
Photochemical & Photobiological Sciences c0pp00013b

1
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Electropolymerization of a porphyrin–fullerene monomer yields a
conductive polymer that absorbs light throughout the visible, undergoes
photoinduced electron transfer to yield charge-separated species, and
has potential applications in solar energy conversion.Q1
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A hole- and electron-conducting polymer has been prepared by electropolymerization of a
porphyrin–fullerene monomer. The porphyrin units are linked by aminophenyl groups to form a linear
chain in which the porphyrin is an integral part of the polymer backbone. The absorption spectrum of a
film formed on indium-tin-oxide-coated glass resembles that of a model porphyrin–fullerene dyad, but
with significant peak broadening. The film demonstrates a first oxidation potential of 0.75 V vs. SCE,
corresponding to oxidation of the porphyrin polymer, and a first reduction potential of -0.63 V vs.
SCE, corresponding to fullerene reduction. Time-resolved fluorescence studies show that the porphyrin
first excited singlet state is strongly quenched by photoinduced electron transfer to fullerene. Transient
absorption investigations reveal that excitation generates mobile charge carriers that recombine by both
geminate and nongeminate pathways over a large range of time scales. Similar studies on a related
polymer that lacks the fullerene component show complex, laser-intensity-dependent photoinduced
electron transfer behavior. The properties of the porphyrin–fullerene electropolymer suggest that it may
be useful in organic photovoltaic applications, wherein light absorption leads to charge separation
within picoseconds in a “molecular heterojunction” with no requirement for exciton migration.

1. Introduction

In biology, porphyrins and their relatives the chlorophylls play
a wide variety of important roles, most of which depend on
the redox properties of these macrocycles and/or their interac-
tions with light. These same properties of synthetic porphyrins5
are exploited through applications in solar energy conversion,
sensors, biomedicine, molecular electronics and photonics. When
porphyrins are used in a device, it is often necessary to transduce
a redox change in a porphyrin molecule into an electrical
response at an electrode. One convenient way to do this is to10
include the porphyrin in an electrically conducting polymer film
grown electrochemically on an electrode surface. A variety of
porphyrin-containing electropolymers have been reported.1–7 In
these, polymerization occurs via substituents attached to the
porphyrin ring, rather than through the carbon atoms of the15
macrocycle itself. Porphyrin electropolymers based on polyaniline
are especially well studied.1,2,6,8 The groups of Spiro and of Murray
and other investigators have reported the electropolymerization of
5,10,15,20-tetrakis(2-aminophenyl)porphyrins,9–15 and found that
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they polymerize oxidatively via the meso aniline rings in a head- 20
to-tail fashion in much the same way as aniline itself. Due to
the presence of four aminophenyl groups on each macrocycle,
the porphyrin units can bridge between polyaniline chains. The
resulting material is essentially a form of polyaniline with at-
tached porphyrin moieties. Hole conductivity in these polymers 25
can thus occur in ways similar to conduction in polyaniline,
although the porphyrin ring could be involved in interchain
hopping.

Recently, we reported16 a new kind of porphyrin polymer, poly1,
which is prepared by electropolymerization of 5-(4-aminophenyl)- 30
10,20-bis(2,4,6-trimethylphenyl)porphyrin, 1 (Fig. 1). Polymeriza-
tion occurs via bonding of the aminophenyl nitrogen directly to the
carbon atom at the 15-position of the porphyrin ring, leading to a
structure in which the porphyrin macrocycle is an integral part of
the linear, conjugated, semiconducting polymer backbone (Fig. 2). 35
Preliminary optical and electrical studies of these conducting
porphyrin films suggest that they might be useful for photovoltaic
and/or sensing applications.

Natural photosynthetic reaction centers, responsible for con-
version of excitation energy into useful chemical energy, can serve 40
as inspiration for construction of solar energy conversion devices.
In reaction centers, the energy conversion step involves electron
donation from a chlorophyll first excited singlet state, formed by
light absorption, to a nearby electron acceptor species to form a
charge-separated state. This state preserves some of the original 45
photon energy as electrochemical potential energy. We and others
have reported many examples of artificial photosynthetic reaction
centers that consist of porphyrins covalently linked to quinones,
fullerenes, porphyrins, or other electron-accepting moieties. Some
of these dyads, triads, etc. rival natural reaction centers in their 50

This journal is © The Royal Society of Chemistry and Owner Societies 2010 Photochem. Photobiol. Sci., 2010, xxx, 1–11 | 1



Fig. 1 Structures of monomers porphyrin 1 and porphyrin–fullerene dyad
2, and of model compounds porphyrin 3 and dyad 4.

Fig. 2 Structures of the electropolymers poly1 and poly2.

ability to store energy from light in energetic, long-lived charge-
separated states in high yield.17–26

These results suggest that a promising approach to the design
of polymers for solar energy conversion purposes would be to
include similar dyad photochemical charge-separation units in5

the polymer chain. In this way, light absorption by any unit in
the polymer could be followed by rapid photoinduced electron
transfer to form a charge separated state. Subsequent electron
and hole migration through the polymer to electrodes could
generate photocurrents and photovoltages. Thus, each unit of 10
the polymer would form a “molecular heterojunction” wherein
a Frenkel exciton (excited state) formed by light absorption could
dissociate into carriers, and the exciton migration required by
many approaches to the design of polymer-based solar energy
conversion devices, which can lead to decreased efficiencies, would 15
be unnecessary. A few polymers bearing both electron and hole
carriers, sometimes termed “double cable” polymers, have been
reported and evaluated for solar energy conversion purposes.27–29

Most designs consist of light-harvesting conjugated polymers (but
not porphyrins) tethered to electron acceptors such as fullerenes. 20

Herein we report electropolymer poly2 (Fig. 2), which is an
analog of poly1 in which each porphyrin unit bears an appended
fullerene electron acceptor moiety. The polymer is formed by elec-
tropolymerization of monomeric dyad 2 (Fig. 1) under conditions
similar to those used for 1. 25

2. Results

2.1 Synthesis of the monomer

The syntheses of monomer 1 and model porphyrin polymer unit
3 (Fig. 1) were reported previously.16 Monomer 2 was prepared
from 5-(4-formylphenyl)-15-(2,4,6-trimethylphenyl)porphyrin. 30
One free meso position was brominated, and the bromine was
replaced by the 4-aminophenyl group (protected as the BOC
derivative) via a Suzuki-type coupling. The fullerene was then
attached through a Prato reaction with the porphyrin aldehyde,
sarcosine and C60. Finally, the BOC protecting group was removed 35
with trifluoroacetic acid to give 2. Model compound 4 (Fig. 1)
was prepared in a related fashion. The synthetic details and
characterization by NMR and mass spectrometry are given in the
ESI.‡

2.2 Electrochemistry 40

Cyclic voltammetry (CV) of 2 in dry, deoxygenated
dichloromethane containing 0.10 M tetra-n-butylammonium hex-
afluorophosphate supporting electrolyte was carried out using a
platinum disk working electrode, a platinum counter electrode, and
a Ag/AgCl quasi-reference electrode (Fig. 3). The electrochemical 45
reduction shows three reversible one electron processes between
0 and -1.5 V vs. SCE. The two first reductions, at -0.61 and
-0.99 V, correspond to the formation of the mono- and dianion
of the C60 unit respectively,30 and the third one at -1.20 V
is due to porphyrin anion formation. The first anodic sweep 50
also presents three oxidation waves (I, II, III in Fig. 3). The
complementary reduction peaks are all absent in the reverse
sweep, indicating that the oxidation processes are irreversible.
On the reverse sweep, two reduction peaks are observed near
0.66 and 0.46 V. They are assigned to the reduction of the 55
product/products generated during the first oxidation sweep. For
purposes of comparison, we note that the CV of 5,10,15,20-
tetraphenylporphyrin in benzonitrile features oxidation waves at
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Fig. 3 Cyclic voltammograms for 2 in dry, deoxygenated
dichloromethane containing tetra-n-butylammonium hexafluorophos-
phate. The scan rate was 0.1 V s-1. The arrows indicate the initial scan
directions for the anodic and cathodic sweeps. The solid lines represent
the initial cathodic and anodic scans. The dotted line is an initial anodic
sweep between -0.25 V and 1.27 V, and the dashed line is a second anodic
sweep of the same electrode. See the text for an explanation of the Roman
numerals.

1.08 and 1.23 V vs. SCE,31 and the first oxidation potential of
aniline in acetonitrile is 0.90 V vs. SCE.32

When a solution of 2 is scanned between -0.25 and 1.27 V only
two oxidation peaks are observed, corresponding to waves I and
II, and the complementary reduction peaks are still not observed.
Instead, two reduction peaks can again be seen at 0.66 and 0.465
V (peaks IV, V, dotted line, Fig. 3). On the second scan over this
potential range, a new peak is observed at ~0.75 V. It occurs at
a less positive potential than that for wave I. Also a second peak
is observed in the same region as the first and second oxidation
processes. The reduction waves IV and V and the new oxidation10
peaks are evident only after the first anodic sweep; hence, they are
generated via a chemical reaction following the initial oxidations
of 2.

Fig. 4 shows successive anodic CV curves of a dichloromethane
solution of 2, prepared as described above and cycled between15
-0.25 V and through the second oxidation wave to 1.3 V. The

Fig. 4 Cyclic voltammograms showing repetitive anodic cycles for a
solution of 2 as described for Fig. 3. Each successive cycle has a higher
current. A total of 25 cycles are shown.

voltammograms show a progressive increase in total current with
each sweep, indicating the formation of a redox-active material
on the electrode. In addition, new peaks grow in as the number
of cycles increases. After about 20 cycles, a single broad wave 20
dominates the CV. A similar film is also formed when the monomer
solution is cycled between 0 V and the third oxidation, but lower
coverage is obtained. At the end of the process, the electrode is
seen to be covered with a relatively uniform polymeric film.

When the polymer-coated Pt electrode is removed from the 25
monomer solution, rinsed with dichloromethane, and transferred
to a new solution of electrolyte containing no monomer, it shows
the redox responses depicted in Fig. 5. The cyclic voltammogram
of the film presents a broad reversible oxidation at 0.75 V
(calculated as the average of the anodic and cathodic peaks) 30
showing a nearly symmetrical current response but with a peak
separation larger than predicted for an ideal process at these
scan rates. This oxidation potential is close to that observed for
similar polymer films of poly1 (0.85 V vs. SCE),16 and is assigned
to oxidation of the polymeric porphyrin. The reductions of the 35
polymer occur at -0.63, -0.97 and -1.12 V vs. SCE. The reductions
at -0.63 and -0.97 are essentially identical in potential to those
observed for the fullerene component of 2, and are assigned to the
C60 moiety. The reduction at -1.12 is assigned to the porphyrin
macrocycle, and is identical to the value reported for reduction of 40
poly1.16 At scan rates in the 10–200 mV s-1 range, the amplitudes of
both the oxidation and reduction current peaks are proportional
to the scan rate, which is indicative of an irreversibly adsorbed
product on the electrode.33

Fig. 5 Cyclic voltammograms as a function of scan rate for a film of poly2
obtained after 25 CV cycles. The conditions were the same as indicated
in Fig. 3 except that the solution did not contain monomeric 2. The scan
rates (larger amplitude to smaller) were 200, 150, 100, 75, 50, 25 and
10 mV s-1.

The film shows “memory” effects when the potential is scanned 45
over certain ranges. The solid line in Fig. 6 shows the CV of a
film of poly2 on platinum taken for a complete cycle of potentials
from -0.75 V to 1.50 V, and then back to -0.75 V. The dotted lines
show cycles between 0.00 and -0.75 V, and between 0.00 and 1.50
V. Note that the full cycle contains features near 0.75 V and -0.30 50
V that do not appear in the simple reductive or oxidative scans.
Such sharp prewaves, or “trapping peaks” have been observed
in other polymers, and commonly occur in electropolymers that
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Fig. 6 Cyclic voltammograms of a film of poly2 on a platinum electrode in
0.1 M tetra-n-butylammonium hexafluorophosphate in dichloromethane
solution scanned at 100 mV s-1. The solid line was obtained by scanning a
continuous, full cycle between the potential limits of -0.75 V and 1.5 V vs.
SCE, and back. The two dotted lines show scans between 0 V and -0.75 V
and between 0 V and 1.5 V.

have multiple redox processes separated widely in potential.33,34

They may be ascribed to redox processes that have a formal
potential lying within one of the major conductive zones. When
these redox sites fail to discharge before the sweep through the
relevant conductive zone is finished, they will not discharge until5
the next conductive zone is reached. Such behavior is also seen
when there are states that have a formal potential in the insulating
voltage region. These states oxidize within one conductive region
and are reduced in the other.

2.3 Mass spectrometry10

The structure of poly2 is postulated to be similar to that of
poly1, whose structure was determined based on a number of
techniques.16 MALDI-TOF negative ion mode mass spectrometric
results for poly2 were consistent with this assignment, within
experimental error. Samples of the essentially insoluble polymer15
were scraped from the substrate and sonicated with a terthiophene
matrix. For 2, the molecular formula C104H38N6 yields calculated
values for m/z and (m + 1)/z of 1370.32 and 1371.32, respectively.
Experimental reflective mode measurements gave major peaks for
poly2 with roughly equal abundance at 1370.06 and 1371.06. The20
poly2 sample also showed a dimeric species. Calculations of m/z
and (m - 1)/z for the neutral dimer C208H74N12 yield 2740.62 and
2739.62. Experimental masses of approximately equal intensity
were found at 2740.41 and 2739.41. In linear mode, a peak at
4106.23 was observed. The exact mass for the trimer C312H110N1825
is calculated to be 4106.92.

2.4 Spectroscopic properties—absorption spectra

Electropolymerization of 2 was also carried out on transparent
electrodes consisting of a thin layer of indium tin oxide (ITO) or
fluorinated tin oxide (FTO) on glass. The polymerization proceeds30
as it does on platinum, and the CVs show similar increases
in current and changes in shape as each cycle is completed.
After removal of the electrode from the polymerization solution,

washing with dichloromethane and re-immersion in a clean
electrolyte solution, the electrode gives cyclic voltammograms 35
showing similar redox potentials and shapes to those for films
grown on a platinum electrode.

Fig. 7 shows the absorption spectra of 2 and 3 in
dichloromethane solution and of an electrode bearing a film of
poly2 (30 polymerization cycles) in air. The spectrum of the poly- 40
mer was corrected for scatter by the FTO electrode by subtraction
of the spectrum of the electrode prior to polymerization. The
spectrum of 2 features the porphyrin Soret band absorption at
415 nm and four Q bands at 510, 545, 585, and 640 nm. The
fullerene moiety shows weak, featureless absorption all through 45
the visible region out to 705 nm, where a weak maximum is
observed. The spectrum of porphyrin 3, a better model compound
for the porphyrin moiety of poly2, has maxima at 421, 520, 570, 590
and 664 nm. The spectrum of the film of poly2 also shows Soret,
Q-band and C60 absorptions. All the bands are strongly broadened 50
and red shifted relative to those of the model compounds (the Soret
band shifts to 434 nm). The spectrum indicates that the component
chromophores are basically unaltered by polymerization; the red
shifts and spectral broadening are characteristic of chromophore
association (with possible excitonic coupling and formation of 55
charge-transfer states) and environmental heterogeneity in the
film. Excited states (excitons) are self-trapped, and any excited
state motion would likely occur by hopping. If the film is “doped”
by the presence of some oxidized porphyrin, additional absorbance
is observed, especially at wavelengths longer than 650 nm (vide 60
infra).

Fig. 7 Absorption spectra of (dotted line) monomer 2 in dichloromethane
solution, (dashed line) model porphyrin 3 in dichloromethane solution,
and (solid line) poly2 on FTO in air (30 polymerization cycles). For
comparison purposes, the absorbance values are normalized at the Soret
maximum. The inset is an expansion of the long-wavelength region.

2.5 Spectroelectrochemical studies

The poly2 film readily undergoes oxidation and reduction, as
demonstrated by the CV results. By analogy with porphyrin–
fullerene dyads related to 2 or 4 in solution, excitation of the 65
porphyrin or fullerene moieties of poly2 is expected to be followed
by photoinduced electron transfer to yield P∑+–C60

∑- charge-
separated states.35–40 For these reasons, spectroelectrochemical
studies were performed to obtain information about the species
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resulting from oxidation and reduction of the film. An electrode
bearing an electropolymerized film of poly2 on ITO-coated glass,
prepared as described above, was immersed in dichloromethane
containing 0.1 M tetra-n-butylammonium hexafluorophosphate.
The electrode was set at 0.0 V vs. SCE in the electrochemical5
cell, and its UV-visible absorption spectrum was recorded and
baseline-corrected using a blank ITO electrode. The potential was
then set at -0.75 V in order to convert the film to its reduced state
(first reduction), and the absorption spectrum was again obtained.
Fig. 8 shows the difference spectrum obtained by subtracting the10
spectrum at 0.0 V from that at -0.75 V. The difference spectrum
features a strong band with a maximum at 1006 nm, with some
lower amplitude features at shorter wavelengths. The 1006 nm
band is ascribed to the fullerene radical anion by reference to
similar compounds.41 Fig. 8 also shows the difference spectrum15
obtained after a similar potential-controlled (-0.75 V) electrolysis
of a solution of 2 in dichloromethane/tetra-n-butylammonium
hexafluorophosphate. The spectrum resembles that for poly2,
with an absorption maximum at 995 nm that is ascribed to
P–C60

∑-.20

Fig. 8 Spectroelectrochemical difference spectra. Films were prepared
on ITO-coated glass and spectra were obtained from electrodes in
dichloromethane solution containing supporting electrolyte as discussed in
the text. The dashed line shows the difference spectrum for a film of poly2
taken at the first reduction, -0.75 V, and the solid line shows a similar
difference spectrum for monomeric 2 in the same solvent and electrolyte.
The dotted line is the difference spectrum for the poly2 film after the first
oxidation (1.25 V), and the dot-dash line is the corresponding difference
spectrum for poly1. The spectra have been normalized to a maximum
absorbance of 1.0 to facilitate comparison.

Turning now to oxidative conditions, a UV-visible absorbance
difference spectrum of the poly2 film was obtained after poising
the electrode at a potential of 1.25 V, which converts the film to
its first oxidized state. As shown in Fig. 8, a broad, featureless
absorption in the 700–1250 nm region was observed. A similar25
difference spectrum was obtained from a film of poly1, with a
broad absorption in the 600–1100 nm region (Fig. 8). For both
polymers, this band is assigned to the porphyrin radical cation.
The radical cation of related monomeric porphyrins in solution
also has a broad, featureless spectral signature, but it is usually30
found in the 600–900 nm region.

2.6 FT-IR studies and film permeability

During the CV experiments described above, a large fraction of
the P–C60 units in the polymer is being oxidized or reduced in the
high-current regions of the voltammogram. If the interior of the 35
polymer film is accessible to ions in the electrolyte solution, then
oxidation or reduction of the film is expected to be accompanied
by migration of counterions into the film. In order to investigate
this possibility, films of poly2 were grown on ITO-coated glass in
dichloromethane using tetra-n-butylammonium hexafluorophos- 40
phate as the supporting electrolyte, the films were removed from
the polymerization solution and rinsed with dichloromethane,
and the films were then immersed in a clean dichloromethane
solution of the same electrolyte. The electrode potential was set at
various values to convert the film to a particular oxidation state, 45
and the film was removed from the electrolyte and rinsed with
dichloromethane. The infrared spectrum of the electrode was then
taken using the Fourier-transform technique. The results appear
in Fig. 9a. Oxidation of the film at 0.5, 0.8 and 1.2 V vs. SCE
is accompanied by increases in the absorption by a band at 845 50
cm-1. This band is in the range typically observed for PF6

-. Thus,

Fig. 9 FT-IR spectra of the electropolymers. (a) Film of poly2 on
ITO covered glass, taken in vacuo, after oxidation in a solution of
dichloromethane containing 0.10 M tetra-n-butylammonium hexafluo-
rophosphate at potentials of 0.0 V vs. SCE (dot), 0.5 V (dash), 0.8 V
(dot-dash) and 1.2 V (solid). Note the increase in absorbance due to
the PF6

- vibration at 845 cm-1 with increasing potential. (b) Similar film
prepared in dichloromethane containing 0.10 M tetra-n-butylammonium
perchlorate at potentials of 0.0 V vs. SCE (dot), 0.5 V (dash), and 1.0 V
(solid). The 845 cm-1 band is absent.
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as the degree of oxidation of the film is increased, PF6
- ions

migrate into the film to compensate the positive charge. When
similar experiments were carried out with tetra-n-butylammonium
perchlorate as the supporting electrolyte, the spectra in Fig. 9b
were obtained. The 845 cm-1 peak is absent, and only a small5
decrease in the 840 cm-1 region is observed as the oxidation state
of the polymer is increased. On the other hand, increasing the
degree of oxidation does result in an increase in the perchlorate
band at 1100 cm-1 (data not shown). Thus, the film is permeable
to solvent and these counterions.10

2.7 Film thickness

The thickness of polymer films grown on FTO-coated glass as
described above was determined by profilometry using a Sloan
Dektac II Profilometer. Fig. 10a shows a plot of the film thickness
vs. absorbance at the Soret band maximum for poly2 films of15
various thickness. The least-squares best fit to these data (Fig. 10a)
yields 74 nm per absorbance unit. Fig. 10b shows similar data for
poly1. In this case, the best fit gives 101 nm per absorbance unit.
The thickness of a film of poly1 was estimated previously using a
focused ion beam technique to cut the film, coupled with scanning20
electron microscopy (SEM). Films of two thicknesses were studied,
and based on these data, the film was estimated as ~150 nm

Fig. 10 Film thickness as determined by profilometry vs. the absorbance
at the Soret maximum in the UV-visible spectrum (solid squares): (a) films
of poly2 (the solid circle is a result from SEM measurements); (b) films of
poly1. The lines are linear least-squares best fits to the profilometry data.
The error bars show the range of results obtained for multiple experiments.

per absorbance unit at the Soret maximum.16 The estimates from
the two techniques are consistent, given the experimental errors
in each set of measurements. Similar SEM studies on a sample 25
of poly2 also yielded results comparable to the profilometry
measurements (solid circle in Fig. 10a). For poly1, SEM and
atomic force microscopy measurements both showed that the
film was relatively smooth and uniform. The films of poly2 show
reasonably uniform UV-vis absorbance over the slide, suggesting 30
that these films are also uniform in thickness. The SEM data on
poly2 are consistent with this conclusion.

The density of poly2 particles scraped from an electrode was
determined by the flotation method to be 1.53 ± 0.05 g mL-1. Based
on this density and the relationship from Fig. 10a, the extinction 35
coefficient at the Soret maximum (434 nm) is 121 000 ± 4000 M-1

cm-1 per dyad unit in the film. This extinction coefficient is roughly
one-quarter of those typically found for meso-triarylporphyrins,
which is reasonable given that the Soret band of poly2 is about 4
times broader than that of monomer 2, based on the width at half 40
height. The density estimate indicates that the volume per dyad
repeat unit in poly2 is 1490 Å3. This estimate appears reasonable,
as the van der Waals volume of one monomer unit, based on an
MM2 molecular mechanics structure minimization, is 1100 Å3.
Based on the estimated volume per dyad, roughly approximating 45
the dyad repeat unit as a cube of 11.5 Å implies that there are ca.
87 dyad repeat units between the surfaces of a 100 nm film.

For poly1, the density was found to be 1.42 ± 0.05 g mL-1.
From this density and the relationship in Fig. 10b, the extinction
coefficient at the Soret maximum is 44 350 ± 1500 M-1 cm-1 per 50
dyad unit in the film. The extinction coefficient is significantly
lower for poly1 than for poly2. It is unlikely that the entire
difference is accounted for by the contribution from the fullerene
in poly2. Examination of the absorption spectrum16 of poly1
shows that the Soret band is roughly 5.3 times broader than the 55
corresponding band in the monomer 1, which is consistent with
a lower extinction coefficient at the maximum. However, for both
poly1 and poly2 films, band widths and oscillator strengths depend
on the details of the excitonic coupling interactions between
porphyrins in the same and different polymer strands. The density 60
estimate for poly1 indicates that the volume for each dyad repeat
unit is 744 Å3, whereas the van der Waals volume of a monomer
unit based on an MM2 calculation is 605 Å3. For poly2 the
experimental volume per repeat unit is 1.36 times larger than the
van der Waals volume, and for poly1 the corresponding number is 65
1.23, suggesting that in both films the amount of “vacant” space
available for solvent, counterions, etc. is roughly the same fraction
of the amount of space occupied by polymer units. Based on
the estimated volume of poly1 per repeat unit, approximating the
repeat unit as a cube with dimensions of 9.1 Å implies that there 70
are ca. 110 repeat units between the surfaces of a 100 nm film.

2.8 Transient spectra

As mentioned above, a salient characteristic of porphyrin–
fullerene dyads is photoinduced electron transfer. In order to
investigate this possibility in poly2 we used transient emission 75
and absorption techniques. Model compound 4 is a porphyrin
and fullerene dyad closely related to those in a single unit of the
polymer. Unlike the typical porphyrin, the porphyrin moiety of
4 has essentially no steady-state fluorescence emission, showing
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that the porphyrin first excited singlet state is strongly quenched.
A sample of 4 was dissolved in 2-methyltetrahydrofuran and its
transient absorption properties were studied using the pump–
probe technique with excitation at 590 nm, where the porphyrin
absorbs most of the light. Some results are shown in Fig. 11.5

Fig. 11 Transient absorption results for model dyad 4 in 2-methylte-
trahydrofuran solution following excitation at 590 nm with a ca. 100 fs
laser pulse. The inset shows the spectrum 5 ps after excitation, which is
characteristic of the porphyrin radical cation and fullerene radical anion.
The circles show the rise and decay of the absorbance at 1000 nm. Fitting
these data (solid lines) yields a prompt rise due to formation of 1P, a
slower rise with a time constant of 4.0 ps reflecting formation of P∑+–C60

∑-

by photoinduced electron transfer, and a decay (20 ps) representing
recombination of the charge-separated state.

The inset is a spectrum taken 5 ps after excitation, and shows
induced absorbance with maxima around 800 and 1010 nm. The
broad, relatively featureless absorption in the 600–900 nm region
is characteristic of a porphyrin radical cation, whereas the ~1010
nm band is characteristic of the fullerene radical anion,35,42 and10
the spectrum is assigned to the P∑+–C60

∑- charge-separated state,
formed via photoinduced electron transfer. The transient at 1000
nm features a prompt rise due to the porphyrin first excited singlet
state, followed by an increase in absorbance with a time constant
of 4.0 ps. This 4.0 ps increase is ascribed to formation of the P∑+–15
C60

∑- charge-separated state. On a longer time scale (Fig. 11), the
transient signal decays with a time constant of 20 ps, signaling
recombination of the charge-separated state. Model porphyrin 3
has a lifetime for the first excited singlet state of 5.98 ns.16 Thus,
in 4 the rate constant for photoinduced electron transfer to give20
P∑+–C60

∑- from 1P (kET) is estimated to be (1/4.0 ps)–(1/5.98 ns),
or 2.5 ¥ 1011 s-1. The quantum yield U of P∑+–C60

∑- equals 1.0.
Fluorescence decay studies were also performed on films of

poly1 and poly2 on ITO-coated glass electrodes in air. The film
thickness was ca. 120 nm in both cases. Fig. 12 shows results with25
excitation into the Soret region at 430 nm (<10 pJ per pulse)
and detection via a streak camera. The hollow circles show the
results for poly1. The decay kinetics (shown at 680 nm) in the
590–830 nm region were fitted globally with exponential decays
having lifetimes of 30 ps and 135 ps after deconvolution with30
the instrument response (20 ps FWHM). The inset in Fig. 12
shows the decay-associated spectra (DAS) of the emission of poly1,
with maxima at ca. 670 and 690 nm. The major component at all
wavelengths is the 30 ps decay. The spectra are very similar to
those reported earlier for another sample of poly1,16 but the major35
lifetime is somewhat longer (30 ps vs. 15 ps). This is likely because
the previous sample was thinner, leading to the possibility of more
rapid excited state quenching by the conductive electrode and

Fig. 12 Time resolved fluorescence data for poly1 (open circles) and poly2
(solid circles) films on ITO-coated glass in air, following excitation at 430
nm with a ca. 100 fs laser pulse. Detection was with a streak camera.
The solid lines are exponential decays convoluted with the instrument
response function, as explained in the text. The inset shows the DAS of the
emissions, which have not been corrected for streak camera shading and
spectral response.

surface defects. The amplitude of the longer-wavelength maximum
relative to that at shorter wavelengths is greater in the 135 ps decay. 40
This suggests that the 30 ps lifetime reflects in part migration of
excitation from higher- to lower-energy states that result from
heterogeneity of the polymer. During the 135 ps decay, slower
energy migration between chromophores of similar energy is likely
occurring. The greatly shortened excited state lifetimes in poly1 45
relative to that of model monomer 3 reflect efficient excited state
quenching processes in the polymer sample. During migration
excitons may be quenched by chemical and topological defects
and exciton dissociation to charges within the polymer and at the
conductive ITO surface. Lowering the temperature to 80 K did not 50
significantly alter the fluorescence decay lifetimes (35 ps and 180
ps at 80 K) or amplitudes, showing that these decay mechanisms
are not strongly activated processes.

Fig. 12 also shows the results of a similar experiment for poly2
on an ITO-coated glass slide (solid symbols). The decay kinetics 55
(shown at 750 nm) were fit globally in the 590–830 nm region
with exponential decays having lifetimes of 7 ps and 200 ps, but
the accuracy for the 7 ps component is not high given the strong
convolution of the decay with the 20 ps streak camera response.
The inset shows the corresponding DAS. The major, 7 ps DAS, 60
has a maximum around 750 nm and a blue shoulder matching the
fluorescence of poly1.

In the case of poly2, the lifetime of the vast majority of the
porphyrin first excited singlet states is ~7 ps, which is much shorter
than the lifetimes of these states in poly1. This lifetime is similar to 65
the porphyrin excited state lifetime in model dyad 4 in solution, and
the quenching is most likely due to photoinduced electron transfer
to the fullerene to yield P∑+–C60

∑-, as was observed in 4. The nature
of the emission with the 750 nm maximum is not completely clear.
Fullerenes in solution show fluorescence in this general region but 70
with two bands located around 715 nm and about 800 nm. It is
possible that this emission is due to somewhat-shifted fullerene
fluorescence that is drastically quenched from the usual excited
singlet state lifetime of such a fullerene (ca. 1.3 ns) due to pho-
toinduced electron transfer from the porphyrin to form P∑+–C60

∑-. 75
Alternatively, it is possible that this emission is due to an exciplex or
charge-transfer (CT) exciton formed between the porphyrin and a
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nearby fullerene moiety, possibly from an adjacent polymer strand,
which relaxes to the P∑+–C60

∑- charge-separated state. Porphyrin–
fullerene exciplexes as precursors to charge-separated states have
been reported previously for some porphyrin–fullerene molecules
in solution where the two chromophores are spatially very close to5
one another.43 In any event, it is clear that in poly2, the majority
of the excited states decay by photoinduced electron transfer to
form P∑+–C60

∑-. The nature of the extremely weak, 200 ps emission
is unknown.

In order to learn more about the properties of the polymers10
after excitation, transient absorption experiments were performed
on the same films using the pump–probe technique with excitation
at 600 nm (~10–100 nJ per pulse) to ensure negligible excitation
of fullerene and minimal effects of exergonic excited-state energy
migration between porphyrins in different environments that15
would lead to spectral shifts. The results of these experiments are
difficult to interpret fully due to the presence of the conducting
ITO substrate which can accept charges and quench excited
states, the inability to study individual polymer strands in fluid
solution, and the absence of ideal model compounds. However,20
some interesting results are summarized below.

Fig. 13 shows results for a film of porphyrin poly1 after
excitation with different energy densities per laser pulse (136, 74,
28 and 14 mJ cm-2, in order of decreasing DA at the maximum).
Detection was at 880 nm, which is a spectral region in which25
most of the absorbance is attributed to porphyrin radical cations
(polarons and CT excitons) (see Fig. 8 and 11), although some
absorbance due to Frenkel excitons (excited states) may also be
present. Although the decays are nonexponential, they are fitted
well with 4 exponential components: 1.3 ps, 17 ps, 270 ps and a30
component that does not decay on this time scale. Global fitting
results at different laser energy densities are shown in the inset as
the logarithm of the amplitude vs. the logarithm of the excitation
energy density. It is obvious that at higher excitation powers a
very rapidly decaying (1.3 ps) transient appears and two fast-35
decaying components of 1.3 ps and 17 ps dominate the kinetics. At
lower powers the 270 ps and non-decaying components becomes
relatively more important.

Fig. 13 Transient absorption kinetics at 880 nm for poly1 on ITO-coated
glass following excitation at 600 nm with 100 fs pulses. Decays shown, from
maximum to minimum amplitude, were obtained with laser pulse fluences
of 136, 74, 28, and 14 mJ cm-2. The solid lines are multiple exponential
decays fitted to the data as explained in the text. The inset shows amplitudes
for these decays of 1.3 ps (open squares), 17 ps (filled circles), 270 ps (open
triangles) and nondecaying on this time scale (open diamonds) obtained
by global fitting of kinetics at the different laser pulse fluences.

At low excitation powers, the two decay components of 17 ps
and 270 ps may be attributed mainly to the decay of porphyrin 40
singlet excited states (i.e. Frenkel excitons) and the non-decaying
component is attributed to radical cations (polarons) formed
by electron transfer from porphyrin excited singlet states (i.e.
dissociation of Frenkel excitons). The short lifetimes of the excited
singlet states preclude significant triplet production by intersystem 45
crossing, and even if some triplets are formed by singlet fission their
transient spectral signature would appear at shorter wavelengths
(<850 nm). This interpretation is consistent with the fluorescence
lifetimes reported above.

As the laser power is increased, the fast components (1.3 and 50
17 ps) contribute proportionately more to the overall decay.
Fig. 13 (see also ESI, Fig. S2‡) shows that none of 1.3 ps
component is present at low laser powers, and none would have
been apparent at the laser powers used for the time resolved
fluorescence experiments described earlier. It is tempting to ascribe 55
this fast decay to a process resulting from interaction of two excited
states, such as exciton–exciton annihilation. However, calculations
based on the excitation volume (ca. 8.3 ¥ 10-9 cm3), exciton density
per laser pulse (ca. 7.9 ¥ 1010 excitons per excitation volume at
136 mJ cm-2), film absorbance, polymer density and volume per 60
chromophore given above suggest that even at the center of the
laser beam at highest fluence, there would be only about 1 photon
absorbed for every 22 porphyrin chromophores. Singlet–singlet
energy transfer rate constants are not known for the polymer.
Time constants in other multiporphyrin arrays are typically on 65
the order of tens of ps or longer, although time constants of a few
ps are sometimes observed.44–50 Thus annihilation seems unlikely
here.

The transient results suggest that proportionately more new
transients with higher extinction coefficients at 880 nm are 70
generated at the higher laser powers very rapidly (approximately
within the laser pulse), but that their decay times (e.g. 1.3 ps) are
essentially independent of the laser pulse intensity. The reason
for this behavior is unknown, but may be related to local heating
(higher density of phonons) in the polymer at high laser powers 75
leading to enhanced formation of CT excitons. Based on bulk
spectroscopic and cyclic voltammetric measurements,16 the energy
of the porphyrin first excited singlet state of the porphyrin in poly1
is 1.84 eV above the ground state, and the energy of the P∑+–P∑-

charge-separated state is 1.97 eV. Thus, photoinduced electron 80
transfer would be slightly endergonic, and thermally activated.
From the above results, photoinduced electron transfer does occur
in the films, presumably to the ITO electrode and/or at local sites
where the energy of the charge-separated state is lower. It may
be that at high laser powers, local heating and perhaps melting 85
(induced reversible “phase transition”) of the polymer creates sites
where the rate of charge separation is increased. In this case, the
1.3 ps decay component would be associated with the decay of
CT excitons and all other decay components may be attributed
mainly to the decay of radical cations (polarons) formed from 90
those excitons.

As shown in the inset of Fig. 13, the amplitudes of the 17 ps,
270 ps and non-decaying components do not increase linearly
with pump fluence. This behavior is consistent with a contribution
from nongeminate recombination, which refers to recombination 95
of electrons and holes generated by different photons at differ-
ent charge-separation sites. (Geminate recombination refers to
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recombination of an electron and hole generated by a single
photon at one charge-separation site, even though the electron
and hole may have separated spatially into different regions of the
polymer prior to recombination.)

With this result as a background, we turn to the results for poly25
(Fig. 14). The film thickness in this experiment is comparable to
that used for Fig. 13. Spectra were obtained as explained above
for poly1. Decays at 880 nm are nonexponential, but can be fitted
well with 4 exponential components (4.6 ps, 56 ps, 670 ps and
nondecaying on this time scale). The global fitting results are10
shown in the inset of Fig. 14. These results are all consistent
with very fast decay of the porphyrin first excited singlet state by
photoinduced electron transfer to yield P∑+–C60

∑- charge-separated
states (polarons and/or CT excitons), which decay over a variety
of time scales. In contrast to poly1, no non-linear effects at high15
laser powers were observed.

Fig. 14 Transient absorption kinetics at 880 nm for poly2 on ITO-coated
glass following excitation at 600 nm with 100 fs pulses. Decays shown, from
maximum to minimum amplitude, were obtained with laser pulse fluences
of 141, 71, 40, and 13 mJ cm-2. The solid lines are multiple exponential
decays fitted to the data as explained in the text. The inset shows amplitudes
for these decays of 4.6 ps (solid squares), 56 ps (open circles), 670 ps (open
triangles) and nondecaying on this time scale (open diamonds) obtained
by global fitting of kinetics at the different laser pulse fluences.

The transient results suggest that most of the P∑+–C60
∑- is formed

on the time scale of the laser excitation pulse. This is consistent
with the relatively small contribution of porphyrin emission to
the emission spectra in Fig. 12. The 56 ps decay shows intensity-20
independent recombination dynamics (inset in Fig. 14), which is
consistent with geminate recombination. Note that this lifetime is
significantly longer than that observed for P∑+–C60

∑- in model dyad
4 in solution (20 ps), suggesting that in the polymer, the electron
and hole may migrate apart, on the same or different polymer25
chains, before recombination. The other lifetime components,
especially the 4.6 ps component, show some deviation from first
order kinetics, implying some nongeminate charge recombination.
(At high charge densities, nongeminate recombination can be
faster than geminate recombination). Note that although geminate30
recombination may or may not involve freely-diffusing charges,
nongeminate recombination by its nature involves free mobile
charges. The results also show that at all laser powers, some radical
cations recombine on a much slower time scale than that employed
for these studies.35

3. Discussion

The electrochemical, spectroscopic and mass spectrometric results
for poly2 indicate that monomer 2 electropolymerizes oxidatively
in a manner very similar to monomer 1 to produce a linear polymer
with a polyporphyrin backbone, as in Fig. 2. The polymerization 40
mechanism for both 1 and 2 is presumably related to that
in polyaniline, and involves electrochemical preparation of an
oxidized monomer radical cation which couples to a radical cation
at the end of the growing polymer chain with the overall loss of 2
hydrogen ions. In accord with this mechanism, the polymerization 45
solution becomes acidic as polymerization proceeds, with eventual
protonation of the porphyrin macrocycles after a large number of
CV scans.

The spectroscopic and electrochemical data show that in poly2,
the porphyrin and fullerene chromophores retain their essential 50
properties, rather than becoming part of a large delocalized
p-electron system. The nitrogen-bearing aryl ring at a meso-
position of each porphyrin is precluded from being coplanar with
the macrocycle because of steric hindrance with the pyrrole b
positions, and this allows only partial conjugation between the 55
ring and the macrocycle, and hence along the polymer backbone.
On the other hand, the various subunits of the polymer do
interact, as evidenced by the red shifts and broadening of the
absorption spectra and the change in electrochemical behavior of
the porphyrin moiety upon polymerization. The first reduction 60
potential of the fullerene, on the other hand, is essentially
unchanged in poly2 from its value in 2, which is not unexpected,
given the separation of this moiety from the polymer backbone.

The migration of positive charges (“holes”) within the polymer
films of both 1 and 2 and to the ITO surface clearly occurs. During 65
polymerization, each oxidative CV sweep results in oxidation of all
or most of the polymer porphyrins on the electrode surface, and
then of monomer in solution so that polymerization can proceed.
The CV results also show that in poly2, electrons can move through
the film to the electrode. Because this occurs at potentials where the 70
fullerene, but not the porphyrin, is reduced, it is likely that electron
transfer occurs by hopping between C60 units along a polymer
strand, and between strands. Thus, the film of poly2 is both an
electron conductor and a hole conductor. The IR results indicate
that in the electrochemical experiment, oxidation is accompanied 75
by migration of counterions from solution into the film, and that
these counterions remain in the film until the film is returned to
the neutral form.

The transient results show that the major pathway for decay
of excitation in poly2 is photoinduced electron transfer from the 80
porphyrin to the fullerene to generate P∑+–C60

∑-. As shown in
Fig. 15, both the porphyrin and fullerene first excited singlet states
are thermodynamically capable of initiating electron transfer. Al-
though the P∑+–C60

∑- state can in principle recombine directly to the
ground state, the transient absorption results for poly2 suggest that 85
some of the charge-separated states diffuse apart by hole migration
through the porphyrin system and/or electron migration through
the fullerene network before ultimately recombining.

The overall process in poly2 is similar to that observed in “bulk
heterojunction” organic photovoltaic cells. Such cells feature an 90
intimate mixture of a conducting polymer phase and a fullerene
electron transfer phase. In these cells, chromophore excited
states (Frenkel excitons) decay by photoinduced electron transfer
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Fig. 15 Transient states and decay pathways for P–C60 units within poly2.
Excited state energies are estimated from absorption spectra, and the
energy of the charge-separated state is based on the electrochemical results.
Competing with charge recombination of P∑ +–C60

∑ - is migration of charge
through the polymer network, and eventually to the ITO surface.

between the polymer phase and a nearby C60 derivative in the
fullerene phase to form a charge-separated state (charge-transfer
exciton). Given suitable energy, the electron and hole can then
diffuse apart to give separated ions (exciton splitting). The free
carriers (polarons) can then migrate to electrodes, giving rise to a5
photocurrent.

In poly2 a similar process occurs. However, there is a major
difference between the two systems. In the usual bulk hetero-
junction solar cell, light is absorbed by a chromophore in the
polymer (or C60) phase, and the resulting Frenkel exciton must10
diffuse to a boundary between the polymer and fullerene phases
in order for charge transfer to occur. If this does not happen
within the lifetime of the Frenkel exciton, it relaxes and the energy
is lost as heat. Poly2, on the other hand, is constructed so that
every porphyrin in the polymer backbone has a fullerene electron15
acceptor directly attached. In this “molecular heterojunction,”
photoinduced electron transfer to form a charge separated state
can occur within a few ps after light absorption, and exciton
migration is not required. Thus, one possible energy loss mech-
anism in the bulk heterojunction solar cell is eliminated. If poly220
and similar polymers can be incorporated into photovoltaic cells
that also feature high efficiency carrier migration and injection
into electrodes, such polymers may be very useful for solar cell
applications.
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