


versus 4.1% PCE) since the improvement in FF is largely counterbalanced by the reduced Jsc
value (11.6 versus 14.1 mA/cm?). 8 system devices show significantly lower Jsc values than 7-
based devices (10.2 versus 14.1 mA/cm?), however a higher Voc value of 678 mV (versus 641
mV) is observed. ). The higher Voc value is associated with the lower energy oxidation potential
of this redox shuttle through addition of electron accepting CFs groups to the parent redox shuttle.
The implementation of CFz groups was ineffective at yielding a higher FF in the solar devices. An
attempt for solid state cells via solvent evaporation in inert atmosphere or continuous illumination
resulted in non-functional devices indicating that these shuttles were not functional as hole

transport materials with selected conditions.

Figure 43. J-V curves (left) and IPCE curves (right) for Y123/Cu(BMTPB)[CIO.],[PFs], and Y123/

Cu(BMTTFPB)[CIO:],[PFs],-based DSC.
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Redox Shuttle Voe (V) Jc (MA/cm?)  FF PCE (%)

Cu(BMTPB)[CIOa],[PFs, 0.641 14.1 0.45 411
Cu(BMTTFPB)[CIOx],[PFs], 0.678 10.2 0.45 3.16
Cu(BMTPB)[CIO4],[PFs], - FSAM 0.630 11.6 0.61 4.41
Co(bpy)s [PFe]x 0.864 14.2 0.67 8.06

Table 1: Standard Conditions: Electrode: 0.2 mM Y123 in acetonitrile (MeCN:t-BuOH, 1:1), 16 hours
sensitization, 5.0 um TiO- active layer, 4.5 um TiO; scattering layer. Electrolyte: 0.20 M Cu(l) redox shuttle;

0.04 M Cu(ll) redox shuttle; 0.1 M LiTFSI, and 0.5 M TBP in MeCN. Counter electrode: platinum.

Electrochemical impedance spectroscopy (EIS) studies in a non-illuminated environment were
conducted to understand the interactions of TiO2 surface and 7 and 8. EIS Nyquist curve plots were
attuned to the standard circuit with the small semi-circle involving the charge transfer resistance
for the counter electrode and larger semi-circle involving the charge transfer resistance for the
TiO. dye/electrolyte interface (Figure 42). The platinum counter electrode charge transfer
resistance results were similar for 7 and 8 with respect to [Co(bpy)s]¥?*. However, a significantly
lower charge transfer resistance at the TiO»-dye/electrolyte interface is observed for 7 and 8 in
comparison to [Co(bpy)s]®?*. Faster recombination of electrons with [Co(bpy)s]®?* is observed
with the oxidized complex relative to that of /13~ (demonstrated charge transfer by EIS). However,
7 and 8 shuttles are more than likely to have a facile TiO> CB recombination kinetics with the
oxidized shuttle implied by the lower charge transfer resistance at the TiO2-dye/electrolyte
interface. Lower charge transfer resistance can be attributed from the potential binding interactions
of systems 7 and 8 with the TiO2 surface. An exposed copper center on the side opposite of the
biphenyl group is reason enough to believe in said interactions. Devices treated with PFTS show

slight improvement in charge transfer resistance of the TiO,-dye/electrolyte interface indicating
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the redox shuttle-TiO interactions may be limited or even diminished with this treatment.
However, results with desired resistances were not observed even after insulation.

Electron lifetimes were conducted via small modulation photovoltage transient measurements
in DSC devices. Cu-shuttle based devices show very similar electron lifetimes, all which are lower
than the [Co(bpy)s]®?* benchmark system. Measurements were completed by moderating the
intensity of light to control open circuit voltage values. Lighting has an effect on increasing the
oxidized redox shuttle concentration as a photoinduced electron transfer from Y123 to TiO2 with
subsequent neutral dye regeneration occurs. This measurement technique shows little difference
between 7 and 8 with the increasing concentration of Cu?* by photoinduction and the short electron
lifetimes. Similar electron lifetimes were observed under illumination with the difference in
photovoltage being difficult to explain purely through recombination events. Thus, charge
extraction measurements were performed at varied Voc to gain an understanding in the capacitance
change within these devices and also be related to shifts in the TiO, CB (Figure 42).1%51%7
Capacitance versus open-circuit voltage diagrams display a higher Voc in the following order at
constant capacitance: [Cu(BMTPB)]?** with FSAM = [Cu(BMTPB)]?** without FSAM <
[Cu(BMTTFPB)]?** < [Co(bpy)s]®?*. The observed DSC device Voc trend is represented similarly
of: [Cu(BMTPB)]?** < [Cu(BMTTFPB)]?** < [Co(bpy)s]¥?*. Our results again reinforce the idea
first generation redox shuttles are closely interacting with the surface of TiO2 and possibly strong
enough to result in a lower energy shift in the TiO2 CB. In regard to FSAM treatment, no dramatic
change was observed in charge extraction measurements. This possibly due to the lowering of the
TiO, CB with FSAM treatment to a similar magnitude.

Device Fabrication. DSC devices were prepared as follows: TEC 10 FTO glass (10 €Q/sq.

sheet resistance, FTO [fluorine-doped tin oxide], purchased from Hartford Glass) was cut into 2x2
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cm squares. The substrate was submerged in a 0.2% Deconex 21 aqueous solution and sonicated
for 15 minutes at room temperature. The electrodes were then rinsed with water and sonicated in
acetone for 10 minutes followed by sonication in ethanol for 10 minutes. The electrodes were next
placed under UV/ozone for 15 minutes (UV-Ozone Cleaning System, Model ProCleaner by
UVFAB Systems). A TiO2 under layer was then applied by treatment of the substrate submerged
in a 40 mM TiCly solution in water (prepared from 99.9% TiCls between 0-5 °C). The submerged
substrates (conductive side up) were heated for 30 minutes at 70 °C. After heating, the substrates
were rinsed first with water and then with ethanol. Active layer TiO2 (nanoparticle size, 38-31 nm,
Greatcell, DN-GPS-30TS) was applied via screen printing (Sefar screen (90/230-48W) resulting
in 5.0 um TiO> thickness. Scattering layer TiO> (particle size, >100 nm, Solaronix R/SP) was
applied via screen printing (Sefar screen (54/137-64W). Between each print, the substrate was
heated for 7 minutes at 125 °C and the thickness was measured with a profilometer (Alpha-Step
D-500 KLA Tencor). After the films were printed, the substrate was then sintered with progressive
heating from 125 °C (5 minute ramp from r.t., 5 minute hold) to 325 °C (15 minute ramp from 125
°C, 5 minute hold) to 375 °C (5 minute ramp from 325 °C, 5 minute hold) to 450 °C (5 minute
ramp from 375 °C, 15 minute hold) to 500 °C (5 minute ramp from 450 °C, 15 minute hold) using
a programmable furnace (Vulcan® 3-Series Model 3-550). The cooled sintered photoanode was
soaked for 30 minutes at 70 °C in a 40 mM TiCls water solution and heated again at 500 °C for 30
minutes prior to sensitization. The complete working electrode was prepared by immersing the
TiO> film into a room temperature 0.2 mM Y123 dye solution in 1:1 (MeCN:tert-butanol) with
50x CDCA for 16 hours. PFTS treatment: For DSC devices using PFTS, the photoanode was
submerged in a 0.1 M solution of 97% 1H,1H,2H,2H perfluorooctyltrimethoxysilane in hexanes

for 90 minutes at 30 °C after the dye was deposited on the TiO; electrode. The photoanode was
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added dropwise at room temperature. A minor exothermic reaction occurred with a white
precipitate slowly appearing. The resulting mixture was left to stir at room temperature for 24
hours. Isolation of the product was completed using column chromatography (SiO3)
hexanes/diethyl ether (20:1) to remove MCPBA and residual impurities, then the product was
eluted with acetone to obtain the oxidized intermediate (100% yield). >
4-trifluoromethyl-2-cyanopyridine. The synthesis was completed following a patent with slight
modifications. To an oven dried flask, 2.45 g (15 mmol) of 4-trifluoromethyl pyridine, N-Oxide
was dissolved into 30 mL of dry acetonitrile. 4.20 mL (30 mmol) of triethylamine and 3.75 mL
(30 mmol) of trimethylsilyl cyanide was added to the solution. The solution was then refluxed at
90 °C for 24 hours. Purification was completed by distilling the reactants under reduced pressure,
followed by a short silica column using dichloromethane as the eluent. The solvent was removed
resulting in the intermediate as turbid brown oil. The oily intermediate matched given literature
values (71% yield).'%

4-trifluoromethyl-2-amidrazone pyridine. 1.75 g (10 mmol) of trifluoromethyl cyanopyridine was
dissolved in 5 mL of absolute ethanol. 1.05 mL (20 mmol) of methylhydrazine was added to the
alcohol solution and stirred for 3 days at room temperature. The intermediate was isolated by
removal of solvent at room temperature and washing with hexanes resulting in the amidrazone
intermediate as a fine brown powder (isolated yield 30~55% depending on conversion). The
amidrazone intermediate is temperature sensitive and should be stored in a freezer if not being
used. *H NMR (500 MHz, Chloroform-d) § 8.65 (d, 1H), 8.32 (s, 1H), 7.43 (d, 1H), 5.15 (d, 2H),
3.01 (s, 3H). 13C NMR (500 MHz, Chloroform-d) § 38.72, 115.82, 118.67, 119.57, 121.74, 123.91,

126.08, 138.15, 138.42, 138.69, 138.97, 144.88, 148.82, 152.27.
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Figure 46. 'H NMR (top) and **C NMR (bottom) of 4-trifluoromethyl-2-amidrazone pyridine. Quartet splitting

signals in the *C NMR are a result of the fluorinated carbon and adjacent carbon atom.

Diphenic Acyl Chloride. 5.0 g of Diphenic acid is dissolved into 5 mL of thionyl chloride and

stirred under inert atmosphere for 4 hrs at 80 °C. The mixture was cooled to room temperature
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forming a yellow-white suspension. The acyl chloride was isolated under reduced pressure
resulting in quantitative conversion of the acid.*>

2,2 ’-bis(methyltriazole-4-trifluoromethylpyridine)-biphenyl. The synthesis was adapted from a
similar procedure. Diphenic acyl chloride (0.275 g, 1 mmol) was dissolved into 10 mL of THF. In
a separate flask, the amidrazone intermediate (0.436 g, 2 mmol) was dissolved into a 25 mL
solution of THF. Triethylamine (0.253 g, 2.5 mmol) was added to the amidrazone solution and
vigorously stirred at 0 °C for 10 minutes. While maintaining 0 °C, the diphenic acyl chloride
solution was added dropwise resulting in an exothermic reaction and formation of a yellowish
white suspension. The suspension was allowed to stir for an hour at 0 °C and isolated via frit funnel.
The solid was washed with a mixture of methanol and water (1:2) three times. The resulting white
precipitate was then heated to 250 °C for until forming a brown clear melt. The oily melt was
cooled to room temperature and dissolved into acetone. The solvent was removed under reduced
pressure making foam-like powder. To ensure full cyclization of the amide intermediate, the foam
was heated at 80 °C under reduced pressure until a tan crystalline powder appeared (90% yield).
IH NMR 500 MHz, Chloroform-d; & 8.73 (d, 2H), 8.05 (s, 2H), 7.61 (dd, 2H), 7.53 (dd, 2H), 7.49
(dd, 2H), 7.41 (dd, 2H), 7.37 (dd, 2H), 3.51 (s, 6H). 3C NMR (500 MHz, Chloroform-d) § 159.75,
155.15, 150.81, 150.62, 139.88, 139.19, 138.93, 138.67, 131.67, 131.26, 130.93, 128.31, 126.76,
123.77, 121.59, 119.39, 118.87, 116.98. HRMS: [M + Cs] = C3oH20FsNg Cs calculated: 739.0770

found: 739.0742.
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Figure 47. 'H NMR (top) and 3C NMR (bottom) of BMTTFPB ligand. Quartet splitting signals are justified from the

fluorinated carbon splitting as well as its adjacent carbon atom.

Copper(11/1) BMTTFPB. The synthesis of the copper shuttles was completed by stirring an

equimolar ratio of copper salt and BMTTFPB dissolved in acetonitrile [Cu'(MeCN)4](PFs) or
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[CU"(Cl04).]*6H20. The mixture was stirred for 24 hours at room temperature resulting in a
colored precipitate. The following colors were reddish orange and grass green for Cu(l) and Cu(ll)
complexes respectively. Crystallization was completed with ether diffusion into acetonitrile.
HRMS: [M*] = CsoH20FsNsCu calculated: 669.1011; found: 669.1034. Elemental Analysis
calculated for CsoH20FsNsCu + 2 H20: C 42.34, H 2.84, N 13.17 found; C 40.97, H 2.55, N 12.37.
'H NMR: (completed using Cu(l) complex and trace amounts of hydrazine) CDsCN; § 8.58, 8.02,

7.90,7.72,7.68, 7.61, 7.47, 3.67.
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Figure 48. 'H NMR of Cu(l) BMTTFPB complex in CDsCN. A small addition of hydrazine monohydrate was used

to maintain a diamagnetic copper system.

1,2-dipyridylbenzene. The mono-substituted intermediate was synthesized and isolated according
to previous literature. ™’

N-methylpyridinium-(phenylpyridine) iodide. 0.150 g (0.6 mmol) of dipyridyl benzene was
dissolved into 10 mL a 1:1 ratio of dichloromethane and ether. 0.275 g (1.8 mmol) of methyl iodide

was added to the mixture while stirred and heated at 35 °C for 24 hrs. The methylated intermediate
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was isolated by adding the mixture to 50 mL of ether followed by filtration resulting in a light
yellowish white powder. 214 mg (90% yield). *H NMR - D20; § 8.68 (1H), 8.45 (1H), 8.32 (1H),
7.96 (2H), 7.88 (2H), 7.79 (1H), 7.65 (1H), 7.58 (1H), 7.37 (1H), 3.89 (3H). 3C NMR - D20; &
156.11, 155.72, 149.00, 145.50, 144.90, 139.00, 138.45, 131.96, 130.65, 130.08, 129.68, 126.51,

124.27, 123.39, 46.23. HRMS; calculated [C17H15N2*]: 247.1235, reported: 247.1193
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Figure 49. 'H NMR (top) and *C NMR (bottom) of N-methylpyridine(phenylpyridine).
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N-methyl-pyridinone-(phenylpyridine). 0.500 g (1.34 mmol) of N-methylpyridinium-
(phenylpyridine) iodide, 2.13 g (0.053 mmol) of NaOH, and 248 g (6.7 mmol) of
KsFe(CN)e*3H2O were dissolved individually into 35 mL solution each (total 105 mL).
KsFe(CN)e*3H20 solution was cooled to 0 °C in an ice bath. The methylated intermediate and
NaOH were added dropwise to this solution at a rate that the NaOH addition was completed by
the time the methylated intermediate as half way dispensed. The mixture was then left to stir at
room temperature for 72 hours which resulted in a precipitate to form. The aqueous layer was
extracted with dichloromethane and dried over sodium sulfate. The organic layer was then purified
using a short silica column and DCM to isolate the pyridinone intermediate as brown oil. The
solvent was removed under vacuum in a warm water bath leading to an oily substance which then
became a brown solid when left to cool. (yield 65%) 'H NMR — Acetone-Ds; & 8.48 (1H), 7.82
(1H), 7.74 (1H), 7.63 (1H), 7.57 (1H), 7.45 (2H), 7.23 (1H), 6.23 (1H), 5.86 (1H), 3.13 (3H), 2.96
(1H). ¥C NMR - Acetone-De; 5 163.35, 158.43, 151.25, 150.14, 140.92, 138.98, 137.29, 135.31,
131.18, 129.49, 129.40, 129.33 123.84, 123.22, 118.46, 107.43. HRMS; calculated

[C17H1aN20Cs]: 395.0161, reported: 395.0158.
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Figure 50. *H NMR (top) and **C NMR (bottom) of (N-methylpyridione)phenylpyridine.

2-(bromopyridine)phenylpyridine. 0.150 g (0.5 mmol) of 3 was prepared in a screwcap pressure
flask under a glovebox atmosphere. 0.310 g (1 mmol) and 0.328 g (1 mmol) of PBrz and POBr3

was added to the reaction flask and tightly sealed before removing from the glovebox atmosphere.
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The mixture was heated to 105 °C for 24 hours and cooled to room temperature. 5 mL of NH4OH
(30%) solution was slowly added to the reaction flask to quench unreacted phosphorus bromide
reagents and basify the solution. A precipitate formed in solution and an additional 10 mL of water
was added to the ammonia solution and stirred in the reaction flask. The resulting yellowish-brown
solid was isolated via filtration and dissolved into DCM after discarding the basic aqueous layer.
The organic solvent was removed under reduced pressure resulting in a light yellow solid and used
without further purification (71% yield). *H NMR — DMSO-Ds; 6 8.44 (1H), 7.73 (1H), 7.62 (2H),
7.59 (3H), 7.57 (1H), 7.47 (1H), 7.23 (1H), 7.10 (1H). 3C NMR - DMSO-Ds; 5 160.32, 158.80,
149.40, 140.96, 140.28, 139.71, 138.23, 136.75, 130.82, 130.74, 129.51, 129.01, 126.34, 124.68,

124.07, 122.43. HRMS; calculated [Ci6H11BrN2Cs]: 442.9160, reported: 442.9171.
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Figure 51. *H NMR (top) and *C NMR (bottom) of 2-(bromopyridine)phenylpyridine.

Bis(phenylpyridine)bipyridine. 0.500 g (1.6 mmol) of 4 was dissolved into 30 mL of a 1:1 mixture
of both dry THF and MeCN. 0.210 g (3.2 mmol) of zinc dust, 0.930 g (2.4 mmol) of tetraethyl
ammonium iodide, and 1.054 g (1.6 mmol) of bis(triphenylphosphine)NiCl> were added to the
solution. The mixture was heated to 65 °C for 72 hours or monitored by NMR until completion of
the desired product. The mixture was dried and subjected to short silica column using DCM while
warm to remove the Ullmann salts. Column chromatography was used to separate the product
using (9:1) hexanes:EtOAcC.

Copper(lI1) and (1) bis(ppy)bpy. The synthesis of the copper(11/1) shuttles was completed by stirring
an equimolar ratio of copper salt and bis(ppy)bpy dissolved in dry acetonitrile (5 mL). The mixture
was stirred for 24 hours at room temperature resulting in a green colored precipitate for Cu.
Crystallization was completed with ether diffusion into acetone. HRMS: calculated for

Cs2H22CuN4 = 525.1141, reported Cz2H22CuN4 = 525.1116.
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CONCLUSIONS

A unique proton-coupled reduction of CO, using rhenium tpy has been explored. Proton
sources with higher pKas (MeOH and H>O) were screened and showed selectivity for CO>
reduction and catalysis at the first reduction. However, more acidic proton sources with lower pKas
(TFE and phenol) favor proton reduction to generate hydrogen. Importantly, rhenium(m-tpy)
shows proton-dependent catalysis at the first reduction whereas its isomeric counterpart, in which
the free nitrogen is oriented away from the active site, does not show this activity but rather similar
behavior to that of Re(CO)sCl(bpy). A detailed mechanism to understand the role of the pendant
pyridine is currently being investigated.

First-generation copper systems supported by rigid tetradentate ligand platforms are shown to
be promising redox mediators. Trifluoromethyl substituents successfully shifted the Cu(l1/1) redox
potential higher but with a modest decrease in photo-to-current efficiencies when employed in
DSCs. FSAM treatment was shown to block the interaction of the copper complexes with the TiO>
layer as confirmed by impedance scans. Second-generation copper systems are currently being

developed with the aim to improve upon our first-generation systems.
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