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ABSTRACT

The development of light-harvesting architectures with broad absorption coverage in the visible
region continues to be an important research area in the field of artificial photosynthesis. Here, we
introduce a new class of ethynyl-linked panchromatic dyads comprised of dibenzophenazines
coupled ortho- and meta- to tetrapyrroles with an anchoring group that can be grafted onto metal
oxide surfaces. Quantum chemical calculations and photophysical measurements of the
synthesized materials reveal that both of the dibenzophenazine dyads absorb broadly from 300 nm
to 636 nm and exhibit absorption bands different from those of the constituent chromophore units.
Moreover, the different points of attachment of dibenzophenazines to tetrapyrroles give different
absorption profiles which computations suggest result from differences in the planarity of the two
dyads. Applicability of the dyads in artificial photosynthesis systems was assessed by

incorporation of them and characterization of their performance in dye-sensitized solar cells.
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= Introduction

The development of artificial photosynthetic systems could benefit from a rational design of
light-harvesting molecular architectures that maximally absorb solar energy and drive chemical
processes for energy conversion and storage.!" Natural photosynthetic antennas often include
pigments that absorb in complementary regions of the solar spectrum to achieve an overall
panchromatic absorption.®!2 Previous efforts to develop artificial panchromatic systems made use
of various dyads and arrays comprised of tetrapyrroles, perylenes, polycyclic and heterocyclic
aromatic hydrocarbons.!3-3° In many cases, one or more accessory chromophores or conjugated
moieties were appended to a primary non-panchromatic absorber, such as a porphyrin or a bay-
annulated indigo,?® via conjugated linkers, and the strong electronic coupling yielded absorption
profiles considerably different from the sum of the spectra of the constituents chromophore units,
affording strongly-coupled panchromatic absorbers. Design principles have been established by
comparisons of newly-synthesized panchromatic dyes to well-studied dyes.?*-32-37-44 In this study,
we made use of those principles to generate a list of possible phenazine-based tetrapyrrole dyad
structures and identified the most promising candidates for extensive synthesis by computational
screening and experimental characterizations.

Phenazines are highly conjugated heterocycles that can be structurally modified by many
convenient synthetic methods.*-33 For example, a simple condensation of o-phenylenediamine
derivatives with functionalized o-quinones directly permits a variety of polyaromatic-based
structures.*46>% Accordingly, they are widely used as building blocks for a wide range of
applications, including anticancer agents,>>>’7 fluorescent markers in biological systems,>3-¢!

electroactive materials for OLEDs,’%%? organic electronics,®® and conductive polymers,

photoredox catalysts,® and as photoactive materials for photocatalysis and dye-sensitized solar
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cells (DSSCs).%¢-70 Phenazines are particularly attractive as light-absorbing molecules because
their absorption bands can be systematically tuned by increasing the number of arene rings
(Figure 1). However, the majority of reported phenazines have limitations from their low
extinction coefficients and their maximum absorption occurring in the green visible region. We
envisioned that one route to overcome these limitations could be the attachment of porphyrins to
phenazine because porphyrins exhibit high molar extinction coefficients and feature absorption
bands that stretch deeply into the red visible region. To ensure strong electronic perturbation
between the phenazine and porphyrin pigments, we chose an ethynyl linker, which is widely
employed in strongly coupled porphyrin architectures.*’-’1-78 As expected from the strong
electronic coupling between the phenazine and the porphyrin, computations show that the
absorption spectrum of the dyads are different from a mere sum of the spectra of the constituent
fragments.

Our work fills a gap in the existing literature by demonstrating a new class of panchromatic
dyads comprised of phenazines coupled to tetrapyrroles with an anchoring group that can be
grafted onto metal oxide surfaces. In many other panchromatic dyad systems, the two constituent
chromophores are chosen to have complementary absorption profiles, and typically both
components are strongly absorbing. The phenazine used here has a low molar absorption
coefficient and absorbs to the blue side of the Soret band, but it is still capable of perturbing the
porphyrin’s electronic structure enough to create all new bands in the red region of the visible light
spectrum. By designing and synthesizing two simple dyads of this type and evaluating their
potential as photosensitizers, we offer a proof-of-concept for this new class of dye, which can be
further tuned with structural modifications to improve performance, opening up the design space

for panchromatic dyes significantly. We thoroughly characterize the electronic and photophysical
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properties of these new panchromatic dyes, and we integrate them into dye-sensitized solar cells

to characterize their performance in such systems.

OO
Br N N
Aabs, max = 442 nm Aabs_ max = 487 nm

CgH470

Aabs, max = 629 nm

Figure 1. Examples of phenazines developed by Crabtree,’! Hashmi,> and Zhou” (clockwise from

top left) and their maximum absorption wavelengths.

= Results and Discussion

Molecular Design and Synthesis.

The structures of phenazine-porphyrin dyads PoZ and PmZ (Schemes 1 and 2) were generated
using literature-supported design principles that include: (1) the creation of an extended m-
conjugation system to broaden and red-shift the absorption bands,?%8! (2) the reduction of the
symmetry of a tetrapyrrole unit to accomplish the same effect as the previous principle, (3) use of
the more electron-rich meso-site of the porphyrins for dye linkage to afford greater
panchromaticity than would be achieved using the B-site,?>30 (4) use of an ethynyl linker and
coplanar constituents to maximize orbital mixing and thus electronic communication,*!-71-78 and

(5) use of one large constituent rather than a number of smaller chromophore constituents which

ACS Paragon P?us Environment



Page 7 of 30

oNOYTULT D WN =

ACS Applied Materials & Interfaces

has been more effective in broadening the absorption bands of a dye.®? For many of the design
principles, we used DFT calculated UV-Vis spectra to verify their applicability to our specific
systems.

Each of the dyads has a dibenzophenazine connected either ortho or meta to a zinc tetrapyrrole
via an ethynyl linker at one meso position, two mesityl groups attached to meso positions of the
tetrapyrrole trans to each other, and a phenyl linker ending in a carboxylic acid at the fourth meso
position. The unfunctionalized dibenzophenazine explored in our studies is expected to
foreshadow the properties of other dibenzophenazines derivatives to be the subject of future
studies. Due to the vulnerability of dibenzophenazines to m-m stacking, mesityl groups were
appended to the tetrapyrrole core to prevent this via steric repulsion, thereby increasing solubility.
The tetrapyrrole unit was selected for use in constructing an elongated n-conjugation system with
the dibenzophenazines because of its ready structural flexibility and strong absorption profile
which extends out to the red visible region. Tetrapyrroles also possess multiple available
substitution positions that allowed our design described above, as well as the appendage of the
anchoring carboxylic acid group, an essential component of many photosensitizers. The different
structural configurations of our dyads (ortho versus meta) were prepared as a case study on the
effects of substitution on panchromaticity; our DFT calculations indicated that while PmZ has a
planar geometry as its minimum energy conformation, PoZ’s preferred conformation has a 23°
dihedral angle between Po and the tetrapyrrole core for steric reasons (Figure S6). As the
aggregation of photosensitizers is a known cause of low photovoltaic device efficiencies,** we
explored whether the non-planarity of PoZ could result in overall better photosensitizing abilities

than those of PmZ.
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The syntheses of the phenazine-porphyrin dyads were based on palladium- and copper-catalyzed
Sonogashira coupling of ethynyl phenazines and bromo porphyrins.®? Our bromo porphyrin, 4, is
a trans-A,BC-porphyrin bearing two mesityl groups and a 4-carboxyphenyl group. Porphyrin 3,
the precursor porphyrin for all porphyrin derivatives discussed in this study, was prepared via a
condensation reaction of dipyrromethane and mesitaldehyde in the presence of ethanol and
BF;*OEt, followed by oxidation with DDQ.® The ethanol proved essential for a successful
synthesis of the porphyrin.®* Scheme 2 shows the condensed syntheses of benchmark porphyrin
AZ, and dyads PmZ and PoZ. The three steps required for generating 4 from 3 are described in
the Supporting Information. They involve the selective bromination of 3 for the Suzuki coupling
with methylbenzoate, followed by a bromination of HZ at the unsubstituted meso porphyrin site
and zinc metalation with anhydrous zinc acetate to provide 4 in 91% yield. All porphyrins were
preserved as esters until the final synthesis step in order to avoid unwanted side reactions.

The syntheses of phenazines Po and Pm are described in Scheme 1, and the syntheses of
diamines 1 and 2 are detailed in the Supporting Information. Our synthetic route deviates slightly
from a reported procedure for the preparation of diethynylphenazines,*® in that we couple
ethnylbenzene-1,2-diamines bearing no protection groups with quinone derivatives. Condensation
of phenanthrene-9,10-dione and ethnylbenzene-1,2-diamine in the presence of ethanol and
dichloromethane afforded Po and Pm in 65% and 69% yields, respectively. The average yield for

each synthetic step in the preparation of Pm was higher than the corresponding step of Po.
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Scheme 1. Syntheses of Ethynyldibenzophenazines

o I o

10 NH,

11 NH, ethanol

12 dichloromethane

13 1 18 h
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65%

18 H
20 NH, ethanol

21 dichloromethane
22 2 18 h Pm
23 (69%)

25 Hydrolysis of the intermediate dyad esters with potassium hydroxide at room temperature
afforded PmZ and PoZ in yields of 50% and 59%, respectively. Sonogashira coupling of
ethynyltrimethylsilane and 4, followed by a concurrent deprotection of trimethylsilyl (TMS) and

32 hydrolysis in the presence of potassium hydroxide provided AZ in 69% yield.
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Scheme 2. Syntheses of Phenazine-Porphyrin Dyads?

Mes Mes

Il Mes Mes Il O

Mes Mes Mes Mes

COOMe
COOH COOH
Pmz 1. TMS—=—H PoZ
(50%) 2. KOH (59%)
Mes
H— O COOH
Mes AZ

@Reagents and conditions: AZ: Zn-bromoporphyrin (1 equiv), Pd(PPh;),Cl; (25% mol), Cul (25%
mol), trimethylsilylacetylene (20 equiv), triethylamine (30% of solvent), THF, -7 °C to room temp,
12 h. PmZ and PoZ: Zn-bromoporphyrin (1 equiv), ethynyldibenzophenazine (3 equiv), Pd,(dba);
(30% mol), Cul (5% mol), P(o-tol); (2.4 equiv), triethylamine (20% of solvent), THF, 60 °C,

overnight.

Quantum Chemical Calculations.
Potential panchromatic dyad candidates for synthesis and experimental characterization were
identified by using DFT calculations to obtain optimized molecular structures and simulated UV-

Vis spectra. Examining the orbitals involved in the calculated transitions also provided a detailed

0
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analysis of the origin of panchromaticity at the electronic level. In dyad systems with strong
electronic coupling between the constituent chromophore units, desirable strong electronic
transitions in the red (600—800 nm) region of the visible light spectrum resulted from the frontier
orbitals of the system delocalized across the extended conjugated m-system of two dye moieties.
Figure 2 and Figure S5 underscore this point by showing natural transition orbital (NTO)
projections for the relevant transitions in both PmZ and PoZ, respectively, showing that they

involve orbitals spanning the two moieties.

616 nm

Figure 2. Calculated transition at 616 nm for PmZ in its minimum-energy conformation.

Accordingly, where the goal is to design a dye that absorbs across a broad region of the solar
spectrum, it is important to maximize the electronic interaction of the two dye components by
making use of a fully-conjugating bridging group such as an ethynyl, as also demonstrated by other
groups.®® However, a variation in the degree of conjugation through the bridging group could tune
the position of the red-most electronic transition. As a proof of principle, we evaluated five linker

groups that connect phenazines with tetrapyrroles with varying degrees of conjugation, as well as

1
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their direct linkage. The DFT UV-Vis spectra of these species (Figure 3) show that the red-most
absorption peak blueshifts and decreases in intensity as the conjugation between the two
constituents decreases, from extensively conjugated ethynyl and vinyl linkers to weakly
conjugated amidyl linkers. Because the ethynyl linker group offered the most promise for a
panchromatic dye species, it was selected for use in synthesis and experimental characterization

as described in the molecular design section.

5x10° Direct= Ri—R;
4x10° Ri= Phenyl = R, R,
] Direct
2 ', Phenyl
£ 3x10° | —— Amidyl 1 o R
5 - Amidyl 2 Amidyl 1 = NH
= 2x10°H Yl R
—— Ethynyl R
| Mes Mes  Amidyl 2 HN—<2
R, = midyl 2 =
ixi0’4 Jt ‘ 2 R,/1 Y
0l 2 . Vinyl= R;———R,
T T T T 1 T T T T T
300 400 500 600 700 800 O
Wavelength (nm) Ethynyl= Ri—=——R;

COOH
Figure 3. DFT calculated UV-Vis spectra of dyads with varying linkers in their minimum-energy

conformations.

For dyad PoZ, the calculated minimum energy non-planar conformation involves a dihedral
angle of 23 degrees between the phenazine and the tetrapyrrole. Because planarity is directly
related to conjugation, it was initially assumed that PoZ would exhibit substantially less
panchromaticity than PmZ. However, the ethynyl linker permits rotation, allowing the dihedral
angles to vary without too great a loss of conjugation. Others have shown that it is important to
take into account viable rotations when computing the absorption profile of dyes.%¢ The rotational
barriers of dyads PmZ and PoZ were calculated to be 1.35 kcal/mol and 1.70 kcal/mol,

respectively (Figure S2). These relatively low barriers permit many conformations of these dyads

2
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to contribute at room temperature under a Boltzmann distribution, influencing the average overall

conjugation through the molecule and the UV-Vis spectra. Computing the UV-Vis spectra of these

oNOYTULT D WN =

dyads in different conformations and combining them via their Boltzmann yields gives better
10 relative intensities of the peaks. Figure 4 shows simulated UV-Vis spectra with Boltzmann-
averaged conformations for dyad PmZ. Similar results for PoZ and the calculated spectra of HZ
15 and AZ can be found in the Supporting Information (Figures S3 and S4). Notably, the rotation
17 about the ethynyl triple bonds substantially reduces the intensity of the red-most visible electronic
transition due to the contributions of less-conjugated conformations. This suggests that a similar

22 dyad with full-conjugation and limited rotations could possess greater panchromatic absorption.

6x10°
28 5x10° 1
29 .
4x10° -

-

3x10° -

-

2x10° -

37 1x10° A

Boltzmann Average

—— 0 Degrees
— 90 Degrees

w
N
Intensity

40 300 400 500 600 700 800
41 Wavelength (nm)

Figure 4. DFT calculated UV-Vis spectra of PmZ in the planar minimum-energy conformation,

46 with a 90 degree dihedral angle, and Boltzmann averaged across all rotational conformations.

Photophysical and Electrochemical Properties.
53 The electronic absorption spectra of phenazines Po and Pm, dyads PmZ and PoZ, as well as

55 that of benchmark porphyrin AZ are shown in Figure 5 with the data are tabulated in Table 1.
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The absorption spectrum of benchmark porphyrin HZ and emission spectra of Po, Pm, AZ, PmZ,
and PoZ are displayed in the Supporting Information (Figure S1). The overlaid spectra reveal
that the absorption of PmZ and PoZ are not linear sums of those of the constituents Pm, Pm, AZ,
and HZ; each exhibits new absorption peaks that are not observed for the constituents. The new
peak at 640 nm is much more intense (¢ ~ 3.0 x 10* M~!-cm™') and red-shifted relative to the
Q-bands in the monomeric porphyrins (Ags ~ 610 nm, &€ ~ 0.50 x 10* M~'-cm™) as a result of the
conjugation of the phenazine and porphyrin derivatives. This underscores the existence and
importance of strong electronic coupling between the two dyes through the ethynyl linker. Having
a lower extinction coefficient but more similar intensities of the Soret and Q-bands, the phenazine-
porphyrin dyad PmZ exhibits better orbital mixing and panchromaticity than PoZ. However, the
wavelengths of the maximum absorptions and emissions are unaffected by the position of the
ethynyl group (ortho versus meta) with respect to the zinc porphyrin, and the two dyads exhibit an
almost identical absorption maximum wavelength in the red region. The integration of a phenazine
moiety on one side of the molecule decreases the symmetry of the porphyrin macrocycle, resulting
in less-degenerate By and B, states and broader Soret bands in the porphyrin-phenazine dyads
compared to those of the monomeric porphyrin AZ. The noncoplanar conformation of PmZ
affords even less degenerate B states than in its counterpart PoZ, as shown by a larger spectral
splitting in the Soret region. Importantly, both of the dyads demonstrate non-zero absorption from
the near-ultraviolet to near-infrared regions (i.e. panchromatic absorption) which is apparent when

compared to the absorption profile of the ethynylporphyrin AZ.

4
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Pox 10
—Pmx 10
—AZ
PoZ
——PmZ

o
Molar extinction coefficient (L/mol/cm)

0'0 I L] 1 I
300 400 500 600 700 800
22 Wavelength (nm)

24 Figure 5. Absorption spectra of the of the phenazine and porphyrin derivatives Po, Pm, AZ, PmZ
and PoZ collected in anhydrous methanol and toluene, respectively, at room temperature. The
29 molar extinction coefficients of the phenazine Po and Pm are amplified ten times in intensity for
31 clear comparison. The emission spectra were recorded with excitation wavelengths noted in

33 Table S2.

Table 1. Absorption Features of the Dyads and Benchmark Compounds.

39 Compound Aaps (nmM)? Emax (X10° M~ 1-ecm™)? | FWHMgq e (cm™)¢

41 PmZ 434, 446, 576, 636 0.92 2018

44 PoZ 434, 578, 636 1.6 1743

46 AZ 428, 566, 611 1.8 655

48 Pm 312, 383, 404 0.11 —

51 Po 310, 378, 398 0.040 —
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“Absorption spectra and molar absorption coefficients were measured in methanol at room
temperature with absorbance around 1. ®Molar absorption coefficient of the peak with the

maximum absorbance. Full width at half maximum of Soret bands of porphyrins.

The molecular structures of PmZ-Ester, PoZ-Ester, and AZ-Ester, which are ester versions of
the PmZ, PoZ, and AZ, are shown in the Supporting Information, as well as the cyclic
voltammogram (CV) of HZ-Ester. As seen in Figure 6, the CVs of AZ-Ester and PoZ-Ester
exhibit pronounced irreversibility of the first oxidation feature while PmZ-Ester exhibits only
mild irreversibility of this same feature. The loss of the return feature suggests that a chemical
change may be taking place upon oxidation, likely involving the ethynyl group. Ethynyl groups
have high acidity and reactivity, which are further increased under these oxidizing conditions.®3
The increased reversibility of PmZ-Ester as compared to PoZ-Ester could in part be explained
by the structure and conjugation of the molecules. The minimum energy conformation of PoZ-
Ester is non-planar with a dihedral angle of 23 degrees; however, it is completely planar for PmZ-
Ester. This causes the ethynyl group of PoZ-Ester to be more similar to that of AZ-Ester and,
therefore, more susceptible to a chemical reaction. PmZ-Ester, alternatively, has a minimum
energy conformation with increased conjugation between the porphyrin and the phenazine due to
its planarity, shifting the electronic properties of the ethynyl group. To probe when the chemical
change may take place, the potential window was narrowed to 1.25 V vs NHE, but the
irreversibility remained. This indicates that if a chemical change does occur, it happens at or near

the potential of the first oxidation feature.
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e
7

= PmZ-Ester

PoZ-Ester
J = AZ-Ester
L1111 11 1 1 11.1.1

08 1.0 12 1.4 1.6 1.8
Potential (V vs NHE)

Current (LA)

Figure 6. Cyclic voltammograms of AZ-Ester, PoZ-Ester, and PmZ-Ester in 0.1 M TBAPF; in

dichloromethane with a 50 mV/s scan rate.

Photovoltaic Performance.

The performance of TiO,-based photovoltaic devices with photosensitizers HZ, AZ, PmZ and
PoZ were measured under standard conditions (AM 1.5G, 100 mW/cm?) using iodine/triiodide
(I/I37) liquid electrolyte. Additional photovoltaic parameters are summarized in Table 2; MK-2
was used as a reference cell and its overall efficiency of 4.97 + 0.25 agreed closely with the
literature.?” The phenazine-porphyrin dyads PoZ and PmZ perform better than the benchmark
porphyrins HZ and AZ as expected given their panchromatic absorption (Figure 7). Of the two
dyads, PmZ performed the best, affording an open-circuit photovoltage (V) of 0.61 V, a short-
circuit photocurrent density (Js.) of 5.47 mA/cm?, a fill factor (ff) of 0.68, and an overall solar-to-
electrical energy conversion efficiency () of 2.29%. Additionally, the device with PmZ exhibited
a higher surface coverage of dye molecules, which could be a result of the increased planarity of
PmZ, allowing more photosensitizers access to the TiO, surface. While performing other

optimizations of the devices would likely improve their efficiencies, the focus of this study is on
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the electronic and photophysical properties of the dyes, not on the optimization of photovoltaic

devices.
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0.0 — — — 1
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Figure 7. (a) current density vs. voltage (J-V) curve and (b) incident photon to current efficiency

(IPCE) profile of devices with photosensitizers HZ, AZ, PoZ, and PmZ.

Table 2. Photovoltaic Parameters for photosensitizers HZ, AZ, PoZ, and PmZ.

dye n (%) /
specicgtlzlation Voe (V) (mA]/s(c:mZ) ff (%) 1 (%) ci)li/r::gee sucz“]aece
(mM/cm?) | coverage
HZ 0.52+0.02 | 1.60+0.22 | 0.56+0.08 | 0.47+0.12 0.037 12.7
AZ 0.39+0.05 | 0.36+0.09 | 0.40%0.19 | 0.06 £0.05 0.024 2.5
PoZ 0.57+£0.01 | 2.58+0.49 | 0.63+0.06 | 0.94+0.19 0.039 24.1
PmZ 0.61 £0.01 | 547+0.60 | 0.68+0.02 | 2.29+0.27 0.074 31.0

= Conclusions

We have prepared two bichromophoric phenazine-porphyrin dyads and evaluated their

photophysical, electrochemical, and photovoltaic properties. We pre-determined the structures of
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the dyads with suitable absorption profiles from quantum chemistry calculations. Calculations of
the absorption spectra of dibenzophenazine connected to a tetrapyrrole with a variety of linkers
showed that the ethynyl linker gave the broadest absorption coverage because of the stronger
electronic coupling between the two constituent dyes. The dyads, synthesized via a Sonogashira
coupling of ethynyl phenazines and bromo-porphyrins, showed absorption extending from 300 nm
to 636 nm. The reported results demonstrate that the conjugated linkage of phenazines and
tetrapyrroles yields panchromatic absorption, paving the way for the rational design of improved

panchromatic dyads.

= Experimental Section

Synthesis.

The syntheses of molecules are described in the Supporting Information.

Absorption and Emission.

UV-visible spectrophotometry was performed using a Shimadzu UV-2600 spectrophotometer
coupled with UVProbe software. Sample solutions were carried in 1 cm x 1 cm quartz cuvettes to
measure the steady-state absorption spectra and molar extinction coefficients. A detailed procedure
for measuring molar extinction coefficients is described in the Supporting Information.

Electrochemistry.

Cyclic Voltammetry (CV) experiments were conducted using a Pine WaveNow potentiostat. A
glassy carbon working electrode, a Ag/AgCl wire pseudoreference electrode and a platinum wire
counter electrode made up the three-electrode electrochemical cell. The glassy carbon working
electrode was polished with an alumina slurry on a polishing pad before each experiment. The

supporting electrolyte was 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFy),

ACS Paragon P%l?s Environment
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recrystallized twice prior to use, in anhydrous dichloromethane. To establish the potential of the
pseudoreference electrode, the ferrocenium/ferrocene redox couple was used as an internal
standard. All CVs were referenced to NHE using the measured ferrocenium/ferrocene E;,, which
is 0.690 V vs NHE in dichloromethane.?® Reported CVs were performed in an electrochemical cell
that had been purged with N,, but no difference was seen in the CVs recorded under air. The
porphyrin concentration was 1 mM, and a 50 mV/s scan rate was used for each reported CV.

Dye-Sensitized Solar Cell (DSSC) Fabrication and Photovoltaic Measurements.

The DSSCs were fabricated according to the previously reported methods and the details are
described in the Supporting Information.?” The current density-voltage (J-¥) and incident photo-
to-electron conversion efficiency (IPCE) data were measured using a PARSTAT 4000 potentiostat
(Princeton Applied Research) and a solar simulator equipped with a 1000 W ozone-free Xenon
lamp and AM1.5G filter. The light intensity was calibrated with ASTM E948-09 and E1021-06
standards (Newport). Spectra of the monochromatic IPCEs for the solar cells were obtained using
a Keithley 2400 source meter and custom LabView software developed by our group. The dye-
loadings were measured by soaking each slide in a solution of 0.05 M NaOH in
water/tetrahydrofuran/ethanol (v/v/v, 1:1:1) for 4 days, drying via rotatory evaporation, and
measuring their absorption spectra in methanol. The concentrations of the solutions were
calculated with experimentally determined molar extinction coefficients.

DFT Calculations.

All structures studied in this manuscript were optimized using DFT at the B3LYP#/def2SVP
level using the Gaussian09 software package.’! Frequency calculations verified that the obtained
minimum energy geometry was a stationary point. Linear-response time-dependent DFT

calculations®® were performed with an implicit methanol polarizable continuum model®? to obtain
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the forty-five lowest-energy singlet electronic transitions for each molecule. Spectra shown in the

manuscript were subjected to a 0.075 eV Gaussian broadening to better match experimentally

oNOYTULT D WN =

obtained spectra. Rotation barrier calculations were performed by fixing the dihedral angle
10 between the two dyes in increments of 5 degrees from 0 to 90 degrees and relaxing the rest of the
structure. Conformationally averaged calculated spectra were obtained by weighting the
15 calculated spectra of each rotamer by the Boltzmann weight determined by its electronic energy
17 relative to the minimum-energy conformation and then normalizing to 1. Natural Transition
Orbital®* Analysis was used to visualize select calculated transitions as a single pair of orbitals, an

22 excited ‘particle’ and an empty ‘hole’.
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