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ABSTRACT: The syntheses, potentiometric responses, opti-
cal spectra, electronic structural properties, and integration
into photovoltaic devices are described for ethyne-bridged
isoindigo-(porphinato)zinc(II)-isoindigo chromophores built
upon either electron-rich 10,20-diaryl porphyrin (Ar-Iso) or
electron-deficient 10,20-bis(perfluoroalkyl)porphyrin (Rf-Iso)
frameworks. These supermolecules evince electrochemical
responses that trace their geneses to their respective
porphyrinic and isoindigoid subunits. The ethyne linkage
motif effectively mixes the comparatively weak isoindigo-
derived visible excitations with porphyrinic 7—7z* states,
endowing Ar-Iso and Rf-Iso with high extinction coeflicient
(¢ ~ 10° M™":em™") long-axis polarized absorptions. Ar-Iso

and Rf-Iso exhibit total absorptivities per unit mass that greatly exceed that for poly(3-hexyl)thiophene (P3HT) over the 375—
900 nm wavelength range where solar flux is maximal. Time-dependent density functional theory calculations highlight the
delocalized nature of the low energy singlet excited states of these chromophores, demonstrating how coupled oscillator
photophysics can yield organic photovoltaic device (OPV) materials having absorptive properties that supersede those of
conventional semiconducting polymers. Prototype OPVs crafted from the poly(3-hexyl)thiophene (P3HT) donor polymer and
these new materials (i) confirm that solar power conversion depends critically upon the driving force for photoinduced hole
transfer (HT) from these low-band-gap acceptors, and (ii) underscore the importance of the excited-state reduction potential
(E™/*) parameter as a general design criterion for low-band-gap OPV acceptors. OPVs constructed from Rf-Iso and P3HT define
rare examples whereby the acceptor material extends the device operating spectral range into the NIR, and demonstrate for the
first time that high oscillator strength porphyrinic chromophores, conventionally utilized as electron donors in OPVs, can also be

exploited as electron acceptors.

B INTRODUCTION

A principal challenge in the design of next generation organic
photovoltaics (OPVs) lies in engineering materials that provide
high absorptivity (extinction coefficient £ > 10* M™"-cm™) over
the spectral range corresponding to the solar irradiance
spectrum at the earth’s surface. The Air Mass 1.5 (AML.S)
solar irradiance spectrum provides a measure of the sun’s
energy to reach earth’s surface in units of W-m™2nm™}; it is
most intense (>0.75 W-m™>nm™') between 375 and 900 nm,
and 66% of the total flux lies within this range." Because of the
inverse proportionality between film thickness and charge
collection efficiency, there is a motivation to craft OPV films
that are thinner than 100 nm, yet capable of capturing most of
the incident 375—900 nm light.” Optimizing the absorptive
oscillator strength of electron donor (D) and acceptor (A)
materials over the 375—900 nm spectral domain is thus critical
to next-generation OPV design.

Poly(3-hexylthiophene) (P3HT) and phenyl-Cg;-butyric acid
methyl ester (PCBM) are the best studied OPV materials and
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continue to stand as benchmarks in this field> The develop-
ment of new polymers with lower optical band gaps and larger
per mass absorptivities than those of P3HT has advanced
rapidly,* and devices that blend these polymers with fullerene
electron acceptors have achieved power conversion efliciencies
(1) as high as 9.2% for single junction*® and 10.6% for tandem
devices.” Great strides have been made using monodisperse
alternatives to polymeric materials,® culminating in the recent
disclosure of an 8.9% efficient solar cell that employed a
silolodithiophene-derived donor and phenyl-C,,-butyric acid
methyl ester acceptor.””

Considerably less progress has been made toward designing
new organic acceptor materials that might replace fullerenes,
and summaries of the state of the art in OPV development
sometimes ignore this category altogether.” The immaturity of
efforts in this area contrasts the potential impact of molecular
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electron acceptors that absorb broadly over the vis-NIR spectral
domain at high oscillator strength, as fullerenes such as PCBM
are characterized by faint visible-range electronic transitions
that are known to contribute negligibly to photocurrent.*
Electron-deficient pigments such as perylene diimide,® boron
perfluorosubphthalocyanine,” isoindigo, or perfluoralkylpor-
phyrins'® are characterized by S, — S, transitions in the
range of 500—600 nm with £ on the order of 10* L'mol™"-cm™.
When these easily reduced pigments are coupled to electron-
rich moieties such as thiophene derivatives'' or amine groups,'>
push—pull chromophores result that can have NIR intra-
molecular charge transfer (ICT) absorption bands with onsets
as low as 800 nm and maxima as large as ~5 X 10* L-mol™"-
cm™. The spectral characteristics of these push—pull
chromophores are impressive; however, when they are
employed as acceptor materials in OPVs, it is often found
that a negligible portion of the devices’ photocurrent can be
attributed to acceptor excitation.''”

A potent alternative method for crafting high oscillator
strength, broad spectral domain absorbers involves coupling
multiple pigment motifs via ethyne bridges in a manner that
aligns their component transition dipoles."*'* Such coupled-
oscillator architectures, composed of building-block pigments
capable of significant charge-resonance interactions, provide
supermolecular chromophores that exhibit large polarizabilities
and hyperpolarizabilities, and electronically excited states that
manifest extensive spatial delocalization. With respect to
designing a supermolecular electron acceptor (A) for OPV
applications, additional considerations include: (i) an acceptor
LUMO level (an A~ potential) appropriate for electron
transfer (ET) from the photoexcited donor ('D*), (ii) a
corresponding electronic excited state ('A*) having sufficient
thermodynamic driving force (an A™/* potential) to facilitate
'A*-to-D hole transfer (HT), and (iii) high oscillator strength
absorptivity across a broad range of vis-NIR wavelengths.

Porphyrin derivatives are well-known for their strong
coloration, and the prevalence of this motif in biological
light-harvesting structures has inspired incorporation of this
conjugated unit into a wealth of functional materials."> One
strategy for augmenting the distribution, breadth, and
intensities of the porphyrin-derived absorption bands is to
extend the conjugated framework by attaching various aromatic
groups using ethyne bridges at the macrocycle meso
positions.>'*'%'” Some such ethyne-extended porphyrins
have been employed as donor materials in OPVs'® as well as
dye sensitized solar cells.'”” The porphyrin motif has been
heretofore unrepresented as an OPV molecular acceptor due to
its inherently electron-rich nature; congruent with this fact, the
few reported attempts to achieve charge separation in
porphyrin/P3HT blends did not meet with success (for
example, such exemplary OPVs showed power conversion
efficiencies < 0.01%).° Electron-deficient meso-
(perfluoroalkyl)porphyrins, characterized by energy levels
suitable for application to the molecular acceptor problem,
have been devised;'®?! while such structures have been
incorporated into supermolecular chromophores,l3f they have
yet to be conjugated to complementary electron-poor pigment
motifs.

N,N’'-Dialkyl isoindigo and related structures define an
emergent class of technologically important electron-deficient
chromophores;** for example, isoindigo has served as a building
block for n-type and ambipolar polymers that possess electron
mobilities as high as 0.6 cm®V~"s7.>®> While this structural

motif has become guite common in donor polymers™* and
small molecules''“*® for OPVs, there is only one report of
isoindigo polymers being used as OPV acceptor materials.”®
Isoindigo, while a classic dye motif, possesses modest vis-
spectral domain oscillator strength;*” incorporation of the
isoindigo motif into electron accepting materials for OPVs is
further discouraged by the rapid de;)opulation of its excited
state due to fast nonradiative decay.”

We report herein supermolecular chromophores based on
ethyne-linked (porphinato)zinc (PZn) and isoindigo (Iso)
units that exhibit intense panchromatic absorptions, long-lived
S, states, and LUMO energy levels suitably poised for
photoinduced electron transfer from P3HT. Because these
materials feature higher absorptivities per unit mass than P3HT
in the critical 375—900 nm window, they have the potential to
contribute significantly to light harvesting in OPVs. The
availability of both electron rich meso-diarylporphyrin and
electron deficient meso-bis(perfluoroalkyl)porphyrin building
blocks allows the syntheses of two archetypal PZn-Iso
chromophores, [5,15-bis(N,N'-bis(2-ethylhexyl)-6-isoindigoyl)-
ethynyl-10,20-bis(2,6-(3,3-dimethyl-1-butyloxy)phenyl)-
porphinato]zinc(Il) (Ar-Iso) and [5,15-bis(N,N’-bis(2-ethyl-
hexyl)-6-isoindigoyl)ethynyl-10,20-bis (heptafluoropropyl)-
porphinato]zinc(II) (Rf-Iso). The isoindigo moiety in these
chromophores determines the A™° potential; because the
[5,15-bis(perfluoroalkyl)porphinato]zinc(II) unit possesses a
HOMO level ~0.3 eV stabilized with respect to that of [S,15-
diphenylporphinato]zinc(H),mb’13f Ar-Iso and Rf-Iso permit
direct evaluation of the significance of the chromophore excited
state reduction potential (A™/*) as a design parameter in OPVs
where the acceptor’s absorptive properties strongly contribute
to the photocurrent. This study illustrates how manipulation of
coupled oscillator photophysics can yield conjugated acceptor
materials that feature visible-light absorptivities that supersede
those of conventional semiconducting polymers and electroni-
cally excited states that possess large driving forces for
photoinduced hole transfer; furthermore, this work demon-
strates for the first time that high oscillator strength porphyrinic
chromophores, conventionally used as electron donors, can also
be exploited as electron acceptors in OPVs.

B EXPERIMENTAL SECTION

Ar-Iso and Rf-Iso syntheses were accomplished via palladium-catalyzed
cross coupling reactions involving, respectively, (5,15-diethynyl-10,20-
bis(2’,6'-bis(3,3-dimethyl-1-butoxy)phenyl)porphinato)zinc(II)***
and (S,15-diethynyl-10,20-bis (heptaﬂuororgropyl)porphinato)zinc (1)
with 6-Br-N,N’-bis(2-ethylhexyl)isoindigo. * Further details regarding
the syntheses, purification, and characterization of Ar-Iso and Rf-Iso
can be found in the Supporting Information.

Cyclic voltammetric experiments carried out in solution were
performed in tetrahydrofuran (THF) solvent containing 0.1 M
Bu,NPF, as supporting electrolyte. For measurements in the solid
state, films were drop-casted onto a platinum electrode from THF
solutions and dried under vacuum; the cyclic voltammetric responses
of these thin films were acquired in acetonitrile solvent containing 0.1
M Bu,/NPF,. All electrochemical measurements utilized scan rates that
ranged between 100 and 200 mV-s™', and ferrocene as an internal
potentiometric standard.

Bilayer photovoltaic devices were made from 15 mg-mL™" solutions
of P3HT in o-dichlorobenzene (DCB) and 10 mg-mL™" solutions of
Rf-Iso or Ar-Iso in 4:1 DCB:THF. The P3HT layer was spin-cast first
between 400—800 rpm for 30—60 s onto the poly(3,4-ethyl-
enedioxythiophene)/polystyrenesulfonate (PEDOT:PSS) layer, fol-
lowing which the solvent was evaporated at room temperature under
N, for 12 h. The acceptor was then spin-cast from 4:1 DCB:THF onto
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the P3HT films between 400 and 800 rpm for 30—60 s, and dried as
noted for the initial P3HT film. The cathodes were deposited by
thermal evaporation of 100 nm of aluminum with a shadow mask at a
pressure of ~1 X 107® mbar. Device characterization was carried out
under AM 1.5G irradiation and a light intensity of 100 mW-cm™
(Oriel 91160, 300 W), which was calibrated using a NREL-certified
standard silicon cell. All fabrication steps after adding the PEDOT:PSS
layer onto ITO substrate, and all I-V characterization, were performed
in a glovebox under nitrogen atmosphere. Further details are provided
in the Supporting Information.

All electronic structure calculations were performed upon model
compounds in which aliphatic chains were truncated to methyl groups
(Supporting Information). Structure optimization and linear response
calculations were performed with density functional theory (DFT)
using Gaussian 09, revision C.1.>® The Becke three-parameter hybrid®
and the Lee—Yang—Parr correlation functional®® were employed for all
calculations (B3LYP). Optimizations were performed with minimal
symmetry constraints using tight optimization criteria; initial
optimizations used smaller basis sets but the final optimizations and
TDDFT calculations employed the 6-311+g basis set’’ as
implemented in Gaussian 09.

Selected frontier orbital wave functions were plotted as isosurfaces
(iso = 0.02) using Gaussview 5.3% This software was also used to
produce S, state electron density difference plots for Ar-Iso and Rf-Iso
by subtracting the ground state density from the excited state electron
density distribution; this electron density difference was displayed as a
mapped isosurface onto the ground state density (isosurface value =
0.002). TDDFT result files were postprocessed using the GaussSum
package;® this software partitions the wave function amglitudes onto
atomic components using Mulliken population analysis,”* and parses
the electronic configurations contributing to each excitation.
Transition dipole moment vectors were plotted using VMD.**

B RESULTS AND DISCUSSION

Supermolecular Chromophores Ar-Iso and Rf-Iso. The
molecular structures of Ar-Iso and Rf-Iso are shown in Chart 1.
Figure 1 displays the electronic absorption spectra acquired
over the 375—850 nm spectral domain for supermolecular
acceptors Ar-Iso and Rf-Iso, and the classic OPV benchmark
materials, P3HT and PCBM. Electronic absorption spectra
recorded for the Ar-Iso and Rf-Iso chromophoric building
blocks are displayed in the Supporting Information. To

Chart 1. Structures of Chromophores Rf-Iso and Ar-Iso, Key
Precursor Molecules, and Benchmark OPV Materials
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Figure 1. (Bottom) Electronic absorption spectra of Rf-Iso, Ar-Iso,
P3HT, and PCBM in THF solvent normalized by mass. (Top)
Integrated, mass-normalized absorption spectra of these chromo-
phores determined over the 375—850 nm spectral range.

facilitate quantitative absorptivity comparisons between these
molecular and benchmark polymeric materials, Figure 1 spectra
are reported in units of (absorbance-L)/(g-cm); this expresses
the intrinsic light harvesting capacity of these materials on a
basis of direct relevance to device applications, where
compositions are typically reported as weight ratios.*® To
permit comparisons of the total visible range absorptivity per
unit mass, integrations of these spectra from 375 to 850 nm are
depicted in the upper panel of Figure 1. Note that Ar-Iso and
Rf-Iso provide high intrinsic absorptivity over the 375—850 nm
window relative to classic OPV donor and acceptor
chromophores: as evident in Figure 1 data, Ar-Iso and Rf-Iso
feature mass-normalized absorbances approximately twice that
of P3HT, and over 23 times that manifested by PCBM (Figure
1).

Rf-Iso and Ar-Iso evince Q-state derived transitions centered
at 652 and 716 nm, respectively; note that the extinction
coefficients for these absorptive maxima exceed 10° M™'-cm™
(Table 1). The high oscillator strengths of these absorptions (f
> 0.3; Table 1) derive from frontier orbital degeneracies for
these supermolecules which are greatly diminished (Figure S1)
compared with their respective parent (porphinato)zinc (PZn)
building blocks, Ar-ETIPS and Rf-ETIPS (Figure S2), leading
to modest degrees of configuration interaction for their lowest
energy electronic transitions. Time-dependent DFT calcula-
tions confirm the long-axis polarizations of these super-
molecular Q-state derived transitions. This reduction in
configuration interaction relative to that evident for the parent
PZn framework is particularly dramatic for Rf-Iso: note all
major vis-spectral domain transitions for this chromophore lie
parallel to its long axis, whereas for Rf-ETIPS x- and y-polarized
excitations contribute approximately equally to the transitions
that lie in this spectral region (Figure S3). Commensurate with
this reorientation of the principal optical axis in Rf-Iso, a
dramatic increase of Q-domain absorptive oscillator strength
relative to the RE-ETIPS benchmark is also evident (Table 1).
In these Rf-Iso and Ar-Iso supermolecules, the Iso units direct
significant redistributions of PZn-derived oscillator strength due
to the head-to-tail alignment of the PZn and Iso low energy
transition dipoles and the substantial interactions between the
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Table 1. Absorption Band Maxima, Energies, Extinction Coefficients, Full Widths at Half Maximum (FWHM), and Oscillator
Strengths of PZn-Isoindigo Compounds and Chromophoric Benchmarks in THF Solvent

B-band region

Q-band region total

compd A/nm  v/cm™ log(e) fwhm/cm™  oscillator strength  A/nm v/ cm™! log( e) fwhm/ cm™'  oscillator strength  oscillator strength
Iso 368 27174 4.10 - O.IOSb 494 20243 3.55 - 0.048° 0.153“
391 25575 4.08
Ar-ETIPS 439 22779 5.66 792 13459 540 18 519 3.52 367 0.126° 1.471¢
582 17182 4.12
635 15748 4.69
Rf-ETIPS 444 22523 5.70 547 12567 568 17 606 4.03 - 0.078° 1.3347
590 16 949 4.16
635 15748 3.31
Ar-Iso 442 22624 5.27 2143 1.994 716 13966 4.97 1547 0.514% 2.508¢
Rf-Iso 472 21186 5.22 3278 2.077" 652 15337 4.95 903 0.318' 2.395¢

“Oscillator strengths calculated over the 375—850 wavelength domain. bOscillator strength calculated over the 375—445 wavelength domain.
“Oscillator strength calculated over the 445—850 wavelength domain. 40scillator strengths calculated over the 375—485 wavelength domain.
“Oscillator strengths calculated over the 485—850 wavelength domain. FOscillator strength calculated over the 375—608 wavelength domain.
#Q0scillator strength calculated over the 608—850 wavelength domain. "Qscillator strength calculated over the 375—587 wavelength domain.

{Oscillator strength calculated over the 587—850 wavelength domain.

Iso and $,1S-diethynyl(porphinato)zinc fragment frontier
orbitals (Figure S1)."™'*%”

The spatial distributions of the frontier orbital wave
functions, and the first excited state electron density difference
maps for the Rf-Iso and Ar-Iso supermolecules, reveal that Ar-
Iso features significantly more charge-resonance character in its
low-lying singlet excited state relative to Rf-Iso (Figure 2). In
spite of the strong coupling provided by the ethyne bridges, the
energetic mismatch between the PZn and Iso fragment energy
levels restricts the extent of electronic delocalization within the
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Figure 2. Frontier molecular orbitals and first excited state density
differences for Ar-Iso and Rf-Iso plotted as 0.02 (orbitals) and 0.002
(densities) isodensity surfaces. Percentages reflect the ratio of orbital
coeficients contributed from either the PZn or Iso fragments,
excluding ethyne carbons, as determined by population analysis.

17564

frontier orbitals; note that Iso atom-derived electron density
contributes only 20% to the Ar-Iso HOMO amplitude, but 78%
to the corresponding Ar-Iso LUMO amplitude. Photoexcitation
of Ar-Iso thus redistributes electron density from the PZn to
the Iso unit, giving rise to a delocalized S, state having
substantial charge-resonance character. Due to the o-electron
withdrawing character of the meso-perfluoroalkyl substituents,
the HOMO and LUMO of the [5,15-bis(perfluoroalkyl)-
porphinato]zinc(II) unit are equivalently stabilized by ~0.3 eV
relative to the correspondin§ orbitals of [S,15-
diphenylporphinato |zinc(I);'***'321¢ a5 a result, the Rf-Iso
frontier orbitals feature similar wave function amplitude
contributions from the PZn and Iso building blocks. Likewise,
the first excited state electron density difference map for Rf-Iso
resembles that of a classic, delocalized z—z* electronic
transition. While the S; state electron density distributions
differ for Rf-Iso and Ar-Iso, these chromophores possess
significant and similar Q-state derived transition oscillator
strengths (Table 1), congruent with large dispersions of their
frontier orbital energy levels (Figure S1).16e38

Figure S4 displays electronic absorption spectra of films of
Ar-Iso and Rf-Iso drop-casted from THF solutions. The low-
energy absorption band maxima observed for the Ar-Iso (739
nm) and Rf-Iso (685 nm) films lie, respectively, 1292 and 1732
cm™' to the red of their corresponding Q-state-derived
transitions in solution, consistent with significant 7z-cofacial
intermolecular interactions in the solid state.''*” The greater
thin film transition red-shift observed for Rf-Iso is congruent
with its sterically unencumbering meso-perfluoroalkyl substitu-
ents: the 2,6'-disubstituted meso-aryl substituents of Ar-Iso
partially shroud the porphyrin plane and attenuate the extent of
intermolecular interactions in the thin film."*” Importantly, the
solid-state absorption spectral onset (E,) values for Ar-Iso and
Rf-Iso are 1.571 and 1.687 eV, respectively, significantly below
the ~1.9 eV onset for P3HT.

The potentiometric data acquired for these compounds
determined in THF solvent reveal responses that trace their
genesis to the redox processes of their respective chromophoric
subunits (Table 2; Figure SS). The cathodic electrochemical
responses for Ar-Iso and Rf-Iso display two isoindigo-centered
1-electron reduction events. Cyclic voltammetric data show that
for Ar-Iso, these Iso~’® and Iso”™/~ redox processes occur at
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Table 2. Potentiometric Data Determined in THF Solvent or
Thin Films Referenced to a Fc/Fc' Internal Standard

compd Iso™° Iso™/* PZn~/° PZn%*
Iso —1.389 —-1.792 N/A N/A
Ar-Etips N/A N/A -1.830 -P
Rf-Etips N/A N/A -1.361 —<
Ar-Iso (THF) —1.248 -1.633 -2.078 0.353
Ar-Iso (film) —1234 - - 0.300
Rf-Iso (THF) -1.218 —-1.711 —1.435 —<
Rf-Iso (film) —1.204 —d —d 0.757

“Experimental conditions: [chromophore] = 1-3 mM; scan rate =
200 mV s 1, reference electrode = Ag/AgCl; solvent = THF/0.1 M
NBu,PF,. “Not measured “Oxidation lay outside the solvent’s
electrochemical window. “Only first reduction is reported.

higher potential than that for the (porphinato)zinc(II)-centered
L-electron reduction [E,,,(PZn~"’) = —2.078 V]; in contrast,
for Rf-Iso, the potentials of these two Iso-centered reductions
bracket E; ,,(PZn™"°) [(151 (Is0™"%) = —=1.218 V; E, ,(PZn™"°)
=—1435V; El/z(Iso ~) = —1.711 V; Figure S5]. These data
evince the closer energetic matching of the low-lying empty Iso
and PZn fragment molecular orbitals in Rf-Iso relative to Ar-
Iso, congruent with electronic structure calculations. Cyclic
voltammetric measurements carried out on thin film samples of
these compositions found onset potentials of similar magnitude
to the solution E,/, values determined for the initial oxidative
and reductive processes of Rf-Iso and Ar-Iso (Table 2; Figure
S6).

The energy of formation for free charges from excitons
(—AGgg) quantifies the thermodynamic driving force for
electron or hole transfer between a given D/A pair at organic
semiconductor )unctlons, this can be evaluated using formalism
developed by Weller.** The donor and acceptor excited state
oxidation (D**) and reduction (A™/*) potentials can be
estimated from D%* and A™° determined potentiometrically
and E, determined by absorption onset.*> The effective work
function for the ferrocene/ferrocenium (Fc®*) couple of —4.8
eV relates the potentiometric data acquired for thin films of
these materials to an absolute scale by E,,. = —e(4.8 + EPO),41
where E,,. is the vacuum energy level and E,, are the
electrochemically measured potentials. For values of E, DY,
and A™° determined from measurements in the solid state,
where excitonic effects can enhance the mismatch between
optlcal and /potentiometric band gaps, a correction factor A =

(E° " - E; can be used to provide a more accurate
estimate of the smglet exciton energy. 4024 The excited state
reduction potential is then

E‘/*:E‘/"—( A+E) E°/++%A
and the excited state oxidation potential is

E¥* = EYF ¢ (lA +E ) —g0_1a

2 & 2

These values for Ar-Iso, Rf-Iso, and P3HT are displayed as
dashed lines in Figure 3. The free energies of charge separation
AGgg between two materials X and Y are then

AGCS — X—/* _ Y0/+
for hole transfer (HT) and
AGeg =X/ = y*/*

for electron transfer (ET), respectively.

P3HT Ar-Iso Rf-lso PCBM
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Figure 3. (Solid rectangles) Potentiometrically determined frontier
energy levels for P3HT, Ar-Iso, and Rf-Iso in thin films compared with
the PCBM reference; all energy levels are versus the vacuum energy
and determined by the relation E,,. = —e(4.8 + Ey/;eq)- (Dashed lines)
Excited state redox potentials for P3HT, Ar-Iso, and Rf-Iso determined
by adding the singlet excitation energy E, to the ground state frontier
levels.

These considerations indicate that electronically excited
P3HT ('P3HT*) should undergo photoinduced ET reactions
with both Ar-Iso and Rf-Iso: 'P3HT* + Ar-Iso — P3HT** +
Ar-Iso™*, —AGcs® ~ 400 mV; 'P3HT* + Rf-Iso — P3HT** +
Rf-Iso™, —AGes® ~ 430 mV. If the role of the electron
accepting material in an OPV includes augmenting the light
harvesting capability of the donor polymer, factors other than
the acceptor reduction potential and electronic absorptive
properties need to be considered. In such an OPV, as
electronically excited acceptors may be produced via direct
light absorption or via an energy transfer reaction with an
electronically excited donor polymer (e.g,, 'P3HT* + Ar-Iso —
P3HT + 'Ar-Iso*), engineering acceptor energy levels to
facilitate exergonic photoinduced HT is critical. In this regard, it
is important to appreciate that Ar-Iso and Rf-Iso possess
significantly different driving forces for photoinduced HT
reactions with P3HT: P3HT + 'Ar-Iso* — P3HT** + Ar-Iso™*,
—AGgs® ~ — 20 mV; P3HT + 'Rf-Iso* — P3HT*® + Rf-Iso™*,
—AGcs® ~ 200 mV. Thus, while both Ar-Iso and Rf-Iso may
undergo phototoinduced ET reactions with electronically
excited P3HT, only 'Rf-Iso* is predicted to possess sufficient
driving force to photo-oxidize ground-state P3HT, as these
thermodynamic driving force considerations indicate that such
a HT reaction involving 'Ar-Iso* and P3HT would be
endergonic.

Photovoltaic Devices Exhibiting Acceptor-Derived
Photocurrent. OPV devices were produced for P3HT/Ar-
Iso and P3HT/Rf-Iso in bilayer architectures; reference bulk
heterojunction devices with P3HT/PCBM compositions were
also studied. A conventional bilayer device configuration was
employed consisting of ITO glass/PEDOT:PSS/P3HT /accept-
or material/evaporated metal cathode; further fabrication
details are available in the Supporting Information. As
anticipated from the driving force considerations discussed
above, no significant photocurrent [>0.01% power conversion
efficiency (PCE)] could be obtained from films of P3HT/Ar-
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Iso, while P3HT/Rf-Iso devices reliably gave efficiencies of
0.3—0.5%. These prototypical devices were not optimized,
although several different film thicknesses were explored by
variation of the revolution rate from 400 to 800 rpm in the Rf-
Iso spin coating cycle. The best film, with an active layer of ~90
nm thickness, gave PCEs that averaged at a modest 0.57%.
PCEs in P3HT solar cells that exploit molecular acceptors
now approach 49%.** The best of these compositions, which
featured a zinc(azadipyrromethene) complex as acceptor,
exhibited a fill factor (FF) of 0.57, an open-circuit voltage
(Voc) of 0.76 V, and a short-circuit current (Jgc) of 8.8 mA/
cm? (Table S1). The Vo of 0.79 V determined for these
P3HT/Rf-Iso devices is thus comparable to those reported for
high-efficiency OPV compositions that feature molecular
acceptors. In contrast, the best P3HT/Rf-Iso devices gave a
Jsc of 2.43 mA-cm ™ and a fill factor of 0.29, values below the
aforementioned benchmarks; these results suggest that
suboptimal film morphologies played a role in the low
efficiencies of Rf-Iso/P3HT devices by limiting the efficiency
of charge carrier generation and collection.* In this regard, it is
noteworthy that Rf-Iso displayed negligible solubility in the
absence of coordinating solvents; thus, these films were
deposited from solutions of 2:8 THF/o-dichlorobenzene.
Optimization of the deposition conditions for [(meso-
perfluoroalkyl)porphinato]zinc(II)-based materials is likely to
be a fruitful area of research but falls beyond the scope of the
present work. A relationship between Jsc and —AGcg has been
established,**® and it is possible that the thermodynamic
driving force of 200 mV for Rf-Iso/P3HT is insufficient to drive
charge dissociation yields that approach unity in this system,
which might also contribute to a low current density.
External quantum efficiency (EQE) spectra normalized to
the peak efficiency of each composition for a P3HT/Rf-Iso film
and a benchmark P3HT/PCBM OPV are depicted in Figure 4.
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Figure 4. Peak-normalized EQE spectra from thin film OPV devices
made from P3HT/Rf-Iso and P3HT/PCBM compositions, with the
absorption spectrum of an Rf-Iso thin film for comparison.

In compositions with P3HT, PCBM is known to provide a
negligible contribution to light harvesting at wavelengths
beyond 375 nm; thus, the P3HT/PCBM spectrum provides a
benchmark for P3HT-derived photocurrent.*’ The device using
Rf-Iso as an acceptor shows an unmistakable contribution to its
activity from the porphyrin derivative in the form of an EQE
peak at 670 nm, with ~15% of this film’s integrated
photocurrent produced beyond the long-wavelength onset for
the P3HT/PCBM device at 650 nm. This NIR photocurrent is

generated by photoinduced HT resulting from direct excitation
of the Rf-Iso acceptor, sometimes called the channel-II path;*
this observation highlights the importance of designing low
band gap, strongly absorbing electron accepting materials that
feature excited state reduction potentials (E~/* values) having
sufficient driving force to undergo photoinduced HT with the
ground-state donor polymer.

A prevalent first approximation for —AGgg is the energetic
offset between the frontier orbitals of D and A;** it is common
practice to compare LUMO levels between D/A pairs to
determine whether charge separation should be observable
within a given system, with ~0.3 eV typically assumed to be the
threshold energetic offset below which electron transfer will not
occur.**** Because the Ar-Iso and Rf-Iso LUMO levels are
determined predominantly by the Iso unit, both Ar-Iso™"° and
RfIso™/° lie at ~ —3.6 eV versus vacuum; note that both of
these values lie more than 0.3 eV below P3HT~° (Figure 3). It
has long been postulated that for systems in which the acceptor
significantly contributes to light absorption, a similar
comparison of D/A HOMO levels assesses the propensity for
hole transfer from A to D;*® this finds that Rf-Iso®”* lies ~0.4
eV below P3HT®*, while Ar-Iso”* is 0.06 eV above this level.
As the significance of channel-II photocurrent has become
appreciated, the importance of molecular acceptor HOMO
levels has recently garnered increased attention; %8¢ our
findings underscore this significance by identifying at least one
system (P3HT/Ar-Iso) where the lack of sufficient —AGg for
hole transfer leads to PCEs of ~ 0% at all wavelengths. Because
the magnitudes of the Rf-Iso”* and Ar-Iso”* potentials are
essentially determined by the nature of their respective PZn
units, these data highlight the utility of the [S,15-
(perfluoroalkyl)porphinato]zinc(II) building block, with an
AY* potential stabilized by ~300 meV relative to common
meso-arylporphyrin ligand frameworks, for the design of
electron accepting chromophores for OPVs.

B CONCLUSION

In summary, a supermolecular design strategy has afforded
ethyne-conjugated isoindigo-(porphinato)zinc(Il)-isoindigo
chromophores built upon either electron-rich 10,20-diaryl-
porphyrin (Ar-Iso) or electron-deficient 10,20-bis-
(perfluoroalkyl)porphyrin (Rf-Iso) frameworks. Rf-Iso and Ar-
Iso exhibit intense, porphyrin Q-state derived S, — S; NIR
transitions and total visible spectral domain integrated oscillator
strengths that exceed 2; both Rf-Iso and Ar-Iso exhibit greater
total absorptivities per unit mass than poly(3-hexyl)thiophene
in the 375—900 nm wavelength range where solar flux is
maximal. Time-dependent density functional theory calcula-
tions highlight the delocalized nature of the low energy singlet
excited states of these chromophores and reveal that the extent
of S, state charge-resonance character tracks with the extent of
HOMO level destabilization. Prototype organic photovoltaic
devices (OPVs) crafted from the donor poly(3-hexyl)thiophene
and these new materials confirm that solar power conversion
also depends critically upon the thermodynamic driving force
for photoinduced hole transfer (HT) reactions involving these
electronically excited low-band-gap acceptors and the ground-
state poly(3-hexyl)thiophene (P3HT) polymer. While both the
Rf-Iso and Ar-Iso supermolecules manifest LUMO levels poised
for exergonic electron transfer (ET) from photoexcited P3HT
(*P3HT*), the [(perfluoroalkyl)porphinato]zinc unit of Rf-Iso
engenders the electronically excited state of this chromophore
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('Rf-Iso*) with an excited state reduction potential (E~/*)
sufficient to drive hole transfer (HT) from ground-state P3HT.

This work highlights the effectiveness of coupled oscillator
photophysics and the meso-perfluoroalkylporphyrin ligand
framework for the design of an acceptor chromophore for
OPVs that (i) possesses an excited-state reduction potential
appropriate for photoinduced HT with the ground-state of the
classic donor polymer P3HT, (ii) features a ground-state
reduction potential appropriate for photoinduced ET with the
electronically excited donor polymer (‘P3HT*), (iii) super-
sedes the total visible-range absorptivity of P3HT, and (iv)
extends the device operating spectral range into the NIR. This
work demonstrates for the first time that high oscillator
strength porphyrinic chromophores, conventionally utilized as
electron donors in OPVs, can also be exploited as electron
acceptors.
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