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ABSTRACT: An organic dye with three electron donating groups is studied that
has broad full visible spectrum panchromatic absorption in solution. The donor
groups introduce six significant optical transitions spaced throughout the visible
spectrum to give a dye with near uniform molar absorptivity across the visible
spectrum. This unique material is characterized by optical, electrochemical, and
computational methods. Within dye-sensitized solar cell (DSC) devices, this
material shows a strong photocurrent output of ~20 mA/cm’ with no
cosensitization. DSC devices are characterized through impedance spectroscopy,
current—voltage curve analysis, and incident photon-to-current conversion
efficiency measurements. Importantly, minimal DSC device performance loss is [EEICESREE R

2 g 9 1g 400-800 nm IPCE response
observed after 500 h of continuous irradiation. I 2T WIS GOS0

B INTRODUCTION is put forward in this manuscript, which gives a fully
I . . panchromatic dye throughout the visible spectrum (Figure 1).
Dye-sensitized solar cells (DSCs) provide an attractive Thienopyrazine (TPz)-based dyes are well known in the

alterne.it-lve energy technology with a low cost of fabrlcat.lon, DSC literature owing to appreciable NIR absorption in many
tunability, and remarkable performance under low light 8,24-27

Z cases. NIR region access is partly made possible due to
conditions."™® n-Type DSC devices operate by the photo- . & party 3
o ¢ o d ] ; the proaromatic nature of the TPz group when intramolecular
exc1Fat10n of a ser.151tlzer .to induce electron transter to a charge transfer (ICT) occurs from donor to acceptor
semiconductor (typically TiO,). The electron then traverses an

T ) substituents across the TPz thiophene.”®*’ However, most
external circuit before being collected by a redox shuttle (RS) ICT dyes exhibit a single strong broad band collecting low-
at the counter electrode and returned to the oxidized sensitizer

energy photons with a significant loss of absorbance in the

to complete the circuit. The dye plays a critical role in light higher-energy region (Figure 1).** Designing higher-energy
harvesting, and a strong panchromatic photoresponse through- absorption bands into chromophores can allow for the
out the visible region into the near-infrared (NIR) region Of Collection of these higher.energy Photons to improve DSC
the solar spectrum is needed to avoid solar energy waste.”* device performances.’’ TPz dyes open additional synthetically

The design of a single chromophore to collect all of the accessible substitution sites on the pyrazine ring cross-
photons throughout the visible solar spectrum and into the conjugated with the donor and acceptor substituted on the
NIR region is a long-standing challenge for organic dyes thiophene ring.”' ™ The addition of higher-energy ICT
(Figure 1).*” The pursuit of cosensitization strategies with pathways via cross-conjugation can be used to fill in the
multiple chromophores is common to avoid weakly absorbing absorption spectrum gaps to give a single dye that absorbs
regions of the solar spectrum. While this is an effective strategy across the full spectrum. The addition of two triarylamine
for maximizing the device power conversion efficiency (TAA) donor groups on the TPz ring to give the triple donor
(PCE),*'°7*° the optimization of the device can be non-trivial dye JW1 for comparison with the single donor dye NL6 is
with several different approaches possible. These approaches attractive since the TPz dye excited states are often low in

include the use of cocktail solutions, sequential dye energy, which can harm charge injection efficiencies into

depositions, and covalently linking chromophores.”'~** Addi-

tionally, finding structurally compatible chromophores, eluci- Received: July 31, 2020
dating spectroscopically compatible chromophores, and Revised:  October 21, 2020
reassessing the need for deaggregation agents at the TiO, Published: November 9, 2020

surface add additional opportunities for improving PCE values
at the expense of lengthier optimizations. To address these
discovery rate slowing issues, a triple donor dye design strategy

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.jpcc.0c07003
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Figure 1. Absorption spectra in dichloromethane of NL6 (top) with a characteristic electronic structure for traditional organic intramolecular
charge transfer (ICT) dyes and JW1 (bottom), which shows true panchromatic absorption as a result of the unique triple donor design. The y axis

values are normalized at 600 nm.

Scheme 1. Synthetic Route to JW1

S
S\ /Z *2HCI
H,N NH,
(o] (o] N
1.4 equiv.
R
Q Q EtOH, Et;N, DCM
Br Br 55%
1 3
Br S Br
2.2 equiv. NBS W
5 —_— N N
DMF 1
quant. TAK  TAA
6
3 equiv. cyanoacetic acid TAA_S
°* 0 5 \
7 equiv. piperidine, CHCly N N
51% b
TAA TAA
Jw1

H
s
N
1 .
2 NG N HiCeO 4 OCgHy3 S

2.2 equiv.

—_—— > N N
Q Q 5% Pd,(dba)s, 10% XPhos, P

- 2.4 equiv. NaOtBu, toluene TAA TAA

80%
5
[o]
)/
7 (1.3 equiv.) TAA_ S
8 (1.3 equiv.) \ /
—_— N N
10% Pd(PPhg),, >\_/<
2.6 equiv. ag. Nay,COg, TAA TAA
toluene
25% 9
OCgH3
NC__co,H
TAA = é@—N

0 2
7= TAA-B OC¢Hy3
\
o
~ ) Of
B/
8=
d o

Ti0,***® Addition of donor functionality to the electron-
deficient TPz ring increases the electron density on the TPz
ring, which can increase the excited-state energy to allow for
more efficient electron injections into TiO,.

B EXPERIMENTAL SECTION

General Information. All commercially obtained reagents
were used as received. Intermediates 4 and 7 shown in Scheme
1 were prepared following a literature precedent.”* Thin-layer
chromatography (TLC) was conducted with Sorbtech silica
XHL TLC plates and visualized with UV light. Column
chromatography was performed using Sorbent Tech P60, 40—

25212

63 um (230 X 400 mesh). "H NMR spectra were recorded on
a 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, and dd = doublet of
doublets; coupling constant(s) in Hz; integration. Absorbance
spectra were measured with a Cary 5000 UV-vis—NIR
spectrophotometer with a dichloromethane solution. Cyclic
voltammetry curves were measured with a C—H Instruments
electrochemical analyzer (Model CHI602E). Measurements
were taken using a platinum counter electrode, an Ag/AgCl
reference electrode, and a glassy carbon working electrode.
The electrolytic solvent used was 0.1 M Bu,NPF; in

https://dx.doi.org/10.1021/acs.jpcc.0c07003
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dichloromethane. Ferrocene was used as a reference standard
and taken as 0.70 V versus the NHE in DCM. Oxidation
potentials are reported versus the normal hydrogen electrode
(NHE) in dichloromethane.

Synthetic Protocols for JW1. 2,3-Bis(4-bromophenyl)-
thieno[3,4-b]pyrazine (3, See Scheme 1 for Numbered
Structures). To a 500 mL round-bottomed flask, 4,4'-
dibromobenzil 1 (2.24 g, 6.09 mmol), 3,4-diaminothiophene
dihydrochloride 2 (1.6 g, 8.51 mmol), ethanol (51 mL, 0.12
M), and dichloromethane (51 mL, 0.12 M) were added. After
purging with N, for 20 min, triethylamine (27 mL, 0.23 M)
was added, and the mixture was sealed and allowed to stir at 50
°C for 18 h. The mixture was then extracted with 1:1
dichloromethane/water (100 mL) three times and dried over
Na,SO,,. After the removal of solvent under reduced pressure,
the crude mixture was subjected to a silica gel column for
purification with 20% dichloromethane/hexanes as the eluent,
and a yellow crystalline solid was isolated (1.5 g, 3.36 mmol,
55% yield). "H NMR (300 MHz, CDCL,) & 8.06 (s, 2H), 7.48
(d, J = 8.5 Hz, 4H) 7.31 (d, ] = 8.5 Hz, 4H) ppm. *C NMR
(75 MHz, CDCl,) § 151.9, 141.6, 137.9, 131.7, 131.4, 123.9,
118.1 ppm. IR (neat, cm™') 3076, 3057, 2971, 2918, 1672,
1587, 1484, 1391, 1357, 1282, 1280. HRMS ESI (positive
mode) m/z caled for C;gH;(Br,N,S [M]": 446.8990, found
446.9017.

4,4’-(Thieno[3,4-b]pyrazine-2,3,-diyl)bis(N,N-bis(4-
hexyloxy)phenyl)aniline) (5). To a flame dried 50 mL round-
bottomed flask, intermediate 3 (1.5 g, 3.36 mmol), compound
4’ (2.7 g 7.31 mmol), and toluene (15 mL, 0.25 M) were
added, and the mixture was purged with N, for 20 min.
Sodium fert-butoxide (775 mg, 8.07 mmol), XPhos (160 mg,
0.34 mmol), and Pd,(dba); (154 mg, 0.17 mmol) were then
added in one portion, and the reaction was sealed and stirred
at 100 °C for 12 h. The product was extracted three times with
100 mL 1:1 dichloromethane/water. The organic phase was
dried with Na,SO,, and the solvent was removed under
reduced pressure. The crude product was purified by silica gel
column chromatography with 30% dichloromethane/hexanes
as the eluent, affording an orange oil (2.76 g, 2.69 mmol, 80%
yield). '"H NMR (300 MHz, CDCl,) § 7.91 (s, 2H), 7.31 (d, ]
= 8.5 Hz, 4H), 7.09 (d, J = 8.7 Hz, 8H), 6.85 (ap d, J = 11.7
Hz, 12 H), 3.96 (t, ] = 6.5 Hz, 8H), 1.84—1.73 (m, 8H), 1.53—
1.29 (m, 24H), 0.93 (t, ] = 6.8 Hz, 12H) ppm. *C NMR (75
MHz, CDCL) 6 155.9, 153.5, 149.5, 141.7, 140.2, 130.8, 130.6,
127.1, 118.9, 116.5, 115.3, 68.3, 31.7, 29.4, 25.9, 22.7, 14.1
ppm. IR (neat, cm™) 2927, 2855, 2545, 2440, 2158, 2013,
1975, 1715, 1599, 1503, 1468, 1318, 1288, 1280, 1167. HRMS
ESI (positive mode) m/z caled for CeH,N,O,S [M]":
1023.5822, found 1023.5820.

4,4’-(5,7-Dibromothieno(3,4-b]pyrazine-2,3,-diyl)bis(N,N-
bis(4-hexyloxy)phenyl)aniline) (6). To a 100 mL round-
bottomed flask, intermediate 5§ (1.5 g, 1.46 mmol) and N,N-
dimethylformamide (41 mL, 0.036 M) were added. The
solution was allowed to stir at 0 °C for 10 min and then N-
bromosuccinimide (2.2 equiv, 0.573 g, 3.22 mmol) was added
to the reaction flask at 0 °C and allowed to stir at room
temperature. After S h, the reaction mixture was extracted with
1:1 dichloromethane/water (100 mL) two times. The organic
phase was dried with Na,SO,, and the solvent was removed
under reduced pressure. The crude product was purified by
filtration through a pad of silica gel with dichloromethane as
the eluent, affording a red oil (1.7 g, 1.44 mmol, quantitative
yield). '"H NMR (300 MHz, CDCL) & 7.35 (d, J = 8.2 H,

4H), 7.08 (d, ] = 8.2 Hz, 8H), 6.84 (m, 12H), 3.95 (t, ] = 6.0
Hz, 8H), 1.85—1.61 (m, 8H), 1.55—1.19 (m, 24H), 0.92 (t, ] =
6.4 Hz, 12H) ppm. C NMR (75 MHz, CDCl;) § 156.1,
154.7, 150.0, 139.9, 139.3, 130.9, 129.6, 127.4, 118.3, 115.4,
103.5, 68.3, 31.7, 29.4, 25.9, 22.7, 14.1 ppm. IR (neat, cm™")
2919, 2852, 2348, 1596, 1503, 1466, 1237. HRMS ESI
(positive mode) m/z caled for CgH,¢Br,N,0,S [M]":
1178.3954, found 1178.3928.

4-(2,3,7-Tris(4-(bis(4-hexyloxy)phenyl)amino)phenyl)-
thieno[3,4-bjpyrazin-5-yl)benzaldehyde (9). To a pressure
flask, intermediate 6 (0.40 g, 0.34 mmol), 7 (1.3 equiv, 0.25 g,
0.44 mmol),34 8 (1.3 equiv, 0.10 g, 0.44 mmol), 2.0 M aqueous
sodium carbonate solution (0.50 mL, 1.3 M), toluene (2.0 mL,
0.25 M), and two drops of Aliquat 336 were added. The
mixture was then purged with N, for 20 min before adding
Pd(PPh,), (0.039 g, 0.034 mmol). The reaction was sealed
and stirred at 100 °C for 12 h. The crude product was isolated
by extraction with 1:1 dichloromethane/water (20 mL) three
times. The organic phase was dried over Na,SO,, and the
solvent was removed under reduced pressure. The compound
was purified by silica gel column chromatography and eluted
with a 50% dichloromethane/hexane mixture to afford a purple
solid (0.13 g, 0.085 mmol, 25% yield). "H NMR (300 MHz,
CDCL,) 8 9.99 (s, 1H), 8.48 (d, ] = 8.3 Hz, 2H), 8.10 (d, ] =
8.8 Hz, 2H), 7.92 (d, J = 8.3 Hz, 2H), 7.47—7.35 (m, 4H),
7.11 (ap t, ] = 7.6 Hz, 12H), 6.98 (d, ] = 8.9 Hz, 2H), 6.90—
6.78 (m, 16H), 3.95 (t, ] = 6.4 Hz, 12H), 1.85—1.61 (m, 12H),
1.55—1.19 (m, 36H), 0.92 (t, J = 6.7 Hz, 18H) ppm. *C NMR
(75 MHz, CDCl;) & 156.2, 156.0, 156.0, 153.3, 152.2, 149.9,
149.6, 149.0, 140.6, 140.3, 140.3, 140.2, 140.0, 138.4, 134.2,
130.9, 130.8, 130.7, 130.4, 128.8, 127.5, 127.4, 127.2, 125.2,
120.0, 118.6, 118.3, 115.5, 115.4, 68.4, 31.8, 29.5, 25.9, 22.8,
142 ppm. IR (neat, cm™!) 2956, 2924, 2856, 2332, 1712,
1639, 1536, 1456, 1412, 1389, 1241, 1165. HRMS ESI
(positive mode) m/z caled for Cyp3H;10NsO,SCs [M + Cs]*:
1702.7885, found 1702.7983.

(E)-2-Cyano-3-(4-(2,3,7-tris(4-(bis(4-hexyloxy)phenyl)-
amino)phenyl)thieno[3,4-b]pyrazin-5-yl)phenyl)acrylic Acid
(JW1). Compound 9 (0.040 g, 0.025 mmol) was dissolved in
CHCl; (2.5 mL, 0.01 M), cyanoacetic acid (7.0 mg, 0.075
mmol), and piperidine (15.0 mg, 0.18 mmol) under N,. The
reaction was heated to 80 ° C in a sealed vial and stirred for 5
h. The reaction was acidified using AcOH (5 mL) and diluted
with diethyl ether (30 mL). Excess AcOH was removed by
washing with H,O (30 mL) three times. After removal of the
solvent under reduced pressure, the crude mixture was
subjected to a filtration plug with alumina for purification
with 5% methanol/dichloromethane as the eluent, and purple
solid was isolated after evaporation (21 mg, 0.013 mmol, 51%
yield). 'H NMR (300 MHz, CDCl,) 6 8.48 (br d, 2H), 8.30 (s,
1H), 8.10 (s, 4H), 8.05—-7.90 (m, 4H), 7.49 (m, 2H), 7.12—
7.05 (m, 10H), 7.05—6.90 (m, 2H), 6.90—6.75 (m, 16H), 3.94
(br's, J = 5.5 Hz, 12H), 1.78 (ap br s, 12H), 1.50—1.10 (m,
36H), 1.00—0.80 (m, 18H) ppm. IR (neat, cm™") 3479, 3087,
2924, 2851, 2683, 2336, 2335, 1693, 1594, 1467, 1238. HRMS
ESI (negative mode) m/z calcd for C,ogH ,0NOsSCs [M +
Cs]*: 1769.795S, found 1769.7939.

Device Fabrication. Chenodeoxycholic acid (CDCA) was
purchased from Chem-Impex International. TEC 10 and TEC
7 glass were purchased from Hartford Glass. For the
photoanode, TEC 10 glass was cut into 2 X 2 cm® squares,
and then the substrates were submerged in a 0.2% Deconex 21
aqueous solution and sonicated for 15 min at room

https://dx.doi.org/10.1021/acs.jpcc.0c07003
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temperature. The electrodes were rinsed with water and
sonicated in acetone for 10 min followed by sonication in
ethanol for 10 min. Finally, the electrodes were placed under
UV/ozone for 15 min (UV-Ozone Cleaning System, Model
ProCleaner by UVFAB Systems). A compact TiO, underlayer
is then applied by treatment of the substrate submerged in a 40
mM TiCl, solution in water (carefully prepared from 99.9%
TiCl, between 0 and S °C with slow addition). The submerged
substrates (conductive side up) were heated for 30 min at 70
°C. After heating, the substrates were rinsed first with water
and then with ethanol. The photoanode consists of thin TiO,
electrodes composed of a 10 um mesoporous TiO, layer
(particle size, 20 nm, Dyesol, DSL 18NR-T) and a 5.0 um
TiO, scattering layer (particle size, 100 nm, Solaronix R/SP).
All of the layers were screen printed from a Sefar screen (54/
137—64 W). Between each print, the substrate was heated for
7 min at 125 °C and the thickness was measured with a
profilometer (Alpha-Step D-500 KLA Tencor). After all layers
were deposited, the substrate was then sintered with
progressive heating from 125 °C (5 min ramp from r.t, S
min hold) to 325 °C (1S min ramp from 125 °C, S min hold)
to 375 °C (S min ramp from 325 °C, S min hold) to 450 °C (S
min ramp from 375 °C, 15 min hold) to 500 °C (S min ramp
from 450 °C, 15 min hold) using a programmable furnace
(Vulcan 3-Series Model 3-550). The cooled sintered photo-
anode was soaked for 30 min at 70 °C in a 40 mM TiCl, water
solution and heated again at 500 °C for 30 min prior to
sensitization. The complete working electrode was prepared by
immersing the TiO, film into the dye solution for 16 h. The
solution for the best performing device is 0.3 mM dye in a
chloroform:ethanol mixture (3:7) though other solvents were
investigated, as shown in Figures S4—S7. The dye:CDCA
molar ratio for the optimized devices of JW1 is 1:10. For
preparing counter electrodes, 2 X 2 cm® squares of TEC 7
FTO electrodes were pin hole drilled under water using a
Dremel-4000 with Dremel 7134 Diamond Taper Point Bit
from the nonconductive side to the taped FTO side. The
electrodes were washed with water followed by 0.1 M HCI in
EtOH and sonication in an acetone bath for 10 min. The
washed FTO electrodes were then dried at 400 °C for 15 min.
A thin layer of Pt-paste (Solaronix, Platisol T/SP) was slot
printed on the FTO, and the printed electrodes were then
cured at 450 °C for 10 min. After allowing them to cool to
room temperature, the working electrodes were then sealed
with a 25 um thick hot melt film (Surlyn, Solaronix, “Meltonix
1170-25”) by heating the system at 130 °C under 0.2 psi
pressure for 1 min. The devices were completed by filling the
electrolyte by predrilled holes in the counter electrodes, and
finally, the holes were sealed with a Surlyn precut circle and a
thin glass cover by heating at 130 °C under pressure 0.1 psi for
25 s. The electrolyte is 1.0 M 1,3-dimethylimidazolium iodide
(DMIL), 0.5 M 4-tert-butylpyridine (TBP), 0.03 M I,, 0.1 M
guanidinium thiocyanide (GuNCS), and 1.0 M lithium iodide
(Lil) in acetonitrile:valeonitrile (85:15, v/v) solvent unless
otherwise noted. Finally, soldered contacts were added with an
MBR Ultrasonic soldering machine (model USS-9210) with
the solder alloy (Cerasolzer wire dia. 1.6 mm item # CS186-
150). A circular black mask (active area 0.15 cm”) punched
from black tape was used in the subsequent photovoltaic
studies.

Device Characterization Information. Current—Volt-
age Curves. Photovoltaic characteristics were measured using
a 300 W Xenon lamp (Model SF300A, SCIENCETECH Inc.

Class AAA) solar simulator equipped with an AM 1.5 G filter
for a less than 2% spectral mismatch. Prior to each
measurement, the solar simulator output was calibrated with
a KGS filtered monocrystalline silicon NREL calibrated
reference cell from ABET Technologies (Model 15150-
KGS). The current density—voltage characteristic of each cell
was obtained with a Keithley digital source meter (Model
2400).

The incident photon-to-current conversion efficiency was
measured with an IPCE instrument manufactured by Dyenamo
composed of a 175 W Xenon lamp (CERMAX, Model
LX175F), a monochromator (Spectral Products, Model
CM110, Czerny-Turner, dual- grating), a filter wheel (Spectral
Products, Model AB301T, fitted with filter AB3044 [440 nm
high pass] and filter AB3051 [S10 nm high pass]), a calibrated
UV-enhanced silicon photodiode reference, and Dyenamo
issued software. Electrochemical impedance spectroscopy
(EIS) was measured with a C-H Instruments electrochemical
analyzer (Model CHI6054E) in the dark with a bias at open
circuit voltages measured through J—V measurements. The
spectra were scanned in a frequency range of 107'—10° Hz at
room temperature. The alternating current (AC) amplitude
was set at 10 mV.

Small modulation photovoltage transient measurements
were carried out with the Dyenamo toolbox (DN-AEO1).
During measurements, the intensity of the light source is
controlled by a modulating voltage on top of a bias voltage to a
white LED. The open-circuit voltage response is measured
multiple times and averaged. The rise and decay times are
calculated with the aid of the Levenberg—Marquard curve-
fitting algorithm in LabView. The carrier or the electron
lifetime of the solar cell is obtained from the averaging of rise
and decay times. To the base light intensity was added a small
square wave modulation (<10% intensity). With the repetition
frequency of 2 Hz, the modulation amplitude of 10 mV and
1000 samples/second with averages of five was employed. The
option for light off after every measurement was selected, and
bias voltages were 2.8, 2.85, 2.9, 2.95, and 3 V, respectively, for
the LED light with the highest voltage being near 1 sun
intensity throughout the spectral region being illuminated. The
direction of illumination was always from the TiO, side, and
the device was 5 cm far from the LED light source.

Charge extraction under open circuit conditions (Q,.) as a
function of light intensity was carried out with a Dyenamo
Toolbox (DN-AEO1) instrument and software. Different open-
circuit values were achieved by the programmed control of a
biased LED from 2.5 to 3.2 V. The intensity of the LED light
source (Seoul Semiconductors, Natural White, S42182H,
450—750 nm emission) is varied to modulate the device
open-circuit voltage. The LED is switched on for 1 s of
illumination and then switched off for 10 s with a simultaneous
switch to short-circuit conditions with a monitoring of current.
The total charge is found by integrating the current measured
over time. The direction of illumination was from the
photoanode to the counter electrode, and the device was
positioned 5 cm from the LED light source.

B RESULTS AND DISCUSSION

The synthesis of JW1 proceeds in five steps from commercial
and literature reported intermediates (Scheme 1). The
synthetic route begins with a condensation reaction between
dibromobenzil 1 and 3,4-diaminothiophene dihydrochloride 2
in the presence of triethylamine to give the TPz bridge in 55%

https://dx.doi.org/10.1021/acs.jpcc.0c07003
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yield. TPz 3 was then coupled with bis(hexyloxyaryl)amine 4°*
under Buchwald amination conditions to yield compound $ in
80% yield. An N-bromosuccinimide (NBS) bromination was
then employed to install bromine groups on TPz 6 in
quantitative yield. As previously observed during the synthesis
of NL6, the selective monoaryl functionalization of TPz 6 with
either the TAA donor 7 or benzaldehyde 8 yielded only the
diarylated product under Suzuki conditions irrespective of the
ratio of coupling partners used.”® Instead, TPz 6 was
desymmetrized via a one pot Suzuki coupling with TAA
boronic ester 7°* and benzaldehyde boronic ester 8 to give
TPz 9 in 25% yield. Finally, a Knoevenagel condensation was
employed to afford JW1 in 51% vyield. NL6 was prepared
following the literature precedent.””

UV—vis—NIR absorption spectroscopy was used to evaluate
the effects of adding multiple donor groups on the electronic
spectrum of JW1 relative to the single donor group dye NL6
(Figure 2, Table 1). JW1 has a uniquely broad and evenly
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Figure 2. Absorption spectra of NL6 and JW1 in dichloromethane.
Computed vertical transition energies are represented as vertical bars
and use the secondary y axis on the right. The absorption curve of
NL6 has been previously reported.”®

Table 1. Optical and Electrochemical Properties of JW1 and
NL6

Amax € A’onset E S+/S) E S+/S*) [

e (om) Mlen™) (w9 ()
NL6 605 17,000 730 0.92 —0.78 1.70
Jwi1 590 2100 730 0.85 —0.86 1.71

“The absorption onset (4,,;) 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 crossing point of
the x axis. bE(s+/5*> was calculated using the equation: Es,/g+) = E
(s+/8) — Eg™" “E. was determined by the equation: E,* = 1240

g
nm*eV/ 2 NL6 data has been previously reported.”®

onset*

distributed absorption range covering the visible region and
extending into the NIR region in dichloromethane. Approx-
imately four evenly distributed absorption curve features are
weakly distinguishable between 400 and 600 nm with a molar
absorptivity (&) of >20,000 M~ cm™" throughout this region.
In the same region, NL6 has two clear absorption curve
features at 440 nm and 610 nm and a loss of absorption
strength between the two peaks with a molar absorptivity
minimum of 7500 M™' cm™ in this region. JW1 has a
maximum absorption (4,,,) shoulder at approximately 590

nm. The molar absorptivity at A, for JW1 is 21,000 M~
cm™!, which is modestly higher than that observed for NL6
(17,000 M~ ecm™) at the 4,, for NL6 (605 nm). The
absorption curve onset is nearly identical for JW1 and NL6 at
approximately 730 nm. Solvatochromic absorption effects were
examined with eight solvents (Figure S2). Interestingly, the
lowest-energy absorption band varied dramatically with the
solvent relative to the higher-energy absorption bands with
DCM showing the most panchromatic solution behavior with a
similar height high and low energy peaks. At the other extreme,
ethanol shows the lowest intensity of the low-energy
absorption band with a spectrum that shows significantly
higher intensity absorption in the high-energy region. On the
surface of TiO,, JW1 shows a slight increase in the intensity in
the high-energy region relative to the low-energy region;
however, panchromatic behavior is still present (Figure S3).
Density functional theory (DFT) and time-dependent
(TD)-DFT computational studies at the B3LYP***°/6-311G-
(d,p)*” level of theory were performed with Gaussian09*® in
isolation and in dichloromethane solvent to understand better
the optical properties observed with JW1 (see the Supporting
Information for results with dichloromethane solvent: Figures
S13 and S1S, Table S5). Reasonable agreement is observed
between the computational and experimental results, with the
predicted vertical transitions being within approximately 0.3 eV
of the A,,,, for both JW1 and benchmark NL6 (Table 2, Figure

Table 2. Select TD-DFT Data for JW1 and NL6 Obtained at
the B3LYP/6-311G(d,P) Level of Theory

contribution  vert. trans. oscillator
dye state orbitals (%) (nmleV) strength
Jwi1 S0 - HOMO-— 94% 689 1 1.80 0.5350
S1 LUMO
S0 - HOMO-1- 95% 6711 1.85 0.1981
S2 LUMO
S0 - HOMO-2— 98% 617 12.01 0.2338
S3 LUMO
S0 - HOMO-3— 63% 4761 2.61 0.4198
S6 LUMO
NL6 SO0 —- HOMO- 97% 708 1 1.75 0.6971
S1 LUMO
SO0 - HOMO-1—- 79% 485 12.56 0.3790
S2 LUMO

“Minor orbital contributions to each state are listed in the Supporting
Information along with additional orbital images obtained with this
method. Data from calculations including an implicit DCM model are
also in the Supporting Information. The HOMO and LUMO orbitals
along with the SO — S1 vertical transition energy of NL6 have been
previously reported.”®

2). Three vertical transitions are observed in the 600—700 nm
region for JW1 that are primarily made up of the highest
occupied molecular orbital (HOMO) to the lowest unoccu-
pied molecular orbital (LUMO), HOMO-1 to LUMO, and
HOMO-2 to LUMO transitions for each of the first three
states, respectively (Figure 3 and Figure S12). The HOMO is
located on the TAA group substituted on the thiophene ring,
and the LUMO is primarily located across the cyanoacrylic
acid (CAA) acceptor to the thiophene ring of the TPz ring.
This separation of orbitals onto different regions of the dyes
with some overlap at the 7-bridge suggests that this system acts
as an ICT dye. The LUMO density is spatially positioned
adequate for efficient electron transfer to TiO, upon
photoexcitation of JW1. The space occupied by the HOMO

https://dx.doi.org/10.1021/acs.jpcc.0c07003
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Figure 3. Select orbitals obtained at the B3LYP/6-311G(d,p) level of theory.

and the LUMO is analogous to that by NL6 and similar in
orbital energy (0.05 eV difference), which explains the near
identical 4,,,, observed for both dyes. The HOMO-1 and
HOMO-2 orbitals of JW1 are largely located on the additional
two TAA groups on the pyrazine ring (Figure 3 and Figures
S12 and S13). These added TAA groups result in a slightly
higher vertical transition energy and aid in filling in the low
molar absorptivity region of the NL6 spectrum. Both dyes have
a similar high-energy feature near 450 nm, which corresponds
to an ICT event primarily from the thiophene ring with
significant contributions from the TAA on the thiophene ring
to the CAA acceptor region (see NL6 HOMO-1 in Figure 3
and JW1 HOMO-3 in Figure S12). Overall, the introduction
of the three TAA donors on the TPz ring allows for cross-
conjugated pathways that have enabled a true panchromatic
response across the visible spectrum by introducing multiple
charge transfer bands (Figure 2).

JW1 was characterized electrochemically by cyclic voltam-
metry in a dichloromethane solution using 0.1 M Bu,NPF; as
the electrolyte and ferrocene as an internal standard to evaluate
the free energies of electron transfers with a DSC device
(Table 1, Figure 4 and Figure S1). The ground-state oxidation
potential (E,5)) for JW1 at 0.85 V versus the normal
hydrogen electrode (NHE) is less positive than NL6 at 0.92 V
versus the NHE. The less-positive E(s,/s) value is rationalized
as the added donor groups on JW1, leading to a more easily
oxidized dye. The thermodynamic driving force for dye

1.0 T+ 0.86
-0.78
0.5V
= 0.5 1 =
o Tio, CB
-4
g
> 0.0 +
®
=
=
% |
o 0.5 T 435y
10 L 0.85
0 0.92

Figure 4. Energy-level diagram for JW1 and NL6.

25216

regeneration (AG,,) is therefore favorable by 500 mV for
the I,;/I" RS generally taken at 0.35 V versus the NHE.*"*"~**
However, it should be noted that the I,”/I" RS system is
complex and a single number representation is a crude
estimate.*”** The excited-state oxidation potential (Es, /s+)) of
JW1 was found to be —0.86 V versus the NHE as calculated
using the equation E(s, s+ = E(sy/s) — E,™', where E,° is the
optical energy gap. This suggests that the free energy for
electron injection (AGinj) into the conduction band (CB) of
TiO, is also favorable at 360 mV when the TiO, CB is taken at
—0.50 V versus the NHE.*"#>#5%6 Thus, the energetic values
as measured by CV suggest that JW1 is well-suited to function
efficiently in DSC devices with TiO, and I;"/I". Notably, the
excited-state oxidation potential of JW1 is more negative than
NL6 (—0.78 V), which is due to the added electron density
from the two extra amine groups on JW1. The more negative
excited-state oxidation potentials result in a more thermody-
namically favorable electron transfer to TiO,.

DSC devices of JW1 and NL6 were compared via current

density versus voltage (J—V) measurements with the PCE

Joo X FEX Voo
)

calculated according to the equation: PCE =

0
where Jgc is the short-circuit current density, FF is the fill

factor, V¢ is the open circuit voltage, and I, is the intensity of
incident light set to 1 sun at AM 1.5G for these studies unless
otherwise noted (Figure 5 and Table 3). A Jc of 19.7 mA/cm?
was obtained for JW1, which is a significant increase over that
obtained with NL6 at 13.6 mA/cm? under identical device
conditions. Analysis of the IPCE reveals that JW1 has both a

20

g 16

<

£

= 124

.“;n‘

&

T —uwm

g ——NL6

3 4
0 : . . : . .
00 01 02 03 04 05 06 07

potential (V)

Figure S. -V curve for JW1 and NL6.
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Table 3. Summary of DSC Device Data for JW1 and NL6 >0 .
N Voo FF PCE  IPCE at 700 nm 40 1 —Ni6
dye (mA/cm?) (mV) (%) (%) (%)
30 -
Jwil 19.7 SS1 69 74 80 c
Jwi1“ 23 498 78 9.2 N 20 A
NL6 13.6 606 61 5S4 60
“Measured at 10% sun intensity. NL6 data has been previously a
reported in DSC devices at 7.1% PCE (17.6 mA/cm?) when no o .
CDCA is added to the sensitization solution.”® Addition of CDCA to 0 20 40 60 80 100 120
the sensitization solvent was found to give optimal device perform- 7'(Q)
ances with JW1 (Figures S6 and S7). JW1 devices give 13.0 mA/cm? 70
without CDCA and 19.7 mA/cm® with CDCA in the sensitization —wi
solvent. 60 —NL6
. 50 Cu Cee
oo
higher peak incident photon-to-current conversion efficiency 3 40 W
(IPCE) value (80%) and no dips in the spectrum from 400 to 2 30 4 .
750 nm (Figure 6). This is significantly different from NL6, &
20 -
100 10 A
—iw1
90 A 0 4 T r
—Nte 1E-01 LE+01 1.E+03 1.E+05
80 Frequency (Hz)
7 Figure 7. Nyquist (top) and Bode (bottom) plot for JW1 and NL6.
60
€ o Table 4. Electrochemical Impedance Spectroscopy Data
(&)
o
40 1 R” R . R Cep M io,
2 device (Q) () C,(mF)” (Q) (mF) (%)  (ms)
Jwi 10 47 9.9 X 3 1.9 X 94 10
20 1 107 107
10 | NL6 14 74 33 X 3 14 X 96 20
107 107°
0

350 400 450 500 550 600 650 700 750 800 850 900
wavelength (nm)

Figure 6. IPCE spectrum for JW1 and NL6.

which has a peak IPCE of 65% and a local minimum in the
spectrum near 500 nm. The improvement in the IPCE
spectrum shape is a direct result of the panchromatic
absorbance of JW1. A broad fully filled IPCE spectrum area
such as that observed in this case is often only possible with
multisensitizer devices. Thus, the introduction of high-energy
absorption bands has led to a single dye with a full visible
spectrum IPCE response reaching 800 nm without any
significant local minima. The increased peak IPCE value is
attributed to the higher energy E(s, s+ value enhancing the
electron injection efficiency of photoexcited JW1 to TiO,.
Overall, the use of a triple donor, cross-conjugated approach
with JW1 has produced a dramatic improvement of photo-
current to 19.7 mA/cm? from 13.6 mA/cm? with a traditional
single donor dye structure.

A 5SS mV higher photovoltage is observed with NL6 when
compared to JW1 in identical DSC devices. To understand this
difference, electrochemical impedance spectroscopy (EIS)
measurements were undertaken with a fitted circuit shown
on the Bode plot in Figure 7 (Table 4). The Nyquist plot
shows two semicircles, with the small semicircle at low
resistance being attributed to the electron transfer from the
platinum counter electrode to the RS (R¢g). The larger, higher
resistance semicircle is attributed to the nondesirable transfer
of electrons from the TiO, surface to the electrolyte (R..).
Both devices show a very similar Rcp value as expected;

“R; is the series resistance. bCﬂ chemical capacitance for charge
accumulation in TiO,. “Ccg is the capacitance at the electrolyte-
counter electrode interface.

however, a significantly lower R, is observed for JW1. This
indicates that the undesirable charge recombination of
electrons in TiO, to the electrolyte is a lower resistance
pathway for JW1 DSC devices relative to NL6. Dye loading
density studies show that JW1 and NL6 have similar loadings
(1.0 X 1077 mol/cm? vs 1.1 X 1077 mol/cm?, respectively). It
should be noted that JW1 is a significantly larger dye than NL6
at the TPz bridge portion with two additional donor groups
(22 A vs 10 A, respectively, Figures S16 and S17). Thus, the
slight difference in loading is likely offset by the larger footprint
of JW1, although the exact surface orientation of the dyes is
not known and could have a significant impact on the area of
TiO, exposed to the electrolyte. The lower R, for JW1 leads
to a modestly lower charge collection efficiency (7..) according
to the equation 77, = 1/(1 + (Rcg/Ry..)) for JW1 (94%) in
comparison with NL6 (96%). The lower 7. of JW1
contributes to the IPCE being lower than the practical upper
limit of 90% when accounting for reflection losses. Similarly,
the Bode plot from EIS measurements allows for the analysis of
electron lifetimes in TiO, (7r0,) by analyzing the peak

position in the low-frequency region according to the equation
Trio, = 1/(27f), where f is the peak frequency from the Bode
plot for the lower frequency peak near 10 Hz. These results
show a significantly longer 7r;o, value for NL6 of 20 ms relative

to JW1 at 10 ms, which again suggests better TiO, surface
insulation from the electrolyte by NL6.
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Small modulation transient photovoltage (SMPVT) meas- 12 r
urements were also undertaken to further probe the lifetime of g 981
electrons in TiO, after photoexcitation (Figure 8).*” This > 04 1
0 r r . .
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Figure 8. Small modulation photovoltage transient (SMPVT) 0 100 ?00 300 400 500
measurements for JW1 and NL6. Time (hours)
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technique uses small light intensity changes to cause the Vi g 28]
values to rise or decay. The rate of this rise and decay is then 02 ]
fitted and attributed to the lifetime of the electron in TiO, after o 100 200 300 400 500

photoinduced electron transfer. Via SMPVT, JW1 and NL6
devices were found to have near identical electron lifetimes,
which suggest similar recombination rates under these
conditions. Additionally, capacitance measured under open-
circuit conditions with varied potentials by light intensity
reveals no significant change in the capacitance with either dye,
which suggests that the changes in the V. values between the
two dyes may be most closely related to recombination losses
(Figure S11).*” Although the recombination rate of electrons
in the TiO, with the electrolyte with NL6 devices relative to
JW1 devices is either slowed down or similar, the dramatically
large photocurrent of JW1 leads to an overall higher PCE value
of 7.4% with JW1 versus 5.4% with NL6 under the conditions
tested here (Table 3). The origin of the improved photo-
current is not obvious from these studies but is likely due to
differences in either regeneration efficiencies or injection
efficiencies of the two dyes. Notably, JW1 has an
approximately 100 mV higher driving force for electron
injection. At reduced irradiation intensity, which is of value
for indoor and diffuse lighting situations where DSCs have
been record setting,‘s’10 a PCE of 9.2% with JW1 is measured at
10% sun intensity (Table 3). Importantly, the triple donor
design has enabled the use of a single chromophore to collect
the full visible range of photons, which can dramatically
simplify device fabrication and optimization protocols. Single
chromophores that give fully panchromatic DSC device
responses are rare in the literature.” Importantly, DSC devices
with JW1 were found to be stable under continuous light-
soaking conditions for up to 500 h with a less than 10% loss in
PCE over this time frame (Figure 9). This result indicates the
triple donor dye design is also robust under operating
conditions and further suggests that this design is of practical
merit.

Bl CONCLUSIONS

A fully panchromatic dye has been realized by engineering
additional cross-conjugated ICT bands into the absorption
spectrum of a novel sensitizer incorporating a thienopyrazine
m-bridge with a unique triple donor design and cyanoacrylic
acid acceptor. Computational results illustrate the importance
of each TAA donor contributing to the introduction of several

Time (hours)

Figure 9. DSC device stability study for JW1. Y axis values are
normalized.

higher energy absorption curve features relative to the lowest
energy charge transfer band. Such dyes are rare in the
literature, and this approach offers a molecular design strategy
that can alleviate the challenges of designing and optimizing
cosensitized DSC devices for a panchromatic device response.
This all-in-one design led to an exceptionally high single dye
photocurrent density of 19.7 mA/cm?. Very few dyes in DSC
devices based on organic chromophores have reached this
value without the aid of cosensitization strategies. The design
is robust during continuous light soaking studies, indicating
that this approach is of practical merit for further consideration
in next-generation dye designs. Future studies will focus on
using this general design approach with alternative -bridges to
access higher-energy excited-state dyes. This will improve on
the photovoltages observed herein through enabling the use of
lower lithium loadings in the electrolyte. Additionally, this dye
design is a good approach for accessing NIR chromophores for
use in multijunction solar cell systems where this technology
can be paired with other solar cell technologies currently being
developed.
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