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Organic solar cells. Supramolecular
fullerenes organized by polypeptide

composites of porphyrins and
structures as light harvesters
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We have constructed supramolecular solar cells composed of a series of porphyrin—peptide
oligomers [porphyrin functionalized a-polypeptides, P(H:P), or P(ZnP),, (n=1, 2, 4, 8, 16)], and
fullerenes assembled on a nanostructured Sp@lectrode using an electrophoretic deposition

method. Remarkable enhancement in the photoelectrochemical

performance as well as the

broader photoresponse in the visible and near-infrared regions is seen with increasing the number
of porphyrin units in a-polypeptide structures. Formation of supramolecular clusters of
porphyrins and fullerenes prepared in acetonitrile—toluene = 3 : 1 has been confirmed by
transmission electron micrographs (TEM) and the absorption spectra. The highly colored
composite clusters of porphyrin—peptide oligomers and fullerenes have been assembled as three-
dimensional arrays onto nanostructured Sn@ films using an electrophoretic deposition method.

A high power conversion efficiency ) of ~1.6% and the maximum incident photon-to-
photocurrent efficiency (IPCE = 56%) were attained using composite clusters of free base and zinc
porphyrin—peptide hexadecamers [P(kP)1s and P(ZnP),¢] with fullerenes, respectively.
Femtosecond transient absorption and fluorescence measurements of porphyrin—fullerene
composite films confirm improved electron-transfer properties with increasing number of
porphyrins in a polypeptide unit. The formation of molecular assemblies between porphyrins and
fullerenes with a polypeptide structure controls the electron-transfer efficiency in the
supramolecular complexes, meeting the criteria required for efficient light energy conversion.

Introduction

In recent years attention has been drawn to the development of
inexpensive renewable energy sources. New approaches for the
production of efficient and low-cost organic solar cells are
necessary for future development of next generation devicés’
Progress is being made in the development of heterojunction
organic solar cells, which possess an active layer of a con-
jugated donor polymer and an acceptor fullerenes. In these
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polymer blends, efficient photoinduced electron transfer
occurs at the donor—acceptor interface, and intimate mixing
of donor and acceptor is therefore beneficial for efficient
charge separatiorf™’ For efficient transport of the positive
charge carriers through the donor phase and of electrons
via the acceptor phase to the electrodes, a phase-segregated
bicontinuous network is required.

One of the most promising strategies is the development of
organic solar cells that mimic natural photosynthesis. In the
natural photosynthetic system, the light-harvesting complexes
are composed of chlorophylls (or bacteriochlorophylls)
assembled in protein matrices that absorb light over a wide
spectral range®1°The subsequent electron-transfer process in
the reaction center is found to occur very rapidly from the
special pair (BChl dimer) toward the quinones to produce the
final charge-separated state which has a long lifetimed 1 s)
with nearly 100% quantum yield!* Thus, light energy con-
version of natural photosynthetic system based on supra-
molecular assembly in the protein matrix provides us with
important information to construct artificial energy conver-
sion system$?

The first candidate of such components is a porphyrin that is
involved in a number of important biological electron transfer
systems including the primary photochemical reactions of
chlorophylls (porphyrin derivatives) in the photosynthetic
reaction centers. Porphyrins contain an extensively conjugated
two-dimensional p-system and thus are suitable for efficient
electron transfer. The uptake or release of electrons results in
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Fig. 2 TEM images of (A) (P(H2P)16 + Cs0)m, (B) (P(ZNP)16 + Coo)m
(C) (P(ZnP)g + Cso)m, and (D) (P(ZnP); + Cgo)m COmposite clusters.

We have also measured absorption spectra of the composite

clusters as shown in Fig. 3. The absorption spectra of
(P(ZnP), + Ceo)m (spectra a—c) in an acetonitrile—toluene 3 : 1
mixture become broad and red-shifted as compared with those
of the monomeric forms in toluene (spectra d and e). This
trend is enhanced with increasing the number of porphyrins in
a polypeptide unit, when the Soret band in (P(ZnP)s + Ceg)m

is red-shifted and the spectrum becomes broad compared with
those of (P(ZnP) + Cgg)m and (P(ZnP), + Cgo)m. The broad
absorption in the visible and near IR regions is characteristic
of p-complexes formed between porphyrins and fullerene:
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Fig. 3 Absorption spectra of (a) (P(ZnP)e + Ceo)m ([P(ZnP)1] =
0.012 mM, [Cs] = 0.31 mM) in acetonitrile—toluene = 3 : 1, (b)
(P(ZnP), + Csom ([P(ZnP)] = 0.10 mM, [Ceg = 0.31 mM) in
acetonitrile—toluene =3 : 1, (c) (P(ZnP) + Cgo)m ([P(ZnP),] = 0.19 mM,
[Ceg] = 0.31 mM) in acetonitrile—toluene = 3 : 1, (d) P(ZnP)e
([P(ZnP)16) = 5 mM) in toluene and (e) Cso ([Cog] = 150 mM) in toluene.

The broader spectrum of (P(ZnP)g + Cgg)m COmpared to that

of (P(ZnP); + Cgg)m results from the charge-transfer (CT) type
interaction of the p-complex between porphyrin and Gg in
the long-wavelength absorption of the composite clusters.
Similar CT interactions leading to an extended absorption
have been observed for porphyrin—g, dyads linked in close
proximity. 3% In the case of porphyrin—fullerene composite
clusters, the higher CT absorption is clearly observed because
of the strong interaction, although the scattering effect is
also observed®3!

Association constants between porphyrins and fullerenes

The UV-vis absorption and fluorescence spectral changes give
us useful information of supramolecular formation between
porphyrins and fullerenes as shown in Fig. 4. The Soret band
of P(H2P)16 in benzonitrile at 298 K is red-shifted with a clean
isosbestic point by addition of Cgo, and the absorbance change
exhibits saturation behavior with increasing Go concentration
(Fig. 4A and B). This indicates that G5 forms a 1 : 1 complex
with the porphyrin moiety of P(H ,P);5 as shown in eqn (1),
where H,P is one porphyrin unit in P(H.P).6 According to
eqn (1),

K
H2P+Ceo BEGS H2PCeo 1)

The K value in eqn (1) can be calculated from egn (2°
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Fig. 4 (A) Absorption spectral changes of P(HP)s (3.5 x 107 M
based on one porphyrin unit) in the presence of various concentrations
of Cgo (0 t0 8.9 x 10?°® M) in PhCN at 298 K. (B) Plot of absorbance
at 422 nmvs. [Cggl. Inset: Plot of [Ced?* vs. [HaPl/(Ag 2 A). (C)
Fluorescence spectra of P(5P)16 (3.5 x 10%® M based on the number
of porphyrin units) in the presence of various concentrations of G
(010 9.0 x 10°°® M) in deaerated PhCN at 298 K. (D) Change in the
fluorescence intensity at 655 nm. Inset: Plot of [§]% * vs.[HoP)/(10 2 1).
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Fig. 6 (A) Scanning electron micrograph (SEM) image of (P(HP)6 + - 0 | .
Cso)m- (B) Absorption spectra of OTE/SnO, modified with (a)
(P(H2P)16 + Coadms (b) (P(H2P)s + Coo)m, (€) (P(ZNPle + Ceo)m and 10 L
(d) (P(H2P)g)m composite clusters. i
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Fig. 7 (A) The photocurrent action spectra (IPCEvs.wavelength) of

. . (@) (P(H2P)16 + Co0)m, (b) (P(H2P)g + Cea)m, (€) (P(H2P)s + Coo)m, (d)
Photocurrent generatlon propertles P(HZP)Z + CGO)m and (e) (P(Hzp)l + CGO)m modified OTE/SnO,
electrodes. (B) The photocurrent action spectra of (a) (P(Znk} +

Photoelectrochemical measurements were performed with a
Ceo)m, (b) (P(ZnP)s + Ceam, (€) (P(ZNP)s + Ceo)m, (d) (P(ZnP) +

standard two-electrode system con&stmg of a working Ceo)m and (€) (P(ZnP) + Ceg)m modified electrodes. (C) The photo-
electrode and a Pt wire gauze electrode in 0.5 M Nal and :
. ) L ; current action spectra of (a) (P(ZnP)g + Cgolm)m, (b) (P(ZNP)e +

0.01 M I, in air-saturated acetonitrile. We have previously CooPY)m and (€) (P(ZNPhs + Cc)m modified OTE/SNO, electrodes. See
reported that the incident photon-to-photocurrent efficiency  text for the employed concentrations of the individual species.
(IPCE) increases with increasing g concentration (0 to
0.31 mM in acetonitrile—toluene) at a constant concentration
of P(H,P)s (0.024 mM).28 This indicates that efficient electron  photocurrent action spectra of the (P(ZnP), + Cgo)m (N = 1, 2,
transfer from the excited state of porphyrin to Gy occurs, 4, 8, 16) electrode at a constant concentration ratio of
leading to efficient photocurrent generation®?-3* porphyrin to C g (vide suprd. The IPCE value of (P(ZnP), +

Fig. 7A shows the IPCE of the (P(H:P), + Cso)m (N=1, 2, 4, Ce0)m modified electrodes also exhibits a remarkable increase
8, 16) modified electrode at a constant concentration ratio of  with increasing number of porphyrin moieties in a polypeptide
porphyrin to C g (vide supra. The IPCE value of the (P(HP), unit. The maximum IPCE of the (P(ZnP), + Cgg)m System
+ Cs0)m System exhibits a remarkable increase with increasing also exhibits a remarkable increase with increasing number of
number of porphyrins in a polypeptide unit. In particular, the porphyrins in a polypeptide unit. The maximum IPCE of
(P(H2P)16 + Cgg)m System has the maximum IPCE value of (P(ZnP), + Ceg)m is determined as 56% at 480 nm.
48% at 600 nm as well as a broad photoresponse, extending  Three important observations emerge from the comparison
into the infrared region up to 1000 nm. Such an effective light of IPCE photocurrent action spectra of (P(ZnP), + Cego)m
energy conversion is ascribed to the polypeptide structure and (P(HxP), + Cso)m modified electrodes. First, IPCE values
controlling the three-dimensional organization between increase with increasing number of porphyrins in a poly-
porphyrins and Cgo. On the other hand, Fig. 7B shows the peptide unit in both (P(H2P), + Ceg)m and (P(ZnP), + Ceo)m
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(n=1, 2, 4, 8, 16) systems. This increase is indicative of the fact
that efficient photoinduced electron transfer occurs from the
excited state of the porphyrin unit to Cso in the supramolecular
complex with increasing number of porphyrins in a poly-
peptide unit (vide suprd. This trend is in good agreement with
the results of association constants between porphyrins and
Ceo based on absorption and fluorescence spectral changes
(vide supra. The second observation is that the maximum
IPCE value of (P(ZnP)e + Ceo)m (56%) is greater than that of
(P(H2P)16 + Ceo)m (48%). This may be ascribed to the driving
force for photoinduced electron transfer or the energy level of
the triplet excited state of porphyrin (see Scheme 2). The last
observation concerns the action spectra of the (P@P), +
Ce0)m modified electrodes which cover the region up to 950 nm
and this response is broader than those of (P(ZnRH Cego)m
modified electrodes. This is further indicative of the stronger
association between porphyrins and & in a polypeptide
structure in (P(H2P), + Cg0)m-

We have also compared IPCE spectra of (P(ZnRy +
Ceodlm), and (P(ZnP)g + CedPy)n modified electrodes with
that of (P(ZnP)16 + Ceo)m in Order to examine the effect of the
coordination bond of Cgg derivatives on the IPCE as shown in
Fig. 7C. The maximum IPCE values of (P(ZnP)s + CsoPY)m
and (P(ZnP)e + Ceolm)y, are 20% and 15%, respectively.
These values are much smaller than that of (P(Znk3 + Ceo)m
(56%), whereas the binding constant of P(ZnR)}-Cgo is
smaller than those of P(ZnP)eCeolm and P(ZnP);6—CeoPy
(vide supra. This suggests that stronger interaction between
porphyrin and Cgq derivatives does not necessary improve the
IPCE values. There are two essential factors in efficient
photocurrent generation. One is the charge separation between
porphyrin and fullerene, and the other is the resulting hole and
electron transport in the thin film. Taking into consideration
the large association constants in all the investigated systems
[P(an)m—Ceo, P(an)lg—C(;olm, and P(an)lg—Ceopy], a key
element for efficient photocurrent generation is mainly the
hole and electron transport in the thin film rather than the
charge separation between porphyrins and §. The lower
IPCE values of the P(ZnP)eCgolm and P(ZnP);sCgiPy
systems compared with that of P(ZnP)s—Cgo System may
result from the poor electron transport properties of G
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Scheme 2 Schematic illustration of the photocurrent generation

mechanism.

derivatives due to the steric hindrance of the ligand moiety
(Fig. 7C).

Power conversion efficiency

In order to examine the power conversion efficiency of
porphyrin—peptide oligomer/Cso composite films, we have
measured current—voltage 1(V) characteristics (Fig. 8).
Fig. 8A shows |-V characteristics of (a) (P(HP)is + Ceo)m
(b) (P(HzP)s + Ceom and (c) (P(HP)1 + Ceo)m modified
electrodes under visible light irradiation ¢ . 400 nm). The
(P(H2P)16 + Ceo)m System has a larger fill factor (FF) of 0.47,
an open circuit voltage {/oc) of 320 mV, a short circuit current
density (s of 0.36 mA cm?2 and the overall power
conversion efficiency ) of 1.6% at input power (W,;,) of
3.4 mW cn? 23 The corresponding i values of (P(H,P)g +
Ce0)m and (P(HzP); + Ceo)m modified electrodes are 1.3% and
0.043%, respectively’® This order of increase in they values
largely agrees with the trend observed in IPCE experiments.
The n value of the (P(HyP)16 + Ceo)m System is also remarkably
enhanced (around 40 times) in comparison with the (P(kP), +
Ceo)m Mmodified electrode ¢ = 0.043%) under the same
experimental conditions. They value of (P(ZnP)g + Cgo)m iS
also determined as 1.4% and this value is much larger than
that of (P(ZnP); + Ceo)m (0.047%) as shown in Fig. 8B. These
data of light energy conversion properties are summarized
in Table 2.
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Fig. 8 (A) Current-voltage characteristics of (a) (P(HBP)1s + Ce0)ms
(b) (P(H2P)s + Cgo)m, and (c) (P(H:P), + Cgo)m modified electrodes.
(B) Current—voltage characteristics of (a) (P(ZnP) + Ceo)m and (b)
(P(ZnP), + Cgo)m- Electrolyte: 0.5 M Nal and 0.01 M I, in acetonitrile.
Input power: 3.4 mW cm??, 2. 400 nm.
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Fig. 10 ESR spectrum of photoirradiated (P(ZnP)s+ Ceo)m ([ZNP] =
0.012 mM; [Csg = 0.31 mM) in acetonitrile—toluene (3 : 1 v/v)
under photoirradiation with a high-pressure mercury lamp, measured
at 123 K.

Electron spin resonance (ESR) measurement

The formation of the radical cation of P(ZnP),¢ and the radical
anion of Cgp in (P(ZnP)16 + Cgo)m COmMposite clusters upon
photoexcitation was confirmed by electron spin resonance
(ESR) measurements performed in frozen acetonitrile—toluene
under photoirradiation. The resulting ESR spectrum of
(P(ZnP),g + Cggm upon photoirradiation in acetonitrile—
toluene at 123 K is shown in Fig. 10. The ESR signal
(g =2.002) is assigned to the overlap of two signals due to the
porphyrin radical cation and Cgo? .%°

Fig. 11 Time-resolved absorption spectra recorded following 387 nm
laser pulse excitation of (A) (P(ZnP) + Ceo)m ([P(ZnP).] = 0.19 mM;
[Cedl = 0.31 mM), (B) (P(ZnP)g + Ceo)m ([P(ZnP)g] = 0.024 mM;
[Ced = 031 mM), (C) (P(ZnP)is + Cedm ([P(ZnPhd =
0.012 mM; [Ceq] = 0.31 mM), (D) (P(H2P)16 + Ceo)m ([P(H2P)d =

Femtosecond transient absorption spectra of composite clustersg 44, MM; [Ceg = 0.31 mM). All samples were prepared in argon-

The photodynamics of the composite molecular clusters of zinc
porphyrins with a polypeptide unit [P(ZnP),] and Cgo were

examined by the femtosecond time-resolved transient absorp-

tion spectra. The time-resolved transient absorption spectra of
(P(ZnP), + Cgo)m in acetonitrile—toluene (3 : 1 v/v) are shown
in Fig. 11A. Upon 387 nm laser pulse excitation we observe a
broad absorption in the 450-510 nm as we populate the
porphyrin singlet excited state. This transient quickly decays to
form a triplet excited state. The singlet and triplet excited state

saturated acetonitrile—toluene (3 :
made at 298 K.

1 vlv) and measurements were

originating from fluorescence (610 nm region) is absent in the

transient spectra (Fig. 11B and C).

These spectral features indicate that electron transfer from

the singlet excited state of porphyrins to o occurs in the
stronger supramolecular complexes of (P(ZnR)+ Cgg)m and

(P(ZnP)6 + Cg0)m compared to the corresponding monomer

system {ide suprd Thus, photoinduced electron transfer
from the singlet excited state of P(ZnR)to Cgo Occurs in the
composite clusters of (P(ZnP) + Ceo)m (n = 8, 16). Taking into
consideration the same number of porphyrins in a polypeptide
unit, the difference in the excited state interaction results

of porphyrins have been characterized earlie!® In addition, a
strong transient bleaching (around 610 nm) arises from the
fluorescence. Although the dominant triplet absorption of the
porphyrin that overlaps with the absorption due to the charge-
separated state has precluded the clear detection of the charge-

separated state, fullerene radical anion generated by the Lrorr]n t_he dorganlzatlon Or]: pot:phyrlns.an((ji fuIIereSIes. _-:“S
photoinduced electron transfer is clearly detected in the ehavior demonstrates that the organized assembly within a

nanosecond laser flash photolysis measurement (Fig. S2 in polypeptide unit facilitates the photoinduced electron transfer
ESK). The decay curve at 1070 nm due to &?g can be well by forming the supramolecular complex. This trend is also in

fitted by first-order kinetics rather than bimolecular second- good agreement with the association constant, fluorescence

order kinetics and the apparent lifetime of the back electron
transfer is determined as 79s at 298 K.

In contrast to the (P(ZnP); + Cgo)m System, the strong
absorption arising from singlet and triplet excited states of
porphyrins (450-510 nm) is missing in the cases of (P(Zrd¥
Ce0)m and (P(ZnP)e + Ceo)m- Instead a broad absorption at

lifetime and IPCE results.

Photocurrent generation mechanism

Photocurrent generation in the present system is initiated by
photoinduced charge separation from the singlet excited state

of free base porphyrin ¢H,P*/H ,P? = 2 0.7 V vs.NHE) *° or

around 650 nm appears after the laser pulse excitation as zinc porphyrin (*ZnP*/ZnP? = 21.0 V vs. NHE)*? in the

shown in Fig. 11B and C. The transient absorption spectra
of (P(HsP)ie + Cgo)m exhibit a similar trend to those of
(P(ZnP);s + Cego)m; see Fig. 11D. Such broad absorption
spectra are indicative of the formation of the porphyrin radical
cation.** It is also interesting to note that the bleaching

porphyrin—peptide oligomer to Cgq (CGOICGO'-’Z =20.2 Vvs.
NHE)%° in the porphyrin—-Cg, complex rather than direct

electron injection to the conduction band of SnQ (0 V vs.

NHE) system3° The reduced G, injects electrons into

the SnO, nanocrystallites, whereas the oxidized porphyrin
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(HoP/HP?™* = 1.2 V or ZnP/ZnP?* = 1.0 V vs. NHE) #3031
undergoes the electron-transfer reduction with the iodide
(152117 = 0.5 V vs. NHE)* in the electrolyte system. The
driving force of electron transfer from *ZnP* to C 4, (0.8 eV) is
significantly larger than that of electron transfer from H,P*
to Cgp (0.5 eV). The larger IPCE value of (P(ZnP)s + Cso)m
(56%) than that of (P(H,P)16 + Ceo)m (48%) may be ascribed
to the difference in the driving force of electron transfer.
The increase in the number of porphyrin unit in porphyrin
polypeptides results in the formation of well-organized clusters
as shown in Fig. 2 (Bvs D). In such a case, electron injection
following the charge separation occurs more effectively to a
nanostructured SnQ electrode, which may arise from the
increase of the surface area of the composite clusters, as
revealed by the photoelectrochemical measurements (Fig. 7).

Conclusions

We have successfully constructed novel organic photovoltaic
systems using supramolecular complexes of porphyrin—peptide
oligomers with fullerene clusters. The highly colored composite
clusters of porphyrin—peptide oligomers and fullerenes were
assembled as three-dimensional arrays onto nanostructured
SnG, films using an electrophoretic deposition method. The
composite cluster OTE/SnQ@ electrode prepared with an
assembly of 16 porphyrin unit—polypeptide chain and G,
Viz.(P(ZnP).6 + Ceo)m, €Xhibits an impressive incident photon-
to-photocurrent efficiency (IPCE) with values reaching as high
as 56%. The broad photocurrent action spectra (with photo-
response extending up to 1000 nm) show the ability of these
composites to harvest photons in the visible and infrared. The
power conversion efficiency ) of (P(H2P)16 + Ceg)m modified
electrode reaches 1.6%, which is 40 times higher than the value
(0.043%) of the porphyrin monomer (P(HP); + Ceom
modified electrode. Thus, the organization approach between
porphyrins and fullerenes with polypeptide structures is
promising, and may make it possible to further improve the
light energy conversion properties by using larger number
of porphyrins in a polypeptide unit. Such an increase in the
light energy conversion efficiency is ascribed to the enhance-
ment of photoinduced electron transfer in the supramolecular
assembly.
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