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ABSTRACT: Dye-sensitized solar cells (DSCs) can provide a clean
energy solution to growing energy demands. In order to have devices
of high performance, sensitizers that are able to absorb in the near-
infrared region (NIR) are needed. Stronger electron donors are
needed for intramolecular charge-transfer sensitizers to access longer
wavelength photons. Thus, two novel organic dyes with a cross-
conjugated dibenzosilin double donor design are studied herein. The
double donor delocalizes multiple filled orbitals across both amine
donors due to the fused design that planarizes the donor as observed
computationally, which improves intramolecular charge-transfer
strength. The dyes are studied via density functional theory (DFT),
optical spectroscopy, electrochemistry, and in DSC devices. The
studies indicate that the dye design can reduce recombination losses,
allowing for improved DSC device performances relative to a single arylamine donor. The reduction in recombination losses is
attributed to the six alkyl chains that are incorporated into the donor, which offer good surface protection.

■ INTRODUCTION
The need for renewable energy sources is growing.1 Dye-
sensitized solar cells (DSCs) are a suitable renewable energy
option that convert solar energy to electric energy.2,3 DSCs are
affordable to fabricate, electronically tunable, and efficient in
low-light conditions.2,4−7 In a working DSC, the TiO2-bound
photosensitizer is photoexcited in order to inject an electron
into the conduction band (CB) of TiO2. The electron then
travels via an external circuit to the counter electrode. At the
counter electrode, the electron is collected by a redox shuttle
(RS), which then returns the electron to the oxidized
photosensitizer in order to complete the circuit. In a DSC,
the design of the photosensitizer is crucial. A desirable dye is
able to harvest light panchromatically from the visible region to
the near-infrared region (NIR, >700 nm).8,9 Several strategies
have been utilized to achieve panchromatic spectral activity
from sensitizers including concerted companion dyes,10−12

pyridyl ruthenium-based sensitizers,13−17 and a variety of
chromophore motifs.18−20 Furthermore, reaching the NIR is
critical in order to utilize the vast amount of low-energy
photons beyond the visible region (∼40%) that are given off by
the sun.3,8,21 Beyond broad and low energy absorption,
sensitizers should also exhibit sufficiently high molar
absorptivities, efficient electron injection, a strong anchoring
group, good surface orientation to minimize aggregation, low
back electron-transfer rates between TiO2 and the oxidized
dye, and high molecular stability.9

Various donor design strategies can be employed in order to
increase DSC efficiencies,9 including bulky donor designs such
as on porphyrin20,22 or amine scaffolds.23−26 We propose that a
greater number of donors strategically positioned on a dye
could increase the donation strength within intramolecular
charge-transfer (ICT) dyes and thus allow for deeper
absorption into the NIR region. Literature has previously
reported two dyes, D9 and D11, which were studied in order
to examine the effects of cross-conjugation.27 However, the
D11 dye design did not include a fused donor system resulting
in one of the donors being twisted out of plane with the π-
system of the acceptor due to steric repulsion. Thus, the data
was inconclusive with respect to the impact of the cross-
conjugation strategy (Figure 1). Similarly, a series of TK dyes
and dye BF3b were designed and synthesized previously based
on fluorene donors, which give intriguing optoelectronic
properties (Figure 1).28,29 However, in our hands, several
synthetic routes aiming to use designer π-bridges were
unsuccessful primarily due to hydrolysis-type reactions yielding
fluorenones as an undesired product when fluorene-based
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cross-conjugated donors were used. In this report, a fused
cross-conjugated double donor design based on dibenzosilin is
used to probe the impact of increased electron density on the
donor. The double donor design utilizes two arylamine donor
groups that are fused together by a silicon bridge. The amines
were employed due to their electron-rich nature and strong
donation strength. The silicon atom bridge is used to provide
planarity within the donor unit, allowing both amine groups to
donate into the π-system. The novel silicon-fused bulky donor
also serves to slow recombination events and therefore
enhances device performance through the incorporation of
multiple large alkyl chains that help insulate the TiO2
surface.30−32 A thiophene π-bridge is linked to the donor in
order to provide easy synthetic access to cross-coupling
reaction manifolds.
Two novel DSC dyes were selected for this study, QL17 and

QL18 (Figure 1). Both dyes feature the fused double donor,
with QL17 having the thiophene π-bridge linked directly to the
electron-withdrawing anchoring group, cyanoacrylic acid
(CAA). QL18 implements a larger π-bridge, which extends
conjugation to further red-shift the dye. Specifically, QL18
utilizes cyclopentadithiophene (CPDT) as part of the π-bridge
and 3,4-thienothiophene as an auxiliary acceptor. CPDT is
used because it often raises molar absorptivities while

extending conjugation.33−35 3,4-thienothiophene is a proar-
omatic structure that facilitates ICT events at low energies.36

■ EXPERIMENTAL SECTION
General Information. All commercially obtained reagents

were used as received. Diethyl (thiophen-2-ylmethyl)-
phosphonate (2) was obtained from Alfa Aesar and used as
received. 3,7-dichloro-5,5-bis(2-ethylhexyl)dibenzo[b,e]silin-
10(5H)-one (1), bis(4-(hexyloxy)phenyl)amine (4), and 2-
ethylhexyl 4-(6-bromo-4,4-bis(2-ethylhexyl)-4H-cyclopenta-
[2,1-b:3,4-b’]dithiophen-2-yl)-6-formylthieno[3,4-b]-
thiophene-2-carboxylate (8) shown in Scheme 1 were prepared
by following literature precedent.34,37,38 Thin-layer chromatog-
raphy (TLC) was conducted with Sorbtech silica XHL TLC
plates and visualized with UV light. Flash column chromatog-
raphy was performed with Sorbent Tech P60, 40−63 μm
(230−400 mesh). Flash column chromatography was
performed using a Teledyne CombiFlash Rf+ system. The
silica gel cartridges were purchased from Luknova SuperSep
(FC003012, 50 μm). 1H and 13C{1H} NMR spectra were
recorded on a Bruker Avance-400 (400 MHz) instrument and
are reported in ppm using solvent as an internal standard
(CDCl3 at 7.26 ppm). Data reported as s = singlet, d =
doublet, t = triplet, q = quartet, p = pentet, m = multiplet, br =
broad, ap = apparent, dd = doublet of doublets; coupling

Figure 1. Prior cross-conjugated dyes and the proposed QL17 and QL18 dye structures presented in this work.
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constant(s) in Hz. UV spectra were measured with an
AvaSpec-ULS2048-USB2-50 Spectrometer (Pine Research
part RRAVSP3), and the light source was a UV/Vis/NIR
Light Source (Pine Research part RRAVSP). These two
systems were used in conjunction with the AvaSoft8 software
program. Curves were fitted with the LOESS function in Igor,
which allows for easier data interpretation and comparisons.
Cyclic voltammetry curves were measured with a C−H
Instruments electrochemical analyzer CHI600E. Tetrabuty-
lammonium hexafluorophosphate (0.1 M in dichloromethane)
was used as the electrolyte. The working electrode is glassy
carbon, the pseudo-reference electrode is a silver wire, and the
counter electrode is platinum. A scan rate of 100 mV/s was
used. Ferrocenium/ferrocene is used as an internal standard
(taken as 0.70 V vs normal hydrogen electrode (NHE) in
dichloromethane (DCM)).39,40 For electrospray ionization
(ESI) high-resolution mass spectrometry (HRMS), a quad-
ruple-TOF system was used to obtain the data both in positive
and negative modes with a Waters Synapt HDMS. IR
experiments were recorded on a Bruker Alpha FT-IR
spectrometer. Microwave synthesis was conducted using a

CEM Discover 1.0 microwave synthesizer with 10 mL CEM
glass vials and caps. All microwave reaction conditions
included irradiation with 300 W of power, a maximum
pressure setting of 150 psi, a maximum ramp time (time to
ramp temperature up to reaction temperature) of 5 min,
temperature monitoring using a built-in IR sensor, and
compressed air cooling after reaction hold time.
Computational Approach. Molecules were drawn in

ChemDraw (19.1.0.5) and saved as an MDL Molfile.
Molecular geometries of the considered species were then
optimized with the MMFF94 force field via Avogadro (1.2.0).
Dihedral angles about noncyclic single bonds were set to
between 0 and 90° manually to avoid local minima
conformations. Accurate geometry optimization was performed
sequentially by DFT using Guassian1641 with the B3LYP42,43

functional applying the following basis sets: first 3-21G, second
6-31G(d,p),44,45 and finally 6-311G(d,p).46 21 Harmonic
vibrational frequencies were computed to confirm that all
stationary points on the potential energy surface represent
minimum energy structures. Time-dependent DFT (TD-DFT)
computations were performed with optimized geometries with

Scheme 1. Synthetic Route to QL17 and QL18
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the B3LYP functional and 6-311G(d,p) basis set to compute
the vertical transition energies and oscillator strengths.
Synthetic protocols. 3,7-Dichloro-5,5-bis(2-ethylhexyl)-

10-(thiophen-2-ylmethylene)-5,10-dihydrodibenzo[b,e]siline
(3). Into a flame-dried flask equipped with a stir bar and
flushed with nitrogen, 3,7-dichloro-5,5-bis(2-ethylhexyl)-
dibenzo[b,e]silin-10(5H)-one (1) (1.00 g, 1.99 mmol) and
diethyl(thiophen-2-ylmethyl)phosphonate (2) (0.39 mL, 1.99
mmol) were dissolved in dioxane (20 mL). 0.5 M KHMDS in
toluene (4.96 mmol, 9.9 mL) was then added dropwise. The
reaction was stirred at room temperature and monitored for
completion by observing the disappearance of starting material
via NMR. Once the reaction was complete, the mixture was
then extracted with diethyl ether and water. The organic layer
was dried with sodium sulfate and concentrated under reduced
pressure. The crude material was purified via silica gel column
chromatography with 100% hexanes as the eluent to yield the
pure product (3) (997 mg, 86%). NMR: 1H NMR (400 MHz,
CDCl3) δ 7.70−7.63 (m, 2H), 7.60 (d, J = 8.3 Hz, 1H), 7.55
(s, 1H), 7.37 (dd, J = 8.3 Hz, 1H), 7.24 (dd, J = 8.3 Hz, 1H),
7.12 (d, J = 5.0 Hz, 1H), 6.98−6.86 (m, 3H), 1.60−1.43 (m,
2H), 1.33-.66 (m, 32H) ppm. 13C {1H} NMR (400 MHz,
CDCl3) δ 147.1, 141.6, 139.9, 139.0, 138.7, 136.6, 133.9,
133.6, 132.9, 132.5, 131.4, 129.5, 129.4, 128.7, 126.7, 126.4,
125.8, 124.6, 35.7, 35.4, 29.0, 28.7, 23.0, 14.2, 10.8, 10.7 ppm.
(Note: due to alkane chain stereochemistry, multiple
diastereomers are present, which impacts the number of
NMR signals observed.) IR (neat, cm−1): 3068, 2956, 2924,
2870, 2856, 1715, 1421, 1100, 695. HRMS ESI (positive
mode) m/z calc’d for C34H44Cl2SSiCs [M + Cs]+ 715.1365,
found 715.1331.
5,5-Bis(2-ethylhexyl)-N3,N3,N7,N7-tetrakis(4-(hexyloxy)-

phenyl)-10-(thiophen-2-ylmethylene)-5,10-dihydrodibenzo-
[b,e]siline-3,7-diamine (5). Into a flame-dried microwave tube
equipped with a stir bar and flushed with nitrogen were added
3,7-dichloro-5,5-bis(2-ethylhexyl)-10-(thiophen-2-ylmethy-
lene)-5,10-dihydrodibenzo[b,e]siline (3) (900 mg, 1.54
mmol), bis(4-(hexyloxy)phenyl)amine (4) (1.37 g, 3.70
mmol), and sodium tert-butoxide (740 mg, 7.71 mmol) in
dry toluene (7 mL). The solution was degassed with nitrogen
for 10 min. Pd(OAc)2 (35 mg, 0.15 mmol) and XPhos (147
mg, 0.31 mmol) were then added. The reaction was heated to
110 °C in a microwave reactor at 150 psi and 300 W for 1 h.
The reaction was monitored by NMR until all of the starting
material was observed to be consumed. The mixture was
purified via filtering through a pad of silica with 100% diethyl
ether as the eluent to remove salts and further purified via silica
gel column chromatography with 25% dichloromethane/75%
hexanes as the eluent to yield the pure product (5) (1.29 g,
67%). NMR: 1H NMR (400 MHz, CDCl3) δ 7.54−7.46 (m,
2H), 7.24−7.20 (m, 1H), 7.16−7.13 (m, 1H), 7.08−6.94 (m,
11H), 6.90−6.77 (m, 11H), 3.93 (t, J = 6.6 Hz, 8H), 1.78, (p, J
= 6.7 Hz, 8H), 1.53−1.28 (m, 26H), 1.16−0.88 (m, 28H),
0.77 (at, J = 6.5 Hz, 10H), 0.60 (t, J = 6.7 Hz, 6H) ppm. 13C
{1H} NMR (400 MHz, CDCl3) δ 155.3, 155.2, 147.3, 146.5,
142.2, 141.6, 141.3, 141.1, 140.9, 137.2, 135.9, 135.1, 130.6,
128.0, 126.5, 126.4, 126.3, 126.1, 125.4, 124.9, 124.5, 122.7,
121.6, 121.3, 115.3, 115.2, 68.4, 35.6, 35.3, 31.8, 29.5, 28.8,
28.8, 28.7, 25.9, 23.1, 22.8, 14.3, 14.2, 10.8 ppm. (Note: due to
alkane stereochemistry, multiple diastereomers are present,
which impacts the number of NMR signals observed.) IR
(neat, cm−1): 2925, 1584, 1502, 1466, 1234, 1166, 1031, 825,

691, 523. HRMS ESI (positive mode) m/z calc’d for
C82H112N2O4SSi [M]+ 1248.8112, found 1248.8119.
5-((3,7-Bis(bis(4-(hexyloxy)phenyl)amino)-5,5-bis(2-

ethylhexyl)dibenzo[b,e]silin-10(5H)-ylidene)methyl)-
thiophene-2-carbaldehyde (6). Into a flame-dried flask
equipped with a stir bar and flushed with nitrogen, 5 (150
mg, 0.12 mmol) was dissolved in dry dichloroethane (0.3 mL)
and cooled to 0 °C. N,N-dimethylformamide (DMF) (0.01
mL, 0.13 mmol) was added, and then POCl3 (0.01 mL, 0.13
mmol) was added dropwise. The reaction was stirred for 2 h
before monitoring for the disappearance of starting material via
TLC. After the starting material was consumed, half-saturated
KOH(aq) was added and stirred for an hour. The mixture was
then extracted with DCM and saturated KOH(aq). The organics
were dried with sodium sulfate and then concentrated under
reduced pressure. The crude product was purified via silica gel
chromatography with 50% dichloromethane/50% hexanes as
the eluent to yield the pure product (6) (81 mg, 53%). 1H
NMR (400 MHz, CDCl3) δ 9.79 (s, 1H), 7.55−7.40 (m, 3H),
7.24−7.19 (m, 1H), 7.16−6.97 (m, 11H), 6.91−6.74 (m,
10H), 4.07−3.87 (m, 8H), 1.90−0.53 (m, 78H) ppm. 13C
NMR {1H} (400 MHz, CDCl3) δ 182.7, 155.6, 155.4, 152.2,
148.2, 147.2, 146.3, 141.1, 141.0, 141.0, 141.0, 137.2, 136.2,
135.1, 134.4, 130.6, 128.7, 126.8, 126.4, 125.8, 125.7, 125.4,
122.1, 120.9, 120.3, 115.4, 115.3, 68.4, 35.6, 35.3, 31.7, 29.5,
28.8, 28.7, 25.9, 23.1, 22.8, 14.3, 14.2, 10.8, 10.8 ppm. (Note:
due to alkane chain stereochemistry, multiple diastereomers
are present, which impacts the number of NMR signals
observed.) IR (neat, cm−1): 3041, 2954, 2925, 2857, 1714,
1661, 1580, 1503, 1467, 1235, 827, 731. HRMS ESI (positive
mode) m/z calc’d for C83H112N2O5SSiCs [M + Cs]+
1409.7116, found 1409.7161.
(E)-3-(5-((3,7-Bis(bis(4-(hexyloxy)phenyl)amino)-5,5-bis(2-

ethylhexyl)dibenzo[b,e]silin-10(5H)-ylidene)methyl)-
thiophen-2-yl)-2-cyanoacrylic Acid (QL17). Into a flame-
dried pressure flask equipped with a stir bar and flushed with
nitrogen was dissolved 6 (37 mg, 0.029 mmol) in chloroform
(0.29 mL). Cyanoacetic acid (7 mg, 0.087 mmol) was added,
followed by piperidine (0.02 mL, 0.20 mmol). The mixture
was degassed with nitrogen for 10 min. The reaction was then
allowed to stir at 90 °C for 1 h and monitored by TLC for the
consumption of starting material. After the consumption of
starting material, the reaction was extracted with dichloro-
methane and water with a few drops of acetic acid. The
organics were dried with sodium sulfate and concentrated
under reduced pressure. The crude product was purified via
silica gel chromatography with 10% methanol/90% dichloro-
methane as the eluent to yield the pure product (QL17) (25
mg, 64%). 1H NMR (400 MHz, CDCl3) δ 8.15 (br s, 1H),
7.48−7.34 (m, 2H), 7.20−6.60 (m, 23H), 3.90 (t, J = 5.4 Hz,
8H), 2.09−1.60 (m, 18H), 1.49−0.41 (m, 60H) ppm.
Aggregation limits good resolution at concentrations needed
for a carbon NMR within a reasonable time frame. IR (neat,
cm−1): 3372, 3041, 2925, 2214, 1606, 1580, 1503, 1467, 1376,
1236, 827. HRMS ESI (positive mode) m/z calc’d for
C86H113N3O6SSiCs [M + Cs]+ 1476.7174, found 1476.7150.
5,5-Bis(2-Ethylhexyl)-N3,N3,N7,N7-tetrakis(4-(hexyloxy)-

phenyl)-10-((5-(tributylstannyl)thiophen-2-yl)methylene)-
5,10-dihydrodibenzo[b,e]siline-3,7-diamine (7). Into a flame-
dried flask equipped with a stir bar and flushed with nitrogen, 5
(500 mg, 0.40 mmol) was dissolved in dry tetrahydrofuran
(THF, 1.3 mL) and cooled to −78 °C. 2.5 M n-BuLi in
hexanes (0.18 mL, 0.44 mmol) was then added dropwise.
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Once deprotonation was observed to be complete via NMR by
obtaining a reaction sample via a dry pipette and quenching
with D2O; SnBu3Cl (0.12 mL, 0.44 mmol) was then added,
and the reaction was allowed to stir overnight. The reaction
was quenched with brine, and the reaction was then extracted
with dichloromethane and brine. The organics were dried with
sodium sulfate and concentrated under reduced pressure. The
crude material was taken forward into the next step without
further purification (assumed quantitative). 1H NMR (400
MHz, CDCl3) δ 7.55 (d, J = 8.4 Hz, 1H), 7.48, (d, J = 8.4 Hz,
1H), 7.23−7.18 (m, 1H), 7.15−7.12 (m, 1H), 7.07−6.94 (m,
12H), 6.86−6.77 (m, 9H), 3.92 (t, J = 6.5 Hz, 8H), 1.82−0.53
(m, 105H) ppm. IR (neat, cm−1): 2924, 1584, 1503, 1463,
1236, 826, 517. HRMS ESI (positive mode) m/z calc’d for
C94H139N2O4SSiSn [M + H]+ 1540.9280, found 1540.9331.
2-Ethylhexyl-4-(6-(5-((3,7-bis(bis(4-(hexyloxy)phenyl)-

amino)-5,5-bis(2-ethylhexyl)dibenzo[b,e]silin-10(5H)-
ylidene)methyl)thiophen-2-yl)-4,4-bis(2-ethylhexyl)-4H-
cyclopenta[2,1-b:3,4-b’]dithiophen-2-yl)-6-formylthieno[3,4-
b]thiophene-2-carboxylate (9). Into a flame-dried microwave
tube equipped with a stir bar and flushed with nitrogen were
added 7 (400 mg, 0.26 mmol) and 2-ethylhexyl-4-(6-bromo-
4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophen-
2-yl)-6-formylthieno[3,4-b]thiophene-2-carboxylate (8) (139
mg, 0.17 mmol) in dry DMF (1.7 mL). The solution was
degassed with nitrogen for 10 min. PdCl2(PPh3)2 (6 mg, 0.01
mmol) was then added. The reaction was heated in a
microwave reactor for 1 h at 110 °C, 150 psi, and 300 W.
At this point, the reaction was monitored by TLC, and all of
the starting material was observed to be consumed. The
mixture was extracted with hexanes and water. The organics
were concentrated under reduced pressure. The crude product
was purified via silica gel chromatography with 50% dichloro-
methane/50% hexanes as the eluent to yield the pure product
(9) (209 mg, 61%). 1H NMR (400 MHz, CDCl3) δ 9.84 (s,
1H), 8.10 (s, 1H), 7.59 (d, J = 8.4 Hz, 1H), 7.48 (d, J = 8.5
Hz, 1H), 7.39 (s, 1H), 7.25−7.22 (m, 1H), 7.15−6.74 (m,
23H), 4.35−4.25 (m, 2H), 3.93 (t, J = 6.6 Hz, 8H), 2.03−0.56
(m, 127H) ppm. 13C NMR (400 MHz, CDCl3) δ 178.7, 162.7,
160.8, 158.8, 155.4, 155.3, 147.6, 146.7, 141.9, 141.7, 141.5,
141.4, 141.3, 141.2, 141.0, 141.0, 140.4, 137.3, 136.2, 135.6,
135.0, 134.6, 133.8, 130.7, 129.5, 126.4, 126.2, 125.3, 123.3,
123.0, 123.0, 122.3, 121.3, 118.2, 115.3, 68.5, 68.4, 54.5, 43.3,
39.0, 35.7, 35.5, 35.5, 35.3, 34.3, 31.8, 30.6, 29.8, 29.5, 29.3,
29.1, 28.9, 28.8, 28.7, 28.7, 27.6, 27.6, 27.4, 25.9, 24.1, 23.1,
23.1, 22.9, 22.9, 22.8, 22.7, 14.3, 14.3, 14.2, 14.2, 14.2, 13.8,
11.2, 10.9, 10.8, 10.0 ppm. (Note: due to alkane stereo-
chemistry, multiple diastereomers are present, which impacts
the number of NMR signals observed.) IR (neat, cm−1): 2923,
1714, 1639, 1503, 1457, 1235, 1165, 826, 731. HRMS ESI
(positive mode) m/z calc’d for C123H166N2O7S5Si [M]+
1972.1101, found 1972.1061.
(E)-3-(4-(6-(5-((3,7-Bis(bis(4-(hexyloxy)phenyl)amino)-5,5-

bis(2-ethylhexyl)dibenzo[b,e]silin-10(5H)-ylidene)methyl)-
thiophen-2-yl)-4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-
b:3,4-b’]dithiophen-2-yl)-2-(((2-ethylhexyl)oxy)carbonyl)-
thieno[3,4-b]thiophen-6-yl)-2-cyanoacrylic Acid (QL18).
Into a flame-dried pressure flask equipped with a stir bar and
flushed with nitrogen was dissolved 9 (100 mg, 0.05 mmol) in
chloroform (0.5 mL). Cyanoacetic acid (13 mg, 0.15 mmol)
was added, followed by piperidine (0.03 mL, 0.35 mmol). The
mixture was degassed with nitrogen for 10 min. The reaction
was then allowed to stir at 90 °C for 2 h and was monitored by

TLC. The reaction was then extracted with dichloromethane
and water with a few drops of acetic acid. The organics were
dried with sodium sulfate and concentrated under reduced
pressure. The crude product was purified via silica gel
chromatography with 10% methanol/90% dichloromethane
as the eluent to yield the pure product (QL18) (103 mg,
quantitative). 1H NMR (400 MHz, CDCl3) δ 8.29 (br s, 1H),
8.06 (br s, 1H), 7.57 (d, J = 8.5 Hz, 1H), 7.50−7.39 (m, 2H),
7.24−7.19 (m, 1H), 7.17−6.63 (m, 23H), 4.28 (ap br s, 2H),
3.98−3.78 (m, 8H), 1.95 (ap br s, 2H), 1.83−0.50 (m, 125H)
ppm. Aggregation limits good resolution at concentrations
needed for a carbon NMR within a reasonable time frame. IR
(neat, cm−1): 2926, 2209, 1505, 1239. HRMS ESI (positive
mode) m/z calc’d for C126H167N3O8S5SiCs [M + Cs]+
2172.0214, found 2172.0339.
Device Fabrication. Chenodeoxycholic acid (CDCA) was

purchased from Chem-Impex International. Photoanodes and
platinum counter electrodes were prepared as described in the
literature.47 TEC 10 glass was used for the photoanode, and
TEC 7 glass was used for the counter electrode (Hartford
Glass). The photoanode consists of a 10 μm mesoporous TiO2
active layer (particle size, 20 nm, Greatcell Solar, 18NR-T) and
a 5.0 μm TiO2 scattering layer (particle size, 100 nm, Solaronix
R/SP). The working photoanode was prepared by immersing
the TiO2 film into a dye solution for 16 h. The dye dipping
solution was prepared by using 0.3 mM dye in an ethanol:
THF (4:1) solution with CDCA (6 mM). The molar ratio of
dye/CDCA was 1:20 in all devices. Devices were tested under
two iodide/triiodide (I−/I3−)-based electrolytes named E1I
and E2I, prepared as follows: E1I electrolyte: 1.0 M DMII
(1,3-dimethylimidazolium iodide), 0.03 M I2, 0.1 M GuNCS
(guanidinium thiocyanide), 0.05 M LiI, and 0.5 M 4-tert-
butylpyridine (TBP) in acetonitrile/valeronitrile (85:15, v/v).
E2I electrolyte is the same as E1I, with the exception of a
higher LiI loading (1.0 M).
Device Characterization Information. Current−voltage

curves were generated utilizing masked solar cells with a
circular active area of 0.15 cm2. Photovoltaic characterization,
including electrochemical impedance spectroscopy (EIS),
small modulation photovoltage transient measurements
(SMPVT), charge extraction under open-circuit conditions
(Qoc) as a function of light intensity, and incident photon-to-
current conversion efficiency (IPCE) experiments, were
measured, as described in the literature.48

ZrO2 and TiO2 Film Formation and Characterization.
Photoanodes were prepared as described in literature, with
some minor changes in the thickness of the TiO2 films on the
FTO (fluorine-doped tin oxide) TEC 10 glass (Hartford
glass).47 For emission studies, the photoanodes were printed
with 2.7 μm mesoporous TiO2 active layer (particle size, 20
nm, Greatcell Solar, 18NR-T) with no scattering layer. To
sensitize the films of the dyes onto the TiO2 surface, TiO2 films
were immersed into a dye dipping solution for 16 h. The dye
dipping solution was prepared by using 0.3 mM dye in an
ethanol/THF (4:1) solution with 6 mM chenodeoxycholic
acid (CDCA, Chem-Impex International). A similar procedure
was done for ZrO2 surface emission studies, where 2.7 μm
ZrO2 active layer (Zr-nanoxide ZR/SP, Solaronix) was printed
on FTO glass (TEC 10, Hartford Glass). For sensitizing dyes
onto the ZrO2 surface, ZrO2 films were immersed into a dye
dipping solution for 16 h. Emission spectra were measured
with a Horiba FluoroMax SpectroFluorimeter. The devices
were positioned at a 45° angle relative to the light source and
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detector, and multiple scans were taken with each film with
slight variation in angles to find the maximum emission
response. Absorption spectra of dyes on TiO2 follow the same
procedure as described above in the film emission studies. For
films without CDCA, the dye dipping solution was made by
removing CDCA from the dye dipping solution, and only the
dye (0.3 mM) was dipped for 16 h in an ethanol/THF (4:1)
solution. The film absorption was measured with an AvaSpec-
ULS2048-USB2-50 Spectrometer (Pine Research part
RRAVSP3), and the light source was a UV/Vis/NIR Light
Source (Pine Research part RRAVSP). These two systems
were used in conjunction with the AvaSoft8 software program.

■ RESULTS AND DISCUSSION
Initially, several dual donor, cross-conjugated structures were
computationally analyzed with varied atoms fusing two
triarylamine benzene rings to aid in selecting a desirable target
(Figure S1). Although the intriguing properties of the carbon-
fused donors (Figures S2 and S3) were predicted, this design
proved synthetically challenging despite attempting multiple
routes. However, the silicon-fused system was accessible
synthetically through a straightforward route (Scheme 1).
The synthesis of QL17 begins with a Horner−Wadsworth−
Emmons reaction of ketone 1 and phosphonate ester 2 to give
alkene 3 in 86% yield. A microwave-assisted Buchwald
coupling is then utilized to react aryl dichloride 3 and amine
4 to yield double donor 5 in 67% yield. A Vilsmeier−Haack
formylation of 5 gives aldehyde 6 in 53% yield. The aldehyde 6
undergoes a Knoevenagel condensation to give the final
product QL17 in 64% yield. For QL18, the synthesis begins
with thiophene intermediate 5, which undergoes lithiation
followed by a stannylation to yield product 7 in quantitative
yield. A Stille coupling between 7 and bromide 8 (previously
reported)34 gives aldehyde 9 in 61% yield. A Knoevenagel
condensation of aldehyde 9 quantitatively yields the final
product, QL18.
The dyes were characterized optically and electrochemically

(Table 1). QL18 is observed to absorb further into the NIR

than QL17, with an absorption onset (λonset) at about 780 nm,
almost 140 nm past the λonset of QL17 (Table 1 and Figure 3).
This red shift is attributed in part to the greater conjugation
length of QL18. The molar absorptivity (ε) of QL18 at the
absorption maxima (λmax, 66 700 M−1 cm−1 at 653 nm) is
significantly higher than QL17 (18 000 M−1 cm−1 at 520 nm),
which is attributed to the addition of the CPDT and

thienothiophene building blocks. QL18 is observed to have
two major transitions, one of lower energy at 653 nm and
another at higher energy but lower intensity at 414 nm. The
origin of the higher energy transition was studied further
computationally (vide infra). Comparison of QL17 to C236/
DF15 allows for direct analysis of the effect of an added
triarylamine group in a cross-conjugated design (Figure 2).
Incorporating the fused donor showed little difference via
absorption spectroscopy. Both dyes feature similar onset
wavelengths (λonset, ∼650 nm) and λmax (∼525 nm) values.
However, a broadening of the absorption curve is observed
with QL17 in comparing the two dyes. A 33 nm increase is
observed with QL17 when the full width at half-maximum of
the two dyes are compared.
Gas-phase properties of QL17 and QL18 were studied

computationally at the B3LYP/6-311G(d,p) level of theory in
isolation (Table 2).42,46 The computationally predicted vertical
transition values are slightly red-shifted in comparison to
experimental values for both dyes (Table 2 and Figure 3) by
0.54 and 0.52 eV. Computations show five different orbitals
play significant roles in the various transitions of the dyes in
the visible spectral region (Figures 4 and S4). The HOMO − 1
resides on the amine group perpendicular to the longest linear
conjugated path of QL17. However, in QL18, the HOMO − 1
is diffused across both amines. In both dyes, the HOMO
predominantly resides on one amine, while the LUMO resides
on the π-bridge and CAA with some overlap in between the
two orbital sets. The HOMO and LUMO are the primary
orbitals (99% contribution) involved in the S0 to S1 transition
for QL18. However, the S0 to S1 transition is primarily HOMO
− 1 to LUMO for QL17 (94% contribution). This suggests
ICT is taking place with both of the dyes. The LUMO + 1 of
QL17 is very similar in position to the LUMO. The LUMO +
1 of QL18 has less orbital presence on the CAA as compared
to its LUMO. The HOMO − 2 of both dyes shows the orbital
is present primarily on the π-bridge. For QL18, computation
predicts a transition at 454 nm, which likely correlates to the
high energy transition observed in the UV−Vis spectrum at
∼413 nm. This feature is attributed to the HOMO − 2 to
LUMO + 1 transition, as suggested by the computational data.
Interestingly, there is only a ∼0.02 and ∼0.14 eV difference in
the HOMO − 1 and HOMO energies for QL17 and QL18,
respectively. This indicates both amines have electrons of
similar donation strength and are nearly degenerate.
The electrochemical properties of both dyes were analyzed

via cyclic voltammetry in dichloromethane. The ground-state
oxidation potentials (E(S+/S)) for QL17 and QL18 are 0.86 and
0.78 V vs normal hydrogen electrode (NHE), respectively
(Figure 5 and Table 1). In comparing the ground-state
oxidation potentials of the two dyes, it can be seen that QL18
is more easily oxidized, which is likely due to the electron-rich
nature of CPDT. QL17 and C236/DF15 differ in structure by
only the added fused amine donor on QL17. This addition
leads to a 80 mV shift in the ground-state oxidation potential
to more negative values on the NHE scale. This indicates that
cross-conjugation does have an appreciable effect on the
electron density provided by the donor. Similarly, the electron-
rich substituents on QL18 allow it to be more easily oxidized
in comparison to benchmarks D35 and C236/DF15. QL17
and C236/DF15 have near identical excited-state oxidation
potentials (E(S+/S*)). However, QL18 has a much more positive
excited-state oxidation potential (−0.80 V vs −1.05 V for
QL17), which is likely due to the addition of the auxiliary

Table 1. Optical and Electrochemical Properties of QL17
and QL18 in DCM

dye
λmax
(nm)

ε
(M−1 cm−1)

λonset
(nm)a

E(S+/S)
(V vs
NHE)

E(S+/S*)
(V vs
NHE)b

Egopt
(eV)c

QL17 520 18 000 648 0.86d −1.05 1.91
QL18 653 66 700 784 0.78 −0.80 1.58
D35e 500 31 000 570 1.04 −1.14 2.18
C236/DF15f 530 35 000 650 0.94 −0.97 1.91

aThe absorption onset (λonset) values were taken by drawing a line of
best fit corresponding to the lowest energy transition in the
absorption spectrum and extrapolating it to the x-intercept of the
graph. bE(S+/S*) was calculated using the equation E(S+/S*) = E(S+/S) −
Egopt.

cEgopt was determined by the equation Egopt = 1240 nm × eV/
λonset. dAverage includes an estimated shoulder value. eD35 data was
previously reported.49 fC236/DF15 data was previously reported.50,51
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acceptor thienothiophene being strongly electron-withdrawing.
Importantly, solution measurements suggest there is sufficient
driving force for rapid electron transfer from the photoexcited
dyes into the CB of TiO2 and electron transfer from the I−/I3−
redox shuttle to the ground-state oxidized dyes. This indicates
the dyes will be functional photosensitizers in DSC devices.
DSC devices were fabricated with QL17, QL18, D35, and

C236/DF15 in two different (I−/I3−)-based electrolytes, E1I
(0.05 M LiI) and E2I (1.0 M LiI). Device performances were
investigated using an AM 1.5G solar simulated spectrum at 1
sun intensity as a light source. QL17 performed better than
QL18 in terms of photocurrent (2.8 mA/cm2 higher) and
photovoltage (∼110 mV higher) with the E1I electrolyte. By
switching to the E2I electrolyte, a significant photocurrent
increase in QL18 is observed, from 4.7 to 10.8 mA/cm2, which
is attributed to higher concentrations of LiI (Table 3). Higher
concentrations of LiI facilitate facile electron transfer by

downward shifting of the CB of the 2 film
3,52−55 and improve

the injection rate, which enhances the measured photo-
current.56,57 This suggests the excited-state oxidation potential
of QL18 does not provide a sufficient over potential for facile
electron injection into the CB of TiO2 without the addition of
LiI to lower the CB. A similar significant shift in photocurrent
was observed for D35 and C236/DF15 when changing the
electrolyte from E1I to E2I, where the current for D35
increases to 13.5 from 12.6 mA/cm2. For C236/DF15, values
increased to 14.0 from 10.4 mA/cm2. In the case of QL17,
only a slight increase in photocurrent (0.5 mA/cm2) is
observed when switching from E1I to the E2I electrolyte.
Despite the lower photocurrents observed with QL17 and
QL18 compared to the benchmark materials, a shift in the
IPCE spectra onset of QL18 to lower energies (∼900 nm) is
observed relative to D35 and C236/DF15, which have IPCE
onsets of ∼750 and ∼775 nm, respectively (Figure 6, bottom).
Notably, few organic sensitizers can produce electricity from
photons ≥900 nm.8 However, QL18 shows a low peak IPCE
value (15% with E1I and 30% with E2I), which yields a less-
than-optimal photocurrent for a device with an IPCE onset
near 900 nm. QL17 shows a higher peak IPCE than QL18 at
55% in E2I electrolyte. The increase in the peak IPCE values
with QL17 and QL18 upon increasing LiI loading is indicative
of poor injection efficiency, likely due to aggregation based on
the QL18 IPCE curve shape differing substantially from the
solution absorption curve shape. This is further supported by
the drastic difference in the absorption spectra of QL18 on
TiO2 with and without CDCA (Figure S16), suggesting that
despite the abundant alkyl chains on the donor, these dyes are
still aggregating on the TiO2 surface. Moreover, further device
studies were carried out at varying CDCA concentrations and
showed increased performances for both QL17 and QL18 as

Figure 2. Structures of C236/DF15 and D35.

Table 2. Select TD-DFT Data for QL17 and QL18

dye state orbitals contribution (%)a vert. trans. (nm | eV) oscillator strength

QL17 S0 → S1 HOMO − 1 → LUMO 94 673 | 1.84 0.1134
HOMO → LUMO 6

S0 → S2 HOMO → LUMO 94 638 | 1.94 0.4810
S0 → S3 HOMO − 2 → LUMO 93 437 | 2.84 0.5694

QL18 S0 → S1 HOMO → LUMO 99 898 | 1.38 0.5514
S0 → S3 HOMO − 2 → LUMO 96 664 | 1.88 0.9513
S0 → S4 HOMO → LUMO + 1 83 551 | 2.25 0.6536
S0 → S5 HOMO − 1 → LUMO + 1 89 517 | 2.40 0.1164
S0 → S7 HOMO − 2 → LUMO + 1 87 454 | 2.73 0.2750

aMinor orbital contributions to each state are listed in the Supporting Information. Transitions are only reported for the visible region with
oscillator strengths >0.1. Data collected at the B3LYP/6-311G(d,p) level of theory.

Figure 3. Normalized absorption spectra of QL17, QL18, C236/
DF15, and D35 in DCM.
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CDCA increased (Tables S5 and S6). Electron injection
efficiencies were probed via steady-state emission curve areas
of the dyes on TiO2 and ZrO2, and estimated injection
efficiency values ranged from 58 to 97% and followed the trend

QL18 (58%) < QL17 (62%) < C236/DF15 (91%) < D35
(97%) (Table S4 and Figures S9−S12).
In terms of photovoltage, QL17 has a higher photovoltage

(687 mV) compared to literature dye C236/DF15 (676 mV).
This suggests better surface protection from the cross-
conjugated donor, which is much more heavily alkylated.
Increasing the number of alkyl chains often leads to increased
photovoltages by reducing recombination rates.26,58 The power
conversion efficiency (PCE) was calculated according to the

equation = × ×
PCE

J V

I

FFSC OC

0
, where JSC is the short-circuit

current density, FF is the fill factor, VOC is the open-circuit
voltage, and I0 is the intensity of incident light set to 1 sun for
these studies unless otherwise noted (Table 3). There is a
significant increase in PCE for QL18 when replacing E1I with
E2I as PCE increased from 1.8 to 3.5% due to a significant
increase in photocurrent in the E2I electrolyte. PCE is similar
for QL17 and QL18 in the E2I electrolyte.
Apart from QL18, all of the dyes performed better in terms

of PCE with low LiI concentrations in the E1I electrolyte.
Further device characterization studies were taken using E1I as
the electrolyte for all of the dyes, in addition to analysis of
QL18 with the E2I electrolyte. Electrochemical impedance
spectroscopy (EIS) experiments were conducted at open-
circuit potential bias to probe electron-transfer resistances and
electron lifetimes. These experiments were conducted under an

Figure 4. HOMO and LUMO orbitals obtained at the B3LYP/6-311G(d,p) level of theory.

Figure 5. Energy level diagram for QL17 and QL18.

Table 3. Photovoltaic Performance Data for the DSC Devicesa

dye electrolyte PCE (%) JSC (mA/cm2) integrated JSC VOC (mV) FF (%) Γb (mol/cm2)

QL17 E1 4.3 ± 0.1 7.5 ± 0.4 6.57 687 ± 10 71 ± 1 1.33 × 10−8

E2 3.2 ± 0.0 8.0 ± 0.1 8.18 591 ± 08 69 ± 2
QL18 E1 1.8 ± 0.1 4.7 ± 0.2 5.32 573 ± 07 71 ± 1 9.65 × 10−9

E2 3.5 ± 0.3 10.8 ± 0.9 11.5 552 ± 22 74 ± 3
D35 E1 6.4 ± 0.1 12.6 ± 0.2 12.7 734 ± 08 70 ± 1 2.62 × 10−8

E2 4.5 ± 0.1 13.5 ± 0.7 12.8 611 ± 12 55 ± 1
C236/DF15 E1 4.9 ± 0.1 10.4 ± 0.4 10.5 676 ± 07 71 ± 1 1.94 × 10−8

E2 4.6 ± 0.3 14.0 ± 0.1 13.4 564 ± 09 58 ± 3

aValues are the average of two DSC devices. bDye loading for the sensitized films calculated using the equation Γ = [A(λ)/ε(λ)]/1000, where Γ is
the dye loading in mol/cm2, A(λ) is the measured absorption of the film at the maximum wavelength for the respective dye, and ε(λ) is the molar
absorptivity of the respective dye.59
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AM 1.5G solar simulated spectrum at 1 sun intensity as a light
source. Although EIS can be conducted under dark conditions,
these conditions generate an environment that is not usually
representative of the typical working cell under illuminated
conditions.2 Specifically, back electron transfer from TiO2 to
the oxidized dye becomes an excluded process, and increased
current flow can be observed. While a dark EIS measurement is
able to directly probe charge recombination rates between
TiO2 and the RS, the results are reflective of an idealistic cell
without the competing factor of back electron transfer to the
oxidized dye as well as decreased electrode heat; thus, EIS
measurements were conducted under illumination.2 The data
was fitted using a template circuit (Figure 7) to generate the
Nyquist and Bode plots (Figures 7 and S7). The Nyquist plot
consists of two semicircles, the smaller of which represents the
resistance of electron transfer at the electrolyte−counter
electrode interface (RCE) (Figure 7 and Table 4). The larger
semicircle represents the resistance to recombination of
electrons from the TiO2 CB to the electrolyte (Rrec). The
Nyquist plot shows that Rrec is lowest for the C236/DF15
devices (16.54 Ω) and largest for QL18 (47.58 Ω). Ideally, the
Rrec term should be as large as possible to slow nonproductive
electron-transfer events. QL17 has a smaller Rrec (25.03 Ω) as
compared to QL18 (47.58 Ω). Rrec exhibits the following
trend: C236/DF15 < D35 < QL17 < QL18 (Table 4). This
indicates that detrimental recombination processes are more
likely with D35 and C236/DF15, and less likely with QL17
and QL18. The larger Rrec values observed for QL17 and
QL18 is attributed to an increase in the number of alkyl chains
on the bulky dibenzosilin donor group, which insulates the
TiO2 surface from the electrolyte.

26,58 In comparing the E1I vs

E2I data for QL18, charge recombination is observed to be
more favorable with E2I (Table 4). Despite a higher observed
Rrec for QL18, the VOC for QL18-based DSC devices is lower
than that of QL17. It is noteworthy that a higher charge
collection efficiency (discussion below) is found with QL17
due to a lower RCE value, which correlates to the higher VOC
observed for the QL17-based device. While the origin for the
higher RCE value is not apparent from these studies, a plausible
explanation for this could be due to dye aggregation not
allowing efficient transport of charge and leading to depletion
of oxidizing electrolyte at the counter electrode during steady-
state illumination, as has been previously noted.60 D35 and
C236/DF15 both exhibit higher dye loadings than the QL
dyes (Table 3). The QL dyes both showed greater Rrec (Table
4), which suggests that the surface protection that is provided
by the two dyes having donors with a large number of alkyl
chains is substantial. However, the observed aggregation can
lead to reduced charge injection efficiency (see studies below)
and increased back electron transfer to the dye, which lowers
photovoltages and photocurrents. Notably, all of the devices
have good charge collection efficiency (ηcc) values that range
from 78 to 89% according to the equation ηcc = 1/(1 + (RCE/
Rrec)) due to the low resistance of the electron transfer at the
platinum counter electrode (Table 4). In the E1I conditions,
QL18 is observed to have the lowest charge collection
efficiency (78%). An increase in ηcc is observed from the E2I
conditions (89%), which is likely contributing to higher JSC

Figure 6. Current density (J) versus the applied voltage (V) curves
(top) and IPCE curves (bottom) of QL17, QL18, D35, and C236/
DF15. Solid lines represent devices with electrolyte E1I: 1.0 M DMII
(1,3-dimethylimidazolium iodide), 0.03 M I2, 0.1 M GuNCS
(guanidinium thiocyanide), 0.05 M LiI, and 0.5 M 4-tert-butylpyridine
(TBP) in acetonitrile/valeronitrile (85:15, v/v) solvent. Dashed lines
represent devices with electrolyte E2I, which has the same
components as E1, except with a higher LiI loading (1.0 M).

Figure 7. Nyquist plot of QL18, QL17, D35, and C236/DF15.
Superscripts E1 and E2 are for iodine-based electrolytes, E1I and E2I.

Table 4. Summary of EIS Data of the DSC Devicea

device RCE (Ω) Rrec (Ω) Cμ (mF) CCE (F) ηcc (%)
QL17E1 3.78 25.03 1.28 7.59 × 10−6 87
QL18E1 13.10 47.58 0.43 1.57 × 10−5 78
QL18E2 3.79 30.22 1.05 1.49 × 10−5 89
D35E1 4.07 18.61 1.03 7.67 × 10−5 82
C236/DF15E1 3.13 16.54 0.67 1.25 × 10−5 84

aRrec is the recombination resistance of electrons in TiO2 across the
TiO2−dye interface to an oxidized redox shuttle, RCE is the electron-
transfer resistance at the counter electrode to an oxidized redox
shuttle, Cμ is the chemical capacitance for charge accumulation in
TiO2, and CCE is the capacitance at the electrolyte−counter electrode
interface. ηcc = 1/(1 + (RCE/Rrec)), where ηcc is the charge collection
efficiency.
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values and, subsequently, IPCE values as well (Table 3 and
Figure 6).
To probe shifts in the CB of TiO2, charge extraction

measurements were carried out under open-circuit conditions
at varied light intensities. The relative CB shift can be
estimated via the charge extraction measurements by
comparing the horizontal displacement of the curves at a
given capacitance (Figure 8).61,62 In comparing QL18 in E1I

vs E2I conditions, it is observed that the conduction band of
TiO2 is lowered by ∼150 mV in conditions with higher lithium
loading. Higher lithium loadings usually result in lower VOC
values, and in comparing the E1I and E2I conditions in QL18-
based DSC devices, the VOC in devices using the E2I
electrolyte is 21 mV lower than that of E1I. Thus, the
photovoltage loss from the downward shift of the CB due to
increased Li+ concentration is offset by a higher ηcc with E2I,
which increases the measured photovoltage by reducing
recombination losses. Additionally, in comparing QL17 and
QL18, it is seen that QL17 has higher photovoltage in both
electrolytes. The photovoltage loss observed in QL18 can be
attributed to aggregation, given the significant absorption curve
shape change in films made with and without CDCA in
comparison to QL17 (Figures S15 and S16). Electron
injection efficiency studies were conducted by comparing the

emission of the dyes on TiO2 and ZrO2 (an insulator). The
emission intensity decreases as electrons are injected into TiO2
relative to ZrO2, which does not allow interfacial electron
transfer. In this case, steady-state emission curve areas were
used to estimate injection efficiency, where the film’s emission
was measured by placing the film at an angle to give the highest
emission observable (at or near 45o in the fluorometer). These
studies reveal QL17 and QL18 have the lowest injection
efficiencies of 62 and 58%, respectively, in comparison to much
higher efficiencies for D35 (97%) and C236/DF15 (91%)
(Table S4). Thus, it is likely that lower electron injection
efficiencies due to surface aggregation are contributing to
photovoltage losses for both QL dyes by reducing the number
of electrons in TiO2 and enabling back electron transfer to
lower energy electron accepting aggregates. Furthermore, there
is about a 50 mV CB shift due to dye structure when
comparing QL17 and D35 with a lower CB energy for QL17
devices. Small modulated photovoltage transient (SMPVT)
measurements were undertaken to better understand the
charge separation lifetime (a measure of the recombination
rate of electrons in TiO2 with the electrolyte) as a function of
applied light intensity (Figure 8).63 The electron lifetime in
TiO2 of the devices follows the order D35 > QL17 > C236/
DF15 > QL18. QL17 has about 2 orders of magnitude longer
electron lifetime than QL18, which could be due to the
orientation of the dye on TiO2, where a donor closer to the
TiO2 surface results in faster recombination (Figure S8).

3

Interestingly, D35 shows a modestly longer electron lifetime
than QL17 (∼0.01 s longer), which differs from the EIS
measurements where Rrec is greater for QL17. The origin of
this subtle difference is not apparent from these studies,
although it is important to note that the two measurements
function differently in that voltages are directly applied in EIS
and photogenerated in SMPVT, leading to potential differ-
ences in the measurements.

■ CONCLUSIONS
Herein, two novel silicon-fused double donor cross-conjugated
dyes are reported. Computational data reveals the participation
of both donors in ICT. Computational data also shows that all
of the dyes have well-positioned orbitals for facile photo-
induced interfacial charge separation on TiO2. The two silicon-
based dyes have solution absorption onsets of about 780 and
640 nm for QL18 and QL17, respectively. In conjunction with
solution electrochemical data via cyclic voltammetry, excited-
state oxidation potentials of −1.05 and −0.80 V vs NHE are
observed for QL17 and QL18, respectively. These solution
measured values are sufficiently high for facile electron transfer
to TiO2, which is often challenging for dyes absorbing photons
in the near-infrared region. DSC devices were studied through
current−voltage curves, IPCEs, SMPVT experiments, electro-
chemical impedance spectroscopy, and charge extraction
measurements. Current−voltage curves show that the two
dyes have comparable VOC values of about 550 mV in E2I
conditions. QL18 is able to generate more photocurrent than
QL17 under E2I conditions by almost 3 mA/cm2. IPCE curves
reveal a near 900 nm onset for QL18, which is exceptional for
an organic chromophore. SMPVT reveals lifetimes of multiple
orders of magnitude greater for QL17 in comparing the two
novel dyes. EIS data reveal greater resistance to charge
recombination for QL18 in E1I conditions. QL18 and QL17
both feature 6 alkyl chains on the dibenzosilin donor, which
prevents detrimental recombination events and provides high

Figure 8. Charge extraction (top) and SMPVT (bottom) of QL17,
QL18, D35, and C236/DF15.
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recombination resistance. Notably, better recombination
resistance is observed with the QL dyes than with D35, as
seen by EIS. D35 is a well-known dye with outstanding surface
protection that, in part, allowed for the use of transition-metal-
based redox shuttles where exceptional recombination
resistances are needed. Dyes with better recombination
resistance than D35 are rare. Future studies with dibenzosi-
lin-based dyes would involve improving the peak IPCE values
through dye designs that allow for higher E(S+/S*) and reduced
dye conformations in order to facilitate better injection, which
would help improve the photovoltages and photocurrents
generated in DSC devices.
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