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ABSTRACT: Strong-field hexadentate ligands were synthesized

and coordinated to cobalt metal centers to result in three new low- Tio
spin to low-spin Co(III/II) redox couples. The ligand backbone 2
has been modified with dimethyl amine groups to result in redox

potential tuning of the Co(III/II) redox couples from —200 to

—430 mV versus Fc*/°. The redox couples surprisingly undergo a

reversible molecular switch rearrangement from five-coordinate s 3
Co(II) to six-coordinate Co(III) despite the ligands being - R“é‘) S
hexadentate. The complexes exhibit modestly faster electron self- * b = ;:N,),'TQ ¢

exchange rate constants of 2.2—4.2 M™' s™' compared to the high-
-1
)

R,=H,R,=H
R,=NMe,, R,=H
R, =NMe,, R, = NMe,

spin to low-spin redox couple [Co(bpy);]*/*" at 027 M™' s
which is attributed to the change in spin state being somewhat

offset by this coordination switching behavior. The complexes were

utilized as redox shuttles in dye-sensitized solar cells with the near-IR AP25 + D3S dye system and exhibited improved
photocurrents over the [Co(bpy);]**/>* redox shuttle (19.8 vs 18.0 mA/cm?). Future directions point toward pairing the low-spin to
low-spin Co(II/III) tunable series to dyes with significantly more negative highest occupied molecular orbital potentials that absorb
into the near-IR where outer sphere redox shuttles have failed to produce eflicient dye regeneration.

B INTRODUCTION 1100 nm). Use of photons deeper in the NIR region has largely
been prevented by having suitable redox shuttles capable of
dye regeneration.g_12 Realization of DSSCs producing
electricity from NIR photons would also enable high-efficiency
tandem devices, which are capable of achieving over 30%
efficiency, to be realized.">"° For the efficient use of NIR
photons in DSSC devices, deeper-absorbing NIR dyes will
require redox shuttles with more negative redox potentials
while also minimizing the dye regeneration driving force
needed to maximize the available open-circuit voltage.
[Co(bpy),]**/** is an exceptionally high-performing outer-
sphere redox shuttle with a near record PCE of 14.2%
demonstrated in a DSSC device (Figure 1).%'° However, it
requires large driving forces of ~0.5 V for efficient dye
regeneration.'” This voltage loss is largely dictated by the
considerable inner-sphere reorganization energy, 4, of the
complex undergoing a high-spin Co(II) to low-spin Co(III)
transition upon oxidation, which reduces the dye regeneration

Dye-sensitized solar cells (DSSCs) remain a promising
renewable power generation technology that can be produced
at minimal cost with great tunability.”” DSSCs are composed
of sensitizer dyes to harvest photons, a mesostructured
semiconductor photoanode as an electron acceptor and
transport material, and redox couples to shuttle electrons
(redox shuttles) from the counter electrode to the oxidized
dyes in order to complete the circuit. The ability to modulate
the photoanode, dye, redox shuttle, and counter electrode of
the devices has allowed for gradual improvement of devices
with time. Power conversion efficiencies (PCEs) up to 14%
under 1 sun and 34.5% at 1000 lux intensity have been
demonstrated with various dye and redox shuttle systems. The
highest efficiencies have used either cobalt- or copper-based
outer sphere redox systems as their electrolyte.”~” Due to the
adjustable electron donation of the ligands to the metal
centers, the redox potential has been optimized to reduce the
driving force for dye regeneration, enabling the highest PCE
devices. The DSSCs utilizing copper and cobalt redox shuttles Received: November 11, 2022
have primarily focused on harvesting light between 300 and Published: January 3, 2023
800 nm, leaving a large section of the solar spectrum

unharvested and limiting the maximal efficiency attainable.

Achieving PCEs closer to 20% with DSSCs will likely require

harvesting photons deeper into the near-infrared (NIR, 800—
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Figure 1. Molecular structures of referenced cobalt redox shuttles for DSSCs, listed from left to right: cobalt tris(2,2’-bipyridine), [Co(bpy);]

3+/2+
’

cobalt bis(1,4,7-trithiacyclononane), [Co(tten),]3*/%", cobalt 2,6-bis(1,1-bis(2-pyridyl)ethyl)pyridine cyanide [Co(PY5Me,)(CN)]*/!*, and cobalt
2,6-bis(1,1-bis(2-pyridyl)ethyl)pyridine 2,6-dimethylphenyl isocyanide [Co(PYSMe,)(DMP-CN)]*/>,
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Figure 2. (Top reaction) stepwise reaction of 2-ethylpyridine, n-butyllithium, 2-fluoropyridine derivative, and 2,6-difluoropyridine derivative to
form compounds 1—3. (Middle reaction) reaction of 1—3 with imidazole to form compounds 4—6. (Bottom reaction) reaction of 4—6 with bis(2-

pyridyl)bromomethane to form the ligand series compounds 7—9.

rate."® Our group has attempted to minimize the driving force
by changing the spin state of cobalt redox shuttles by inducing
low-spin Co(II) complexes. By inducing a low-spin Co(II) to
low-spin Co(III) electron-transfer process, the inner-sphere
reorganization energy is decreased, reducing the necessary
driving force for dye regeneration. 1929 Two of the redox
shuttles [Co(tten)]>/** (tten itrithiacyclononane) and [Co-
(PY5Me,) (DMP-CN)J**/** [PYSMe,, is 2,6-bis(1,1-bis(2-
pyridyl)-ethyl)pyridine and DMP-CN is 2,6-dimethylphenyl
isocyanide] showed efficient dye regeneration but still resided
at redox potentials too positive for NIR sensitizers (Figure 1).
In addition, the performance of [Co(ttcn)]**/%* was limited by
recombination, which we suggest can be improved via a
combination of reducing the driving force for recombination,
that is, pushing the potential negative, and increasing the
reorganization energy. Another low-spin Co(Il) redox shuttle,
[Co(PY5Me,)(CN)]**/!*, demonstrated a suitably negative
redox couple but suffered from stability issues and the
formation of dimer and cluster complexes in solution.”’
Herein, a series of cobalt redox shuttles are synthesized with
the goal of increased stability, redox potential tunability, and a
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strong-field ligand framework for low-spin Co(II) redox
couples. Inspiration came from the PYSMe,, PY4Im, and
bpyPY4 ligands previously coordinated to cobalt.*** The
PY4Im ligand induced a low-spin Co(II) complex and a more
negative redox potential due to the strong sigma donation of
the incorporated N-heterocyclic carbene (NHC). The bpyPY4
ligand demonstrated improved stability when coordinated to
cobalt and used as a DSSC redox shuttle. To increase the
stability and induce low-spin Co(Il) complexes, a new
hexadentate NHC carbene ligand that also allows for
incorporation of dimethylamine (DMA) functional groups to
adjust the redox potential is reported. This has resulted in a
new series of low-spin to low-spin cobalt(III/II) redox shuttles
to be paired with NIR sensitizers at more negative potentials.

B EXPERIMENTAL SECTION

All chemicals and materials were obtained from commercial suppliers
unless otherwise noted (MiliporeSigma, Oakwood Chemical, Alfa
Aesar, Solaronix, Cambridge Isotopes, Great Cell Solar, Solaronix, and
Dyenamo). All solvents used for the synthesis of compounds 1—3 and
10a—12b and the measurements of the cobalt complexes were dried

https://doi.org/10.1021/jacs.2c12017
J. Am. Chem. Soc. 2023, 145, 13671377
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Figure 3. (Top reaction) coordination of the hexadentate ligand to Co(II)triflate. (Bottom reaction) oxidation of the Co(II) complexes to Co(III)

with ferrocenium triflate.
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Figure 4. Crystal structures of the Co(II) and Co(III) complexes.

[Co(PYSIMDMA1)](OTf)2

[Co(PY5IMDMA1)(OTf)s

[Co(PY5IMDMA2)J(OTH)2

[Co(PY5IMDMA2)](OTfs

over activated 3 A molecular sieves for 2 days and were then degassed
using a Schlenk line before being stored in a nitrogen-filled glovebox
for use. Potassium carbonate was dried for 24 h under vacuum at 100
°C before being used in the synthesis of 10a—12b. 4-Dimethylamino-
2-fluoropyridine and 4-dimethylamino-2,6-difluoropyridine were
synthesized according to previously established procedures.*®
Bromobis(2-pyridyl)methane was synthesized from 2-(2-
pyridylmethyl)pyridine, both of which were synthesized following
reported procedures.”*”” [Fc](OTf), [FcMe,](OTf), [FcMe,g](OTH),
and [FcMe,o](OTf), where Fc is ferrocene, were synthesized
following a reported method in a nitrogen-filled glovebox.”® Detailed
synthesis, characterization, and measurement details are in the
Supporting Information. DSSC devices fabricated with LEG4 (3-{6-
{4-[bis(2',4'-dibutyloxybiphenyl-4-yl)amino- |phenyl}-4,4-dihexyl-cy-
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clopenta-[2,1-b:3,4-b"]dithiophene-2-yl}-2-cyanoacrylic acid) were
fabricated following modified reported procedures.”® DSSC devices
fabricated with AP2S + D3S$ were fabricated according to a modified
report. AP2S5 is (E)-3-(4-(6-(4-(bis(4-(hexyloxy)phenyl)amino)-
phenyl)-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, and D35 is (E)-3-(5-(4-bis(2’,4'-
dibutoxy-[1,1’-biphenyl]-4-yl)amino)phenyl)thiophen-2-yl)-2-cya-
noacrylic acid.'®> The structures of LEG4, AP2S, and D35 are
reported in the Supporting Information (Figure S38). AP2S is
prepared as previously described.'® The AP25 + D35 DSSC devices
were sealed with a UV-light curing adhesive as previously described.””
Details are provided in the Supporting Information. At least 10 dye-

https://doi.org/10.1021/jacs.2c12017
J. Am. Chem. Soc. 2023, 145, 13671377
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Table 1. Metal-to-Ligand Bond Distances (A) from Single-Crystal X-ray Diffraction Data

complex Co—N;, Co—N,
[Co(PYS5Im)]** 1.926(3) 1.998(3)
[Co(PYSIm)]** 1.990(3) 1.958(3)
[Co(PYSImDMAL)]* 1.9557(2) 1.9256(2)
[Co(PYSImDMA1))** 1.953(2) 1.923(3)
[Co(PYSImDMA2)]* 1.9359(2) 1.9608(2)
[Co(PYSImDMA2)]** 1.923(5) 1.960(5)

Co—Nj, Co—N, Co—Njy Co—C,
2.086(3) 1.973(3) — 1.847(4)
1.959(3) 1.952(3) 1.974(3) 1.865(3)
2.073(2) 1.959(2) — 1.830(2)
1.938(2) 1.979(2) 1.935(3) 1.863(3)
2.1056(2) 1.9511(2) — 1.830(2)
1.930(6) 1.974(5) 1.950(5) 1.853(7)

sensitized solar cells were measured for each electrolyte condition,
and the average is given with standard deviations.

B RESULTS AND DISCUSSION

The hexadentate ligands PYSImBr, PYSImDMAIBr, and
PYSImDMA2Br were synthesized in three steps (Figure 2).
First, one-pot syntheses of PY3FDMALI and PY3FDMA?2 were
developed which took inspiration from the previously reported
synthesis of PY3F.** By introducing dimethyl amine groups in
the para positions of the pyridine precursors, the tris(pyridyl)
unit could have three variations in donating ability. The three
pyridine units were coupled together by addition of lithiated
ethyl pyridine to the appropriate 2-fluoropyridine derivative,
followed by the addition of the appropriate 2,6-difluoropyr-
idine derivatives. The second step was the nucleophilic
substitution of fluorine with imidazole following a previously
developed synthesis method for similar multidentate ligands to
introduce the NHC unit.*" In a similar method to the synthesis
of PY4Im, the resulting compounds PY3Im, PY3ImDMAL1, and
PY3ImDMA2 were then reacted with bromobis(2-pyridyl)-
methane to give the cationic hexadentate ligand products in
good yields (61-78%).”’

Transmetallation with Ag,O was attempted to coordinate
the PYSIm ligand to cobalt metal centers following the
procedure reported for the analogous PY4Im ligand. While
coordination to the silver ion was found to occur, coordination
attempts to Co(OTTf), with the silver-bound ligand resulted in
mixtures of Co(II) and Co(III) ligand-bound complexes along
with other impurities. We therefore attempted deprotonation
with an excess of K,CO; as a mild base which resulted in
successful coordination to the Co(II) center with the carbene
and pyridine units without partial oxidation to Co(IIL). The
bromide ion was removed with thallium(I) triflate resulting in
the Co(II) complexes: [Co(PYSIm)](OTf),, [Co-
(PYSImDMA1)](OTf),, and [Co(PYSImDMA2)](OTS),
(Figure 3). The Co(II) complexes were then oxidized in the
presence of ferrocenium triflate to result in the Co(IIl)
complexes [Co(PYSIm)](OTf);, [Co(PYSImDMA1)](OTf),,
and [Co(PYSImDMA2)](OTf),.

Crystals of 10a, 10b, 11a, 11b, 12a, and 12b were grown
and analyzed via single-crystal X-ray diffraction. Interestingly,
the structures showed that all three Co(Il) complexes were
five-coordinate, while the Co(III) complexes were six-
coordinate, despite the ligand being hexadentate (Figure 4
and Table 1). For the [Co(PYS5Im)](OTf), complex, two
different structures (A and B) were present within the unit cell.
The A and B structures were found to be nearly identical, so
only the A structure is shown in this work (Figure 3 and Table
1). The change in the coordination number due to the redox
event has molecular switch behavior; however, other cobalt
Co(III/II) molecular switches generally change stereochemis-
try and not the coordination number.**™>* Bach Co(II)
complex has a pseudo square pyramidal geometry but with
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large distortions from the ideal geometry. The geometry is
likely due to strong Jahn—Teller distortion from the low-spin
d7 electronic configuration of all the Co(II) complexes, as
confirmed by the Evan’s method (Figure S and Table 2). Large
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Figure S. Effects of Jahn—Teller distortion on crystal field splitting of
Co(II) and Co(III) complexes reported.

distortions from octahedral geometries have also been seen for
the [Co(PY5Me,) (CN)](OTY), [Co(PY5Me,DMP-CN)]-
(PF¢),, and [Co(ttcn)](BF,), comglexes; however, these
examples are all six-coordinate.”””"*> There are other
examples of both five-coordinate and six-coordinate low-spin
Co(II) complexes, and a cursory observation is that the ligand
systems with more flexibility are typically six-coordinate due to
their ability to accommodate the Jahn—Teller distortion.**™*
One example utilizing a pentadentate thiocarbohydrazide-
based ligand with four low-spin Co(II) metal centers
demonstrates two six-coordinate metal centers and two five-
coordinate metal centers.’® However, the same ligand
coordinated to four Fe(IlI) metal centers is octahedral. In
both complexes, the bond angles of the coordinating atoms
with the metal are distorted, indicating significant strain.
Likely, in the case of low-spin Co(II) complexes, the energy
difference between an octahedral and square pyramidal
geometry is close enough that ligand strain is more of a
contributing factor than in the case of the octahedral Fe(III)
cluster. The Co(II) to ligand bond distances and angles are
nearly identical for all the complexes measured, indicating that
the DMA additions have little impact. Upon oxidation, each
complex coordinates the pendant pyridine moiety to form a
distorted octahedral geometry. The three Co(III) complexes
have nearly identical coordination environments, indicating
that the reorganization energies should be very similar for all
three Co(III/II) couples.

Cyclic voltammograms were collected for each complex in
acetonitrile (Figure 6). The Co(III/II) and Co(II/I) waves

https://doi.org/10.1021/jacs.2c12017
J. Am. Chem. Soc. 2023, 145, 13671377
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Table 2. Effective Magnetic Moment, Redox Potential vs Fc'/Fc, Diffusion Coefficient, and Electron Self-Exchange Rate

Constants for Co(II/IIT) Redox Couples

Hefi (ﬂb)
46"
1.81 + 0.02
2.02 + 0.06
1.72 + 0.0S

Co(II) complex
[Co(bpy);](PFs),
[Co(PYSIm)](OTf),
[Co(PYSImDMA1)](OTf),
[Co(PYSIMDMA2)](OTf),

E,,vs Fc'/Fc (V)
—0.066

—0.205 =+ 0.003
—0.299 + 0.003
~0.426 + 0.001

D (ecm? s7)
8.7 + 0.4 X 1075
6.6 + 0.5 X 107°
82+ 09 x 107
9.7 +0.8 x 107¢

kyy (M_l S_l)
027"
42+ 03
24 + 0.1
22+ 0.1

Co(lni/u)

Co(l1/1)

Co(llI/1)

Current (A)

Co(ln/n)

-2 -1.5 -1 -05 0 0.5 1
Potential (V vs Fc*Fc)

Figure 6. Cyclic voltammograms of 2 mM [Co(PYSIm)](OTf),
(red), [Co(PYSImDMA1)](OTf), (green), and [Co-
(PYSImDMA2)](OTf), (blue) in 0.1 M LiOTf in acetonitrile at a
scan rate of 100 mV s™*. The initial scan direction is indicated with an
arrow, and each cyclic voltammogram was started at approximately
—2.1 V vs Ec*/Fc.

were visible, with anodic and cathodic peak currents linear with
scan rate and a ratio close to 1, thus assigned to be
electrochemically quasi-reversible (Figures S4—S9). We note
that a four-coordinate Co(IIl) complex has been reported with
similar behavior."' In both the reported complex and these
complexes, the change in coordination results in a rearrange-
ment in the ligand environment around the metal but with no
new ligands in the inner coordination sphere. The change in
the coordination number will affect the inner-sphere
reorganization energy, but it seems to not affect the
electrochemical (quasi-) reversibility in both cases. This is
analogous to complexes that undergo large metal-to-ligand
bond distance changes upon electron transfer without a change
in the coordination number. The diffusion coeflicients for the
[Co(PYSIm)](OTf);/, [Co(PYSImDMAL)](OTf);/,, and
[Co(PYSImMDMA2)](OTf);,, complexes were found to be
nearly identical to each other and to [Co(bpy);](PF¢);/
(Table 2). Introduction of the NHC carbene unit into the
ligand framework results in a 140 mV negative shift in the
redox potential of [Co(PYSIm)](OTf);,, compared to that of
[Co(bpy);]**/**. The redox potential of the unsubstituted
[Co(PYSIm)](OTf);/, couple was also found to be approx-
imately 10 mV negative of the [Co(PY4Im) (ACN)](OTE);,,
couple and several hundred millivolts negative of the
[Co(PYSMe,)(ACN)];/, couple previously reported.”>*’
The addition of the electron-donating dimethyl amine groups
to the ligand results in additional shifts in the redox potential
of approximately 100 mV for each dimethyl amine group
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relative to the parent complex [Co(PY5Im)]*/2*, Similar shifts
in redox potential have been previously reported with
terpyridine ligands on cobalt with varying numbers of dimethyl
amine groups.

Stopped-flow experiments were performed to determine the
electron-transfer self-exchange rate constant for each cobalt
complex by monitoring cross-exchange reactions. The
ferrocene derivatives FcMe,, FcMeg, and FcMe,, were used
as standards due to their well-defined self-exchange rate
constants and their close redox potentials to the cobalt
complexes to slow down the observed cross-exchange rates to
the instrument’s time scale. The self-exchange rate constant of
each ferrocene derivative was measured by the NMR line
broadening method in deuterated acetonitrile with LiOTf
supporting electrolyte to imitate conditions in DSSC electro-
lytes (Tables S10—S12).** The self-exchange rate constants
were found to be 6.8 + 0.8 X 10% 2.0 + 0.4 X 107, and 3.8 +
0.7 X 10’ M~" 57! for [FcMe,](OT¥), /o, [FcMeg](OTH), o, and
[FcMe,o](OTf), /o respectively, all of which are in good
agreement with previous reports."”*® Knowing the self-
exchange rate constant and redox potential of each ferrocene
derivative, cross-exchange experiments were performed to
determine the electron-self-exchange rate constant of each
cobalt complex (eqs 1—3). Pseudo-first-order conditions were
utilized where the ferrocene complexes were prepared at a 10-
fold excess or greater relative to the cobalt complexes. The
concentration of one of the ferrocene derivatives was then
increased to change the observed rate constant of the reaction.
The data were fit to a single exponential function to extract the
observed rate constant for each concentration (eq 4)

[Co(PYSIm)](OTY), + [FcMe,](OTY)

Eﬁ [Co(PYSIm)](OTf), + [FcMe,]

(1)
[Co(PYSImDMALI)](OTf), + [FcMeg]
Fiy [Co(PYSImDMAI1)](OTY), + [FcMe,](OT)
()
[Co(PYSIMDMA2)](OTf), + [FcMe,,]
LY [Co(PYSImDMA2)](OTf), + [FcMe,,](OTf)
(3)
A=A+ (Ay — A )e ko (4)

For each Co(II) complex, a metal-to-ligand charge-transfer
absorbance feature is seen at the edge of the visible spectrum,
providing a strong signal to observe at 400 nm for the
experiments (Figures S1—S3). In the case of [Co(PYSIm)]-
(OTA)s,5, the [Co(PYSIm)](OTf), complex was oxidized by
[FcMe,](OTY) resulting in a decrease in the signal at 400 nm,
as shown in Figure 7a. Fitting each exponential, k,, was
obtained for each [FcMe,](OTf) concentration. From the

https://doi.org/10.1021/jacs.2c12017
J. Am. Chem. Soc. 2023, 145, 13671377
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Figure 7. (a) Cross-exchange reaction between 0.015 mM [Co-
(PYSIm)](OTf), with 0.25 mM [FcMe,](OTf) observing the decay
of the [Co(PYSIm)](OTY), signal at 400 nm. (b) Pseudo-first-order
rate constants, k., vs the concentration of [FcMe,](OTf) for the
reactions between [Co(PY5Im)](OTf), and [FcMe,](OTf).

slope of k., versus concentration of [FcMe,](OTf), the cross-
exchange rate constant k;, was obtained (Figure 7b). Using the
equilibrium constant K;,, determined from the difference in
redox potentials and the measured self-exchange rate constant
of the [FcMe,](OTf),),, the electron self-exchange rate
constant k;; was determined from the simplified Marcus
cross-relation for the [Co(PYSIm)](OTf);,, couple (Table 2
and Table $13).*7*

ki, = JkikpKi, (3)

For [Co(PYSIm)](OTf)s,,, a self-exchange rate constant of
42 + 03 M7! s7! was found, which is surprisingly small.
[Co(PYSImDMA1)](OTf);,, and [Co(PYSImDMA2)]-
(OTf);,, were also crossed with [FcMeg](OTf),,, and
[FcMe,(](OTf), /o respectively. The resulting electron self-
exchange rate constants of the three redox shuttles fall within
close agreement, suggesting that adjustments in potential by
the dimethyl amine groups have little to no effect on the
reorganization energy (Table 2). For comparison, the self-
exchange rate constant for the low-spin [Co(ttcn),]>"/*" is 9.1
+0.7 % 10° M~' s71.' The self-exchange rate constant for the
related [Co(PY5Me,) (CN)]*/* complex was determined to
be an intermediate value of 20 + 5.5 M™' s7!, which was
necessarily measured without a supporting electrolyte and
therefore represents an underestimated basis of comparison.”!
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In contrast, [Co(bpy);](PF¢);/, has an order of magnitude
slower self-exchange rate constant of 0.27 + 0.06 M~ 57,
which was attributed to a large inner sphere reorganization
energy from the structural changes associated with low-spin to
high-spin Co(III/1I) electronic configurations.'”

Values of 4; were calculated by subtracting the outersphere
reorganization energy, 4,, from the total reorganization energy
of the self-exchange reaction, A, following the procedure
previously reported.*” Details of the calculations and results are
provided in the Supporting Information (Table S14). The 4; of
the [Co(PYSIm)](OTf),/, couple is ~0.37 eV lower than that
of [Co(bpy);](PFq)s5; 2.2 versus 2.6 €V, respectively. The
average Co—N and Co—C bond-length change of the five
donor moieties of the PYSIm ligand which remain bound to
the Co center in both oxidation states is only ca. 0.05 A. For
comparison, an average change of 0.19 A in Co—N bond
lengths from the reduction of the [Co(phen);]*" to [Co-
(phen),]** complexes, structural analogues to [Co(bpy);]**/*,
was determined previously.”® Considering the relatively small
average bond length changes for [Co(PYSIm)](OTf);,,, we
can deduce the reversible binding of an exogenous ligand
contributes on the order of 2 eV to the total reorganization
energy. Thus, while tuning the cobalt complexes toward a low-
spin Co(II) species does appear to reduce the inner sphere
reorganization energy significantly, as evidenced by the
relatively small bond length changes; this is largely offset by
the large structural changes resulting from five-coordinate
Co(1I) to six-coordinate Co(I1I) molecular switching behavior.
This finding opens up an unexpected additional strategy to
control electron-transfer kinetics.

Dye-sensitized solar cells employing the standard organic
sensitizer LEG4 were prepared to evaluate the performance of
the new series of redox shuttles (Figure $38).” All the Co(1I)
concentrations were limited to 0.16 M due to solubility
limitations of the [Co(PYSImDMA2)](OTf), complex. We
found that the common base additive 4-tert-butylpyridine
(TBP) coordinates to the open site of the [Co(PYSIm)]-
(OTf), complex. Upon addition of TBP to the electrolyte, as
well as other common coordinating bases, the solution
potential shifts negative by approximately 200 mV, which
complicates analysis and diminishes performance. This shift in
solution potential is attributed to coordination of the TBP to
the open Co(Il) sight, similar to prior reports on Cu(I)
complexes.”® This observation supports the fact that strain is
an important factor for the three PYSIm Co(II) complexes
being five-coordinate. Otherwise, the free base in solution
would not coordinate readily to the complex, while the hanging
pyridine remains uncoordinated. Several alternative bases were
investigated and the inductively withdrawn base 4-
(trifluoromethyl)pyridine (TFMP) and the sterically hindered
based 2,6-di-tert-butylpyridine were found to be compatible
with the cobalt complexes, with no significant shifts in solution
potential observed (Table S15). Therefore, TEMP was used as
a base additive to improve the voltage output of the cells. A
comparison of TEMP versus TBP with [Co(bpy);]>"/*" is
provided in the Supporting Information showing a higher
photocurrent and lower photovoltage with TFMP (Table S16
and Figures S43—546).

The electrolyte of all cells consisted of 0.16 M Co(II), 0.04
M Co(III), 0.1 M Li(OTf), and 0.2 M TFMP. Comparing the
current density (J) versus the applied voltage (V) behavior
under simulated AM 1.5 illumination, each redox shuttle
produces similar current densities, with the exception of

https://doi.org/10.1021/jacs.2c12017
J. Am. Chem. Soc. 2023, 145, 13671377



Journal of the American Chemical Society

pubs.acs.org/JACS

[Co(PYSIm)]**/* being slightly larger (Figure 8a and Table
3). This suggests that dye regeneration is not limiting device
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Figure 8. (a) Current density vs voltage curves under 100 mW cm™

illumination for [Co(PYSIm)](OTf);/, (red), [Co(PYSImDMA1)]-
(OTf),, (green), and [Co(PYSImDMA2)](OTf)s,, (blue). (b) The
incident photon-to-current conversion efficiency (diamonds) of each
redox couple and the integrated J. from the IPCE spectra (squares).

performance since more negative solution potentials of the
redox couple would increase the driving force for dye
regeneration and photocurrent if this were the case. Inspection
of the incident photon-to-current efficiency (IPCE) spectra
demonstrates an increase in IPCE response for [Co-
(PY5Im)]**/2* relative to [Co(PYSImDMA1)]*/?* and [Co-
(PYSImDMA?2)]**/?*, The integrated current densities found
from IPCE align well with those from the J—V measurements
(Figure 8b). This indicates that diffusion of the redox shuttles
through the TiO, is not a major issue since the current density
from the AM 1.5 spectrum matches well with the IPCE
integrated current density which is measured at a lower light
intcensity.55

The IPCE is determined by the product of the light-
harvesting efficiency, the electron injection efficiency, the dye
regeneration efliciency, and the charge collection efficiency.
The light-harvesting efficiency is nominally identical for the

three electrolytes because the same dye and photoanode are
utilized and minimal differences are present in the competitive
absorbance over the 450—650 nm region. The observation that
the IPCEs from the three electrolytes are relatively flat over the
450—650 nm region also indicates that they are not controlled
by light-harvesting or the charge collection efficiency which
would result in shapes resembling the dye absorbance
spectrum.'” Therefore, the higher IPCE of [Co(PYSIm)]**/**
relative to that of [Co(PYSImDMA1)]**/?* and [Co-
(PYSIMDMA2)]**/** can be attributed to either a higher
regeneration or injection efficiency. Differences in regeneration
efficiency are counterintuitive and ruled out above. Therefore,
we propose that the electron injection efficiency is higher for
[Co(PY5Im)]3*/?*, This is quite unexpected since the dye and
electrolyte additives are constant and therefore suggests that
the conduction band is shifted negatively for [Co-
(PYSImDMA1)]**/?* and [Co(PYSImDMA2)]**/?* which
inhibits injection.

Surprisingly, the V. of each new cobalt redox shuttle is
within error of each other despite over 200 mV difference in
the formal solution potential. A more negative solution
potential is anticipated to decrease the open-circuit voltage
in the absence of competing factors. A constant V., however,
indicates the Fermi level shifts with the solution potential.
Decreased recombination will increase the electron concen-
tration in TiO, at steady state and will result in the Fermi level
moving closer to the conduction band edge which may account
for some of the shift."® We note, however, that a 200 mV shift
in Fermi level would result from 3—4 orders of magnitude
reduction in recombination (59 mV/decade), which is much
larger than expected. Alternatively, a conduction band edge
shift can likewise affect the voltage. This conduction band edge
shift agrees with the analysis of the IPCE spectrum above. We
have shown previously that the band edges of nanoparticle
TiO, can vary quite a bit due to charging,’” but the band shift
due to the addition of DMA groups on the redox couple is very
surprising and the exact cause is not clear at this point and is
the subject of future investigations.

The electrolyte based on [Co(PY5Im)]**/2* was selected for
further testing with an NIR record photocurrent-generating
dye system, AP25 + D35 (Figure $38),'° based on
[Co(PYSIm)]**/** exhibiting the highest photocurrent of the
series with LEG4-based devices. Devices were fabricated and
compared to the [Co(bpy);]**/** redox shuttle which has a
modest regenerative driving force (240 mV) for this redox
shuttle with the AP25 + D35 system. [Co(PY5Im)]*/**-based
devices resulted in a higher short-circuit photocurrent density
compared to [Co(bpy);]>*/**-based devices (19.8 mA cm ™ vs
18.0 mA cm 2, Table 4 and Figure 9). The larger photocurrent
is likely due to faster regeneration from the combination of
faster self-exchange kinetics and a larger regenerative driving
force (380 mV) for [Co(PY5Im)]**/>* when compared with
[Co(bpy);]**/?*. This change in photocurrent is primarily
observed as an increase in the IPCE between 600—850 nm

Table 3. DSSC Summarized Performance under 100 mW cm™2 Illumination

electrolyte E, (V)7 V. (V)
[Co(PY5Im)]>+/** —0.274 047 + 0.02
[Co(PYSImDMA1)]>/ —0.352 0.45 + 0.02
[Co(PYSImDMA2)]>/> —0.460 0.47 + 0.01

Joo (mA cm™?) FF PCE
11.6 + 0.5 0.42 + 0.02 23 +£02
9.9 + 0.7 0.42 + 0.03 1.9 £ 02
10.3 + 0.4 0.45 + 0.03 22402

“The solution potential of each electrolyte measured versus Fc*/Fc prior to injection into the devices.
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Table 4. Device Data for AP25 + D35 Devices with [Co(PY5Im)]*/?* and [Co(bpy),]**/**

Voc (mV) Jsc (mA cm™) FF PCE
[Co(PY5Im)]>*/* 503 + 4 19.8 + 0.4 045 + 0.01 448 + 0.12
[Co(bpy),)**/* 576 £ 3 18.0 + 0.2 0.65 + 0.01 6.75 + 0.09
24 0.1
a E +/2+ ] +/2+
(@) 22 — [Co(PY5In;);: ” - — [Co(PY5Im)"™
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§ 18
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= 147 E 0.01
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Voltage (V) Figure 10. SMPVT plots of AP25 + D35-based DSSC devices with
[Co(PYSIm)]**/2* and [Co(bpy),]****.
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\,) P CB and the redox shuttle. To further analyze the
17 R0~ . =4=’ 5 recombination rate, the total Vg loss (Vo) values were
50 oo ’*3::—::?_ | 15 2 analyzed via the equation VOC"’Ss = Vo™ — VOC°bS, where
/-’<¢ k. o Vo™ is the Vo observed in the DSC device and Vo™ is the
—_ - = % % 3 energetic difference between the TiO, CB and the redox
& ya \ o shuttle potential.”® Assuming a commonly taken conduction
5 401 .f' . - 10 3 band value of —0.5 V versus for TiO, and a 300 mV TiO, CB
| v \‘ =1 shift (see discussion below) to a more positive value, a Vo™
r =3 of 0.63 V is possible with [Co(PY5Im)]**/*" and 1.07 V is
204 e A . L5 ? possible with [Co(bpy);]**/** which does not show the same
7 o [Co(PY5lm)]3+/2+ 3 TiO, CB shift (see discussion below). A Vo of 130 mV is
T L Colb 34/2+ ‘\3 ~ observed with [Co(PYSIm)]**/** compared to a value of 490
0__’_/ —&- [Co(bpy)s] Moo, o mV with [Co(bpy);]**/*".
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Figure 9. (a) JV plots of AP25 + D35-based DSSC devices with
[Co(PYSIm)]**/** and [Co(bpy);]*/*. (b) IPCE plots of AP25 +
D35-based DSSC devices with [Co(PYSIm)]**/>* and [Co-
(bpy)s**/*".

(Figure 7b). The broadening of the spectra indicates increased
charge collection efficiency at wavelengths where the dye,
AP2S, has a lower extinction coeflicient and D3S$ is
nonabsorbing. This observation suggests there is decreased
recombination for the [Co(PYSIm)]>*/?* redox shuttle.”

To better understand recombination losses, small modulated
photovoltage transient (SMPVT) studies were carried out to
probe the changes in electron lifetime in TiO, (Figure 10). A
longer lifetime is observed with [Co(PYSIm)]**/** at the Vi
of this DSSC device than with [Co(bpy);]**/** at the Vo of
this DSSC device. However, extrapolating the trend lines to a
common voltage value reveals a modestly longer electron
lifetime with [Co(bpy);]**/?* than that with [Co-
(PYSIm)]**/>* at a hypothetical common voltage. Thus, the
longer lifetime observed with [Co(PYSIm)]**/*" at the
respective DSSC device V¢ is likely due in part to a lower
driving force for recombination between electrons in the TiO,
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The recombination kinetics can generally be described in
terms of Marcus theory, where the rate constant is a function
of driving force and reorganization energy. In our previous
report on the only other low-spin Co(Il) redox shuttle
employed in DSSCs, [Co(tten),]**/?*, the significantly lower
reorganization energy resulted in faster recombination, shorter
diffusion lengths, and lower photocurrents relative to [Co-
(bpy);]**/*"."” In contrast, the modestly lower reorganization
energy of [Co(PY5Im)]**/? relative to that of [Co(bpy),]**/**
is compensated by a concomitant more negative potential
which reduces the driving force for recombination. As a result,
[Co(PY5Im)]>/** allows superior dye regeneration relative to
[Co(bpy);]>*/** without sacrificing recombination losses. Full
exploitation of this advantage will require pairing with dyes
capable of absorbing further into the NIR, which is currently
being pursued in our labs.

Possible relative shifts in the conduction band can be
approximated by correlating the electron density in TiO, with
the charge density, providing that the same porosity, thickness,
and particle sizes are used in DSSC device fabrication.”” In
these experiments, the electronic states in TiO, are shifted
toward lower energy for [Co(PYSIm)]**/** relative to
[Co(bpy)3]3+/ 2* at the same concentration of electrons in
TiO, to give an approximately 300 mV lower voltage (Figure
11, dashed lines). Since the V. of the devices is observed to
only be about 73 mV lower for the [Co(PY5Im)]**/?**-based

https://doi.org/10.1021/jacs.2c12017
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Figure 11. Extracted charge density vs volta%e plots of AP2S + D35-
based DSSC devices with [Co(PYS5Im)]**/** and [Co(bpy),]*/*".
Note: the [Co(bpy);]**/** trendline is forecasted in gray beyond the
data points available to allow for a common charge density assessment
of the two data sets.

DSSC devices relative to [Co(bpy);]>*/*, the additional 227
mV change in voltage observed from the charge extraction
measurement at open circuit suggests a shift of this amount in
the TiO, CB energy to lower values for [Co(PYSIm)]>*/**
relative to [Co(bpy), ]3+/ 2, without device Vyc®. This
indicates that the Vo' is significantly less for [Co-
(PYSIm)]**/%* since the Vo™ term is determined by the
TiO, CB energy. Thus, the Vo™ with [Co(PYSIm)]**/**
would be approximately 130 mV which compares favorably to
the 490 mV loss with [Co(bpy);]>*/*". We note that a 130 mV
Vol is exceptional within the DSSC field.*’

Bl CONCLUSIONS

A new hexadentate ligand and redox system have been
prepared that have resulted in three new Co(III/II) redox
shuttles. The carbene and addition of dimethyl amine groups
result in a tunable framework at significantly negative redox
potentials. Introduction of the strong-field NHC carbene
induced low-spin Co(II) complexes which increased the
electron self-exchange rate constant. The self-exchange rate
was modestly improved relative to other low-spin Co(II) redox
couples measured previously due to the five-coordinate to six-
coordinate molecular switch behavior. The driving force for
dye regeneration could likely be minimized further if the
distortions of low-spin Co(II) redox shuttles were reduced to
increase the self-exchange rate. Unfortunately, the Co(II)
complexes suffered from undesirable coordination effects in the
presence of more donating pyridine bases that prevented
further increase of the open-circuit voltage by adding them to
the electrolyte. The lower self-exchange and instability to bases
could possibly be fixed by a more flexible strong-field ligand
system such as ttcn that can better absorb the structural
distortions. The redox shuttle series had high photocurrents
with the LEG4 sensitizer, were not limited by dye
regeneration, and appeared well suited for NIR dye systems
with more negative HOMO energy levels like that of the AP25
+ D35 system tested here. The [Co(PYSIm)]**/** redox
shuttle improved the photocurrent relative to [Co(bpy);]**/**
with AP25 + D3$, providing a proof of concept of more
negative redox shuttles paired with NIR sensitizers giving
improved photocurrent. Future work points toward integrating
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this redox series with dyes that absorb further into the NIR
which would enable single devices or tandem DSSCs that
could harvest photons from 300—1200 nm analogous to silicon
photovoltaics.
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