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The infl uence of molecular structural factors of covalently bound porphyrin-fullerene dyads 
and porphyrin—fullerene binary mixtures on photocurrent in model photoelectrochemical cells 
was studied. It was found that the photocurrent increased either by introducing solubilizing 
alkyl groups into the donor (porphyrin) or acceptor (fullerene) fragments, or by covalent bind-
ing porphyrin and fullerene into a donor-acceptor dyad. 
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Solar to electrical energy converters based on organic 
materials are a promising alternative to similar devices 
made of inorganic semiconductors, due to the possibility 
of their application onto fl exible polymeric carriers by 
inkjet printing, their low weight, as well as potentially low 
production costs.1,2 The active layer of these devices 
includes electron-donating and electron-withdrawing 
components, the interaction of which facilitates the disso-
ciation of an exciton (a bound electron—hole pair) into 
positive and negative charge carriers and their transport 
to the corresponding electrodes.2 At the present time, 
polymer solar cells based on poly-3-hexylthiophene (P3HT), 
used as a light-absorbing donor component, and substi-
tuted methanofullerene (methyl [6,6]-phenyl-C61-butyr-
ate (PC61BM)), used as an acceptor component, are the 
most thoroughly studied.3 Since the maximum power 
conversion effi  ciency (PCE) for solar cells based on 
P3HT—PC61BM mixtures is 6.5%,3,4 the search for new 
photoactive organic materials is continuously underway. 
In addition to PC61BM and PC71BM,5,6 other fullerene7 
and non-fullerene8 compounds are used as the acceptor 
phase. Alongside with conducting polymers alternative to 
P3HT,2,8—12 oligomeric and low-molecular-weight organic 
compounds with an extended π-system,9,13 which can 
successfully compete with polymeric materials, are being 
studied.1 In particular, a recently published review13 notes 
that porphyrin systems both in combination with a thio-
phene fragment (PCE up to 8.6%), and without it (PCE 
up to 4.2%) are promising. 

One of the important factors aff ecting the effi  ciency of 
organic bulk-heterojunction (BHJ) solar cells is the mor-

phology of the active layer.1 In order to achieve effi  cient 
conversion of absorbed photons into dissociated charge 
carrier pairs and their complete transfer to the collecting 
electrodes, it is necessary to ensure the interpenetration 
of donor and acceptor phases at the nanoscale level with 
the donor and acceptor domain diameters of 10—20 nm, 
because in this case the exciton mean free path is compa-
rable with the domain size.1,2 A good illustration of this 
principle is the work,14 which demonstrated that the PCE 
of photovoltaic cells with a homogeneous active layer based 
on a covalently bound tetrabenzoporphyrin—PC61BM 
dyad, providing the highest degree of mixing of donor and 
acceptor components, is an order of magnitude higher 
than the effi  ciency of a cell based on a heterogeneous 
equimolar tetrabenzoporphyrin—PC61BM mixture. 

According to the review,1 the ideal morphology of the 
active layer is achieved by organizing the donor and the 
acceptor components into column-like structures, which 
facilitate the rapid transport of charges through the donor 
and the acceptor phase. The possibility of organizing such 
structures with double channels for charge transport was 
theoretically predicted for rigid porphyrin-pyrrolofullerene 
dyads by density functional theory quantum chemical 
calculations.15 In our recent work,16 we synthesized a dyad 
analogous to the one theoretically investigated in the 
work,15 and demonstrated its ability to convert light energy 
into electric power. 

Taking into account the variety of factors which aff ect 
the effi  ciency of the conversion of light energy into electric 
power, in the present work we search for promising do-
nor—acceptor pairs using the photogalvanic eff ect of these 
pairs, assuming that there is a correlation between the 
magnitude of this eff ect and the effi  ciency of charge sepa-
ration in the photoactive layer of photovoltaic devices 
based on this donor—acceptor pair. In accordance with 

* Based on the materials of the V All-Russian Organic Chemistry 
Conference (ROCC-V) (September 10—14, 2018, Vladikavkaz, 
Russia).
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this hypothesis, the goal of this work is to study the infl u-
ence of molecular structural factors in porphyrin-fullerene 
dyads and porphyrin—fullerene binary mixtures (Fig. 1) 
on the magnitude of the photogalvanic eff ect of a model 
cell in order to search for the most promising candidates 
for a future development of a bulk heterojunction in organic 
photo voltaic devices. 

Results and Discussion 

The photocurrent observed in a photovoltaic cell upon 
irradiation with a LED (max = 470 nm) at an applied 
potential of 0.1 V was used to characterize the ability of 
porphyrin-fullerene dyads and porphyrin—fullerene binary 
mixtures (see Fig. 1) to convert solar energy. The cell, 
similar to the one described in the work,17 included 
a working electrode composed of a test object applied on 
an indium-tin oxide (ITO) coated glass and ascorbic acid 

used as an electron transfer mediator. The applied poten-
tial of 0.1 V corresponded to the onset of the oxidation of 
ascorbic acid. Thus, the observed photocurrent corre-
sponds to an increase in the rate of this redox reaction, 
demonstrating the photocatalytic properties of this por-
phyrin-fullerene system. 

Porphyrin-fullerene dyads FP1—6 are electrochemi-
cally inert at an applied potential of 0.1 V. In a wider range 
of potentials (–2.0—1.25 V), the dyads exhibit electro-
chemical behavior typical of porphyrins and pyrrolofuller-
enes: up to three peaks of reversible reduction are observed 
in the region of negative potentials (–0.9÷–1.6 V), and 
one reversible oxidation peak is observed in the region of 
positive potentials (0.8—1.0 V). A comparison of cyclic 
voltammograms (CV) of dyads FP1—5 with CV of model 
porphyrins P1—5 and pyrrolofullerene F1 (Table 1, Fig. 2) 
shows that the oxidation peak in the region of positive 
potentials (0.8—1.0 V) corresponds to the oxidation of the 

 Fullerene  R1  R2  Confi guration 
 F1 Et Et trans
 F2 Bu Et trans
 F3 Bu Et cis
 F4 Bu Bu trans
 F5 Bu Bu cis
 F6 C8H17 Et trans

 Porphyrin Ar
 P1 Ph
 P2 4-MeC6H4
 P3 4-CF3C6H4
 P4 4-MeOC6H4
 P5 4-BrC6H4

Fig. 1. Fullerenes (F), porphyrins (P), and porphyrin-fullerene dyads (FP) studied in this work. 

R + R = —(CH2)4— (P6); R = Et (P7)

 Dyad R Ar
 FP1 Et Ph
 FP2 Et 4-MeC6H4

 FP3 Et 4-CF3C6H4

 FP4 Et 4-MeOC6H4

 FP5 Et 4-BrC6H4

 FP6 Bu 4-MeC6H4
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Fig. 2. The CV curves of dyads FP1—5 compared to the CV curves of pyrrolofullerene F11 and porphyrins P1—5. The CV curves were 
recorded in thin fi lms on glassy carbon in a 0.1 M solution of LiClO4 in MeCN at a potential scan rate of 500 mV s–1. 

porphyrin fragment, while the reduction peaks in the re-
gion of negative potentials correspond to one- (–0.9÷–1.0 V) 
and two-electron (–1.3÷–1.4 V) reduction of the fullerene 
fragment and one-electron reduction of the porphyrin 

fragment (–1.5÷–1.6 V). As expected, the oxidation po-
tential of the porphyrin fragment in the dyads FP1, FP3—5 
and porphyrins P1, P3—5 decreases with increasing donor 
character of the substituent at meso-position of the por-
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phyrin ring from 1.03 V (FP3)/0.94 V (P3) for trifl uoro-
methylphenyl-substituted to 0.83 V (FP4)/0.81 V (P4) for 
methoxyphenyl-substituted compounds. Dyad FP2 and 
porphyrin P2 "fall out" of this series, which may be due to 
the specifi c features of electron transfer kinetics in meso-
tolyl-substituted porphyrins. 

In photovoltaic cells with dyads FP1—6 as the active 
layer of the working electrode, a weak dark current of about 
0.1 A appears at an applied potential of 0.1 V. Illumination 
of the cell with a LED leads to the appearance of an ad-
ditional current, which disappears when the light is turned 
off . A typical example of the photogalvanic response is 
shown in Fig. 3. The statistical processing of the data ar-
ray obtained by measuring samples with diff erent dyads, 
as well as the reference system Ref-P1 based on P1 and 
fullerene derivative PC61BM,3 most often used in photo-
voltaic experiments, are given in Table 2. 

 Processes occurring in cells based on the porphyrin-
fullerene system are shown schematically in Scheme 1. 
After the photo-induced electron transfer from porphyrin 
in the excited state (P*) to the fullerene component, a pair 

of charge carriers appears, namely, the porphyrin radical 
cation and the fullerene radical anion. The cation radical 
center migrates to the "photoactive material—electrolyte" 
interface through a series of successive redox processes 
involving porphyrin fragments, where oxidation of the 
ascorbate anion takes place with the formation of a hydrate 
of the cyclic form of dehydroascorbic acid,18 while the 
radical anion center migrates to the "photoactive mate-
rial—ITO" interface in a similar manner, where it gives 
away an electron to the external circuit. As a result, the 
oxidation of ascorbic acid accelerates under the infl uence 
of solar energy, which is experimentally registered as the 
appearance of additional photocurrent (compared to dark 
current) in the circuit. Dehydroascorbic acid can diff use 
to the auxiliary electrode and undergo reduction on it, 
consequently acting as a mediator of electron transfer 
in the cell. 

A comparison of measurement results for devices 
Ref-P1 and F1-P1—F6-P1 when taking into account the 
known performance of materials based on PC61BM sug-
gests that the effi  ciency of materials F1-P1—F6-P1 will 

Table 1. Redox potentials of dyads FP1—5 compared to the redox 
potentials of porphyrins P1—5 and pyrrolofullerene F1 

Com- E1/2/V
pound E1/2

Ox1  E1/2
Ox2  –E1/2

Red1  –E1/2
Red2  –E1/2

Red3

FP1 0.88 — 0.96 1.35 1.59
FP2 0.98 — 1.04 1.30 1.47
FP3 1.03 — 0.97 1.46a 1.53
FP4 0.83 — 1.08 1.29 1.57
FP5 1.00 — 1.05 1.29 1.50
F1 — — 0.91 1.24 —
P1 0.86b — 1.45 — —
P2 0.96a 1.09a 1.59 — —
P3 0.94 — 1.37 — —
P4 0.81a 1.02a 1.52 — —
P5 0.92b — 1.45 — —

a Overlap of two peaks. 
b Peak potential. 
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Fig. 3. The current with the LED turned off  and on for devices 
based on binary mixtures F1-P3 (1), F2-P1 (2), F1-P6 (3) and 
dyad FP3 (4) (all the values are corrected for background dark 
current equal to 0.1 A). 
Note. Figure 3 is available in full color on the web page of the 
journal (http://www.link.springer.com/journal/11172).

Table 2. Average photocurrent density (Jave) determined for the objects of study

Material  Jave/A cm–2  Material  Jave/A cm–2  Material  Jave/A cm–2

FP1 1.6±0.1 F1- --P1 1.8±0.3 F2-P1 2.1±0.2
FP2 1.2±0.1 F1-P2 1.5±0.1 F3-P1 1.0±0.1
FP3 9.8±0.9 F1-P3 0.4±0.1 F4-P1 1.0±0.1
FP4 11.4±0.6 F1-P4 0.2±0.01 F5-P1 4.6±0.1
FP5 1.5±0.1 F1-P5 0.2±0.1 F6-P1 1.1±0.1
FP6 8.2±1.0 F1-P6 4.8±0.2 Ref-P1* 0.9±0.1
  F1-P7 4.8±0.5 

* Ref-P1 is an equimolar mixture of PC61BM and 5,10,15,20-tetraphenylporphyrin.
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be comparable to the effi  ciency of materials based on 
PC61BM. 

The maximum average current density Jave in the series 
of samples under study is demonstrated by CF3- (FP3) 
and MeO- (FP4) substituted analogs of the covalently 
bound porphyrin-fullerene dyad FP1 (Jave = 9.8 and 
11.4 A cm–2 for FP3 and FP4, respectively). Similarly to 
the work,14 the binary mixtures of porphyrins P3 and P4 
with pyrrolofullerene F1 revealed considerably lower cur-
rent densities (F1-P3, 0.2 A cm–2; F1-P4, 0.4 A cm–2). 
The photocurrent decreased on going from the dyad FP5 
to the corresponding binary mixture F1-P5 (1.5 and 
0.2 A cm–2, respectively). However, this is not a general 
trend. For example, similar photocurrents (1.2—1.6 A cm–2) 
were observed for dyads FP1 and FP2 and the correspond-
ing binary mixtures F1-P1 and F1-P2. 

It is interesting to note that the photocurrent consider-
ably increases when ethyl groups (FP2, 1.2 A cm–2) are 
substituted with butyl groups (FP6, 8.2 A cm–2) in the 
pyrrolofullerene fragment of the dyads. It is known that 
the alkyl chain length has a considerable eff ect on the 
molecular packing in meso-(p-alkoxy)aryl-substituted 
porphyrin fi lms and this, in particular, leads to an increase 
in the exciton mean free path in the donor phase for hexyl-
substituted compounds compared to ethyl-, butyl-, and 
octyl-substituted compounds.19 To evaluate the eff ect of 
the alkyl chain length in donor and acceptor components 
of the photoactive layer on the photogalvanic character-
istics of the material, we conducted a series of experiments 
with binary mixtures F1-P1—F6-P1 containing fullerene 
with alkyl substituents of diff erent lengths and the same 
porphyrin, and mixtures F1-P6 and F1-P7 containing 
porphyrin with diff erent -alkyl substituents and the same 

fullerene. The materials F1-P1—F6-P1 revealed close 
photocurrent values within 1—2 A cm–2. The only excep-
tion was the material F5-P1 based on dibutyl-substituted 
fulleropyrrolidine F5 with a cis-confi guration of the 
pyrrolidine fragment, for which the photocurrent was 
4.6 A cm–2. Materials F1-P6 and F1-P7 based on tetra-
butano- and octoethyl-substituted porphyrins also revealed 
a high photocurrent, which was equal to 4.8 A. The high 
values of photocurrent demonstrated by materials FP6, 
F5-P1, F1-P6, and F1-P7 indicate that it is possible to 
considerably change photogalvanic characteristics by 
modifying the alkyl chains in the fullerene fragment. 
However, based on the results of experiments with com-
posites F1-P1—F6-P1, it is impossible to predict the 
substituent that will ensure the optimal morphology of the 
photoactive layer. 

The high values of photocurrent for covalently bound 
dyads containing substituents with powerful σ-acceptor 
(CF3) or -donor (MeO) properties in the porphyrin core, 
against the background of nearly zero photocurrent in 
similar binary mixtures can be explained as follows. It is 
likely that porphyrins bearing substituents with strong 
electronic eff ects, which considerably perturb the -system 
of the porphyrin core due to aggregation caused by dipole-
dipole interactions, form large size domains forming 
a separate microphase. Consequently, there is no inter-
penetrating network of donor and acceptor phases in binary 
mixtures  F1-P3 and F1-P4. In contrast, in dyads FP3 and 
FP4, the porphyrin and fullerene fragments are covalently 
bonded to each other, therefore, the formation of porphy-
rin-porphyrin aggregates leads to an automatic formation 
of fullerene-fullerene aggregates, resulting in the formation 
of two adjacent donor and acceptor phases. In the case of 

Scheme 1 

P is porphyrin, F is fullerene.
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porphyrins P1 and P2, which have a less perturbed 
-system, and based on them dyads FP1 and FP2, the 
formation of porphyrin-fullerene associates appears to 
successfully compete with porphyrin-porphyrin associa-
tion, which leads to a similar morphology of fi lms of 
homo- and heterogeneous systems.

In conclusion, pyrrolofullerene acceptors in porphyrin-
fullerene photoactive materials show a photogalvanic eff ect 
comparable to that of PC61BM in model photovoltaic cells. 
A considerable increase in the photocurrent in such 
a system is observed in the presence of solubilizing alkyl 
groups in the fullerene or porphyrin component of the 
binary mixture, as well as in covalently bound donor-ac-
ceptor porphyrin-pyrrolofullerene dyads. An analysis of 
the observed photogalvanic eff ect shows that covalently 
bound porphyrin-fullerene dyads containing trifl uoro-
methyl- methoxy-, and methyl-substituted tetraphenyl-
porphyrin fragments are the most promising for further 
testing in bulk-heterojunction photovoltaic cells. 

Experimental 

Methanofullerene PC61BM,20 pyrrolofullerenes F1—6,21 
porphyrin-fullerene dyads FP1—6,22 and porphyrins P1—5,22 
P6,23 and P724 were synthesized following the known procedure. 
Commercially available acetone, propan-2-ol, and chlorobenzene 
were distilled before use, dichloromethane was distilled over 
CaCl2, tetraethylammonium tetrafl uoroborate (98%, Aldrich) 
was recrystallized from a water—propan-2-ol mixture and air-
dried at 120 С for 24 h, sodium sulfate (anhydrous, pure grade), 
ascorbic acid (pure grade), and acetonitrile (Kriokhrom, high 
purity grade) were used without prior purifi cation. 

Cyclic voltammetry. Cyclic voltammetry measurements (an 
Autolab PGSTAT30 potentiostat-galvanostat (EcoChemie, 
Netherlands)) were carried out at 25 С in a 0.1 M solution of 
Et4NBF4 in MeCN in a three-electrode cell consisting of a work-
ing electrode (glassy carbon disc, 0.07 cm2), counter electrode 
(platinum plate, 1 cm2), and reference electrode (BASi MF-2062 
Ag/0.1 M AgNO3 in MeCN, calibrated with respect to the exter-
nal standard of 1•10–3 M ferrocene used as a pseudo-reference 
electrode). All potentials on voltammograms are given relative 
to this reference electrode, whose potential relative to the aque-
ous reference electrode Ag/AgCl/KCl(sat.) is +0.4 V. Nitrogen 
of high purity (99.999%, Lentekhgaz) was bubbled through the 
solutions to remove dissolved oxygen. Films for measurements 
were prepared directly on the electrodes by evaporating the sol-
vent from the solution of the studied sample in CH2Cl2 (1 wt.%). 

Preparation of photoactive electrodes. The fi lms were formed 
on a substrate of indium-tin oxide deposited onto a glass plate. 
Before applying fi lms of photoactive material, the surface of ITO 
plates was cleaned with dichloromethane, followed by ultra-
sonic treatment at 50 С in acetone, distilled water, propan-2-ol, 
and in acetone again for 30 min for each solvent, after which 
the plates were air-dried at 120 С for 5 h. The fi lms of photo-
active layer were formed by applying an aliquot (50 L) of 
either a mixture prepared from equal volumes of pyrrolofullerene 
(0.86 mmol  L–1) and porphyrin (0.86 mmol  L–1) solutions 
in chlorobenzene or a porphyrin-fullerene dyad solution 

(0.86 mmol L–1) to a rotating substrate (3500 rpm). The obtained 
fi lms were air-dried at room temperature for 24 h. The working 
area of the active layer was limited to 1 cm2 using a mask from 
a hydrophobic paraffi  n fi lm. 

Measurement of the photogalvanic eff ect. Photogalvanic 
measurements were performed in a three-electrode cell with 
a photoactive electrode acting as a working electrode (1 cm2), 
a silver chloride electrode (KCl (sat.)) acting as a reference elec-
trode, and a platinum auxiliary electrode (1 cm2). The cell, made 
of optically transparent glass, with submerged electrodes was 
fi lled with supporting electrolyte (0.1 M aqueous Na2SO4) con-
taining ascorbic acid (0.05 mol L–1) used as a mediator of elec-
tron transfer and purged with argon for 20 min. The measure-
ments were carried out with an applied potential of 0.1 V. A light 
emitting diode with a luminous fl ux at the sample location equal 
to 100 mW cm–2 and a maximum wavelength of radiation equal 
to 470 nm was used as the radiation source. When the LED was 
turned off , the potentiostat-galvanostat recorded a dark current 
that corresponded to the anodic oxidation of ascorbic acid. 
Turning on the LED resulted in a light current that was diff erent 
from the dark current. The photoelectric characteristic of 
the objects of study was the photocurrent determined as the dif-
ference between the light and the dark currents calculated 
per surface area unit of the photoactive layer. A series of experi-
ments (from six (for F5-P1) to 37 (for F4-P1)) was performed 
for each object of study, followed by statistical processing of the 
obtained data. 

The studies were carried out using the equipment of 
the resource centers of the Research Park of St. Petersburg 
State University "Magnetic Resonance Research Methods", 
"Subs tance Composition Analysis Methods", "Chemistry 
Education Resource Center", and "Center for Innovative 
Technologies of Composite Nanomaterials". 

This work was fi nancially supported by the St. Peters-
burg State University (Grant No. 12.40.1427.2017) and the 
Russian Foundation for Basic Research (Project No. 18-
03-00864). 
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