.80 —0.68
AP14 399 2.51 2.41 27 000 1.52 1.73 -0.99 —0.89
AP16 384 2.77 2.53 22 000 1.62 1.95 -1.15 —-091
AP17 379 2.81 2.61 23 000 1.61 1.85 —-1.20 —-0.76

“These are the peak values observed The AP dyes have a red-shifted shoulder relative to this peak (see Figure 2). See Table 2 values and related
discussion below for more details. “Measured from the intercept of the absorption and emission curves (Figure $14). “Onset values are taken from
the x- 1ntercept of a tangent line on the low-energy side of the absorption curve. Since the absorption curves are broad on TiO, 4,,,, values are not
reported. Reported from DPV in 1,2-dichloroethane (Figure $8). “Reported from cyclic voltammetry as the anodic peak current (E,,) value due to

irreversibility
Eopt
Tables S1-S2).

gFlgure S13).7Calculated from the equation E(s'/s+) = E(s'/s) — E(o_o)- “Calculated from the equation Eg*/s+) = E(s7/s) — EgF', where
1240/)»onset See SI for additional optical and electrochemical data analyses using methods directly comparable to RR9 (Figures S3—S12 and
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Figure 3. Energy level diagram for AP11, AP14, AP16, and AP17 on
TiO,. The TiO, CB is taken as —0.50 V versus NHE in MeCN as is
generally approximated in the field,*>"*° but it should be noted that
this value can shift dramatically based on environment.””>° The
potential of the I"/I;™ redox shuttle system is shown as a reference
point as a single potential as is generally reported value in the
field; %53 however, it should be noted that this is a crude
approximation and the I;”/I” system is too complex to accurately
report as a single number.®"*>

have E(g /) values near 1.0 V and are not suitable for the
efficient oxidation of Fe(bpy);*".>'**"*

Importantly, AP11, AP14, AP16, and AP17 are all red-
shifted and retain more positive oxidation potentials (>1.73 V)
relative to RR9, which indicates the excited-state energy has
diminished for the AP series dyes relative to RR9. This is
desirable since excess excited-state energy is thermal energy
waste for applications involving TiO,, such as HV DSCs. The
excited-state oxidation potentials (E(/s+)) for the AP series
dyes are calculated with the equation E(g/s1)= E(s'/5) — EgP
where EZ* is estimated from the absorption curve onset on

TiO, (see Table 1 caption). The E s /g« values become more
negative in the following order: AP11 > AP17 > AP14 > AP16
on TiO, film. The excited-state values shift to less negative
values by 100—440 mV on TiO, films when compared to
solution. The largest changes between solution and film in
E(s'/s+) values are observed with dyes AP16 (240 mV change)
and AP17 (440 mV change). The origin for this change in
E(g'/s+ value when solution and film is compared is not
obvious from these studies. The Es'/g+) values on TiO, show
driving forces for electron injection (AGm]) into the TiO,
conduction band (CB) of 180—410 mV. Thus, the AP dye
cations are stronger oxidizing than the RR9* (1.56 V oxidation
potential), and the AP series dyes could have less photon
conversion energy waste due to the lower excited-states.

3.4. Computational Analysis. Spatial orbital positioning
is critical for organic chromophores to function efficiently in
photoinduced interfacial electron transfer systems. Ideally, the
orbital where the electron originates should be far from the
semiconductor surface to slow back electron transfer after
charge separation, and the orbital where the electron travels to
after photoexcitation should be close to the surface of the
semiconductor for efficient electron transfer events. To
evaluate the orbitals involved during photoexcitation and the
spatial positioning of these orbitals, DFT and TD-DFT
calculations were performed at the B3LYP/6-311G(d,p) level
for the AP series dyes.”> Upon geometry optimization, TD-
DFT was analyzed to identify the key molecular orbitals within
these dyes for the first significant low energy transition. For
dyes AP11 and AP14, the first state (lowest energy) calculated
shows a >98% highest occupied molecular orbital (HOMO) to
lowest unoccupied molecular orbital (LUMO) transition with
strong oscillator strengths of 0.714 and 0.486 observed,
respectively. The corresponding vertical transition energy for

Table 2. Computational Data from TD-DFT Analysis of AP11, AP14, AP16, and AP17

dye transition” contribution (%, state) vert. trans. (nm)
AP11 H-L 99, Sy = S 466
AP14 H-L 98,8, > S, 480
AP16 H-L 99, Sy = S 579
H-1->1L 99,8, = S, 533
H2-1L 99, S = S5 451
AP17 H-L 99, S0 = S, 586
H1-L 99, Sy = S, 525
H2->1L 98, Sy = S; 435

exp. shoulder (nm)? AE comp. vs exp. (eV) oscillator strength

430 0.22 0.714
440 0.23 0.486
0.002
0.098
420 0.2 0.674
0.001
0.060
405 0.21 0.820

“H = HOMO, H-1 = HOMO-1, H-2 = HOMO—-2, L = LUMO. "This value is estimated from the lowest energy feature of the absorption curve

taken in dichloromethane.
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each dye is 466 (AP11) and 480 nm (AP14), which is closely
correlated (within 0.23 eV) to the observed experimental A,
shoulder energy for each dye (Table 2). For both AP16 and
AP17, the first two states analyzed had low oscillator strengths
(<0.1), and the third state (HOMO—-2 — LUMO, >98%) is
the lowest energy state with a strong oscillator strength (0.674
and 0.820, respectively). The energy of this third state is again
in close correlation to the lowest energy experimentally
observed absorption curve feature (within 0.21 eV). Having
identified the key orbitals involved in the first strong optical
transition for each dye, the spatial positioning of these orbitals
was analyzed for suitable photoinduced interfacial charge
transfer characteristics (Figure 4). The occupied molecular

HOMO LUMO
AP11
] AP14 ,
AP16
HOMO-2
AP17

i’HOMO-Z

Figure 4. HOMO or HOMO-2 and LUMO orbitals of AP11, AP14,
AP16, and AP17. The highest energy occupied orbital involved in the
lowest energy first major transition (f > 0.1) is the HOMO—-2 orbital
for AP16 and AP17 (see discussion above).

orbital for each dye (HOMO for AP11 and AP14; HOMO—-2
for AP16 and AP17) shows positioning primarily on the
benzene ring of the donor region attached to the TPD bridge
and onto the TPD bridge. The LUMO for each dye is
positioned primarily on the TPD bridge and benzene-cyano
acrylic acid groups. These calculations confirm ICT is
occurring as the dominate low energy transition for these
dyes. The spatial positioning of the orbitals is also ideal for
electron injection into TiO, and prolonging charge separation.

3.5. High-Voltage DSC Devices. HV DSC devices were
fabricated with these dyes with TiO, and Fe(bpy);>*/** as a
redox shuttle to demonstrate the utility of a strong photo-
induced oxidant in an application. The open-circuit voltage
(Voc) for the AP series dyes was in the range of 1.26—1.32 V.
These values are near the high performing RR9 at 142 V
(Figure 5, Table 3)."” The short circuit current density (Jsc)
improved for all of the AP dyes relative to the value reported
for RR9 by up to 25% for a maximum Jg¢ of 3.5 mA/cm’. This
increase is due to the lowering of the AP series dye excited-
state to narrow the dye optical gap resulting in a red shift of the
AP series dye incident photon-to-current conversion efficiency
(IPCE) onset relative to RR9 by about 25 nm (Figure 5).
AP11 shows an IPCE peak near 60% with the remaining dyes
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Figure S. J—V curves (top) and IPCE spectra (bottom) for AP11,
AP14, AP16, and AP17 based DSC devices with Fe(bpy);>*/*".

Table 3. Device Data with Dyes AP11, AP14, AP16, and
AP17.7

dye V,. (V) Joc (mA/cm?) FF PCE (%)
AP11 1.26 3.50 0.63 2.9
AP14 1.32 3.40 0.63 2.7
AP16 1.29 3.10 0.65 2.6
AP17 1.27 2.90 0.58 2.2
RR9 1.42 2.80 0.47 1.9

“See SI for device fabrication details, device compositions, and
integrated photocurrent densities from the IPCE spectrum.

having maximum IPCE values of about 50—55%. The IPCE
intensity is controlled by a number of factors concerning both
optical properties and charge transport properties of the
device, and the reason for the higher IPCE of AP11 is not
obvious in these studies since the dye loading density was
similar to AP14 and AP17 at 4.1—4.5 X 1077 mol/cm? (Table
SS). AP16 shows a modestly diminished dye loading density at
3.1 X 1077 mol/cm% however, the IPCE peak intensity is
similar to that of AP14 and AP17. All of the IPCE values are
likely negatively impacted from the absorbance of the
Fe(bpy);>* redox shuttle which has a molar absorptivity of
9500 M~ cm™" in MeCN with the absorption onset extending
beyond that of the dyes studied here (see Figures S16 and S17
and Table S4 for device data with the I;7/I7, and
Co(bpy);*>*/* electrolytes). Fe(bpy);>" does not have an
appreciable absorption in the visible spectral region (Figure
S15). Notably, the fill factor (FF) increased to 0.58—0.65 for
the AP series devices relative to the reported RR9 device at
0.47. While the origin of this increase is not directly obvious,
we do note that the AP series dyes shows the appearance of a
slight reverse wave via CV measurements while RR9 shows no
signs of a reverse wave indicating a potentially more stable AP*
species is formed (Figure S7). According to the equation PCE
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= (Voc X Js¢ X FE)/I,, where PCE is power conversion
efficiency and I, is the sun intensity (set to near 1 sun in these
studies as measured with a calibrated reference solar cell), a
PCE of 2.2—2.9% is observed for these devices which improves
on the 1.9% PCE of the RR9 device while maintaining
comparable photovoltages.

Small modulated photovoltage transient (SMPVT) studies
provide a method to analyze electron lifetimes in TiO, for
DSC devices under continuous illumination at varied light
intensities. These studies are often correlated to the rate of
recombination of electrons in TiO, with the oxidized redox
shuttle.®* Electron lifetimes were found to increase in the
following order AP17 = AP11 < AP16 < AP14 which matches
the observed open circuit voltages from current—voltage curve
measurements (Figure 6). Recombination is likely fastest with

0.09 4 * AP11
*AP14
> 2 * AP16
£ o
3 .
0.009 T T T
0.95 1.05 1.15 1.25
Voc (V)

oc

Figure 6. Small modulated photovoltage transient measurements of
AP11, AP14, AP16, and AP17.

AP11 and AP16, while AP14 limits the rate of recombination
the most in this series. The origin of the change in
recombination rate is challenging to explicitly determine
since the rate of recombination is related to many factors
such as dye-redox shuttle noncovalent interactions, surface
orientation, surface footprint, solid-state ordering, and dye
loading. However, the AP14 aryl-ether donor group is
significantly rotated out of plane with the TPD conjugated
system due to an ortho substituted alkyl ether relative to the
TPD group. The out of plane alkyl ether substituent near the
TPD bridge likely aids in adding a protective insulting group
relatively close to the TiO, surface when compared with the
other AP dyes. The out of plane alkyl ether group conveniently
provides surface insulation in a separate direction to that of the
TPD alkyl group which likely leads to less recombination, and
as a result, the highest photovoltage of the series.

4. CONCLUSIONS

Thienopyrroledione is investigated as an electron deficient 7-
bridge for the photoinduced generation of a strong oxidant at a
semiconductor interface with visible light. Through DPV
studies in solution and CV studies on TiO, films, the oxidizing
potential of TPD dye cations is found to be significantly
stronger than that of a benzothiadiazole analogue. The UV—vis
absorption spectroscopy reveals a modest red-shift of the TPD
based dyes as well, which indicates the excited-state has been
lowered for the TPD dyes relative to BTD. This is desirable for
applications involving TiO, to avoid excess photon energy
waste during photoinduced electron injection into the TiO,
CB. Via computational studies, the primary orbitals contribu-
ting to photoexcitation were found to be well positioned
spatially for photoinduced electron transfer at a metal oxide
interface with potentially good charge separation duration. HV
DSC devices were fabricated with the AP series dyes and
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compared to record performing RR9 under identical
conditions. The photovoltage from AP14 was found to be
comparable to that of RR9 (1.32 vs 1.42 V). The AP14 device
was found to have a higher photocurrent and fill factor leading
to a higher power conversion efliciency relative to the reported
RR9 device. The range of photovoltages obtained was
correlated to the rate at which electrons in TiO, recombine
with Fe(bpy),®>" for each of the AP series devices with AP14
showing the slowest recombination and highest photovoltage.
Future directions are focused on modifying the donor group to
generate stronger photoinduced oxidants and evaluation of
additional redox shuttles that can demonstrate the full
oxidation strength of the AP series dye cations in an
application by diminishing thermal energy waste during
regeneration.
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