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Abstract Films of two fullerenes, functionalized with
different solubilizing moieties, in the pure form and
blended with poly(3-hexylthiophene), have been inves-
tigated by cyclic voltammetry, X-ray diffraction and
UV-Vis spectroscopy techniques. The conclusion drawn
from this characterization is that the supramolecular
order of the films affects the physicochemical charac-
teristics of these materials, and depends on the nature of
the solubilizing substituents linked to the fullerene
moiety. Implications for the use of such films in fuller-
ene-based solar cells are also presented and discussed.
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Introduction

A remarkable improvement in the power conversion
efficiency of organic photovoltaic devices has been at-
tained with donor/acceptor (D/A) blends. In particular,
conjugated polymers [polythiophenes or poly(p-phenyl-
enevinylenes, D)] and highly soluble, functionalized
fullerene derivatives (A) have been employed for the
preparation of high-performance plastic solar cells that,
recently, have reached power conversion efficiencies up
to 3.3% under AMI1.5 solar irradiation [1]. In these
systems an ultra-fast (in the femtosecond time regime)
D to A electron transfer takes place upon irradiation,
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with quantum efficiency close to unity [2, 3]. The back
electron transfer is orders of magnitude longer. This has
been ascribed to the peculiarly small reorganization
energy of fullerene [4]. An alternative explanation takes
into consideration different electronic couplings, esti-
mated by theoretical calculations, for photoinduced
charge separation and charge recombination, respec-
tively [5]. A wide literature reports on the photoinduced
electron transfer in conjugated polymer/fullerene
composites. The electron transfer has been demon-
strated by ultra-fast transient measurements, and
theoretical approaches on the same phenomenon have
been published [6].

The electrochemistry of pure fullerene films has
been widely investigated [7]. It was ascertained that
there is a dependence of the voltammetric pattern on
the counterion used and, in the case of large cations, a
potential shift between the fullerene reduction and its
reoxidation. Recently, Kvarnstrom et al. [8] have re-
ported an in situ FT-IR study of the electrochemical
reduction of fullerene thin films. The authors stress the
importance of the supporting electrolyte in determining
the nature of the reduced species and the pattern of the
voltammetry and also suggest the possibility of Cg
polymerization upon reduction. Investigations on films
of fullerene-based D/A blends have been accomplished
by voltammetry and spectrophotometry. Yoshino and
co-workers [9] reported a ground state effective doping
of poly(3-hexylthiophene) by fullerene, shown by the
modification of the voltammetric peaks of the fullerene
reduction and the polythiophene oxidation. By con-
trast, subsequently, only a partial charge transfer from
fullerene to the polymer was observed in the ground
state of poly(3-octylthiophene)/fullerene blends [10].
However, further work is necessary to shed light on
the intimate nature of the D/A interactions in the
blends, owing to the considerable number of soluble
fullerenes and polyconjugated polymers nowadays
available and the wide variety of methodologies to
prepare polymer/fullerene blends, sometimes tending to
handicrafts.
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In this paper, we report a voltammetric, spectro-
photometric and X-ray diffraction investigation on films
of two fullerene derivatives in the pure form and blended
with poly(3-hexylthiophene). The results highlight how
the structure of the investigated fullerenes impacts the
electrochemical and photophysical solid state charac-
teristics of the resulting films. The D/A blends investi-
gated in this paper have been previously used as active
layers in organic solar cells [11].

Experimental

The synthesis and characterization of fullerene derivatives F-1 and
F-2 (Fig. 1) has been reported earlier [11]. Poly(3-hexylthiophene-
2,5-diyl) (PHT, Fig. 1) was prepared as described in the literature
[12]. Its molecular weight, determined by gel permeation analysis
(GPC) relative to polystyrene standards, was M, =18,000,
M, =29,500; the polydispersity index was 1.64.

An AMEL 5000 multifunction apparatus was used for the
electrochemical characterization. A Pt wire was used as counter
electrode and a saturated calomel electrode (SCE, to which all the
potentials are referred in this work) as reference. Both electrodes
were separated from the solution by a glassy septum. The cyclic
voltammetries of F-1 and F-2 solutions, 1.5 mM and 0.6 mM,
respectively, were measured in chlorobenzene (CB, Aldrich,
99.5%)+0.1 M tetrabutylammonium perchlorate (TBAP). Cyclic
voltammetries of films were carried out in pure acetonitrile
(AN)+0.1 M TBAP or +0.1 M LiClO,. AN (UVASOL, Merck)
was stored and manipulated under argon pressure. TBAP (Fluka,
purum) was crystallized from methanol. Lithium perchlorate
(Fluka, pro analysis) was used as received.

The films were spin-coated (2000-3000 rpm) from chloroform
(Merck, pro analysis) solutions (10 mg/mL) onto ITO/glass sub-
strates (Balzers, 23 Q/sq). Film thickness, measured with a Tencor
Alphastep 200 profilometer, was between 30 and 60 nm.

Absorption spectra were recorded with a Perkin-Elmer Lambda
9 spectrophotometer.

The X-ray diffraction patterns were collected by a Philips
X’Pert PRO system, equipped with a parallel beam optic for thin
film analysis (incident glancing angle 2°) and a graphite mono-
chromator in the diffracted beam. Cu-Ko X-radiation was em-
ployed and the recording was performed in continuous mode,
with 0.02° 2O steps, each for 2.5 s counting time. The samples
were deposited by spin-coating onto a low-background quartz
plate.

Fig. 1 Molecular structures: F-1, methano-fullerene; F-2, fullero-
pyrrolidine; PHT, poly(3-hexylthiophene-2,5-diyl)

Results and discussion
Pure fullerene films

Compounds F-1 and F-2 showed partially reversible
reduction processes in CB solution. Reduction peaks
were centred at —0.6/-0.7 V (Fig. 2). F-1 films showed
an irreversible peak at —0.66 V at 20 °C (or —1.05/
—1.25 V at —10 °C, depending on the scan rate, Fig. 3A,
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Fig. 2 A Voltammetry of 1.5mM F-1 in CB+0.1 M TBAP,
50 mV s, T=+20°C (solid line); F-1 film on ITO glass in
AN+0.1 M TBAP (dashed line). B Voltammetry of 0.6 mM F-2 in
CB+0.1 M TBAP, 50 mV s~', T'= +20 °C (solid line); F-2 film on
ITO glass in AN+ 0.1 M TBAP (dashed line), F-2 film on ITO glass
in AN+0.1 M LiClOy (dotted line)
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Fig. 3 Voltammetry of F-1 film on ITO glass in AN+0.1 M
TBAP, T=-10°C: A 50 mV s7!, Ist cycle, solid line, 2nd cycle,
dashed line; B 150 mV s~ 1st cycle, solid line, 2nd cycle, dashed
line. Voltammetry of F-2 film on ITO glass in AN+0.1 M TBAP,
T=-10°C: C 50 mV s~', Ist cycle, solid line, 2nd cycle, dashed
line; D 150 mV s~ st cycle, solid line, 2nd cycle, dashed line



B) that is associated with the formation of the fullerene
radical anion. At ambient temperature and 50 mV s ',
the charge amount connected to the first reduction peak
of F-1, the width of which was ~90 mV at the half-
height, was roughly proportional to the film thickness in
the range 30-60 nm. A reliable calculation of the num-
ber of electrons exchanged in the first reduction process
was impossible as the density of the film was unknown.
However, by assuming that the film density was equal to
1, the exchange of 2 electrons per F-1 molecule could be
estimated. In the range v=50-150 mV s ' the peak
current (i) was proportional to v!2 and this is an
indication that the reduction process was controlled by
the counterion diffusion. The lack of the reverse peak
could be due to a fast reaction of the fullerene radical
anion with the solvent, with other F-1 molecules or,
more likely, to the solubilization of the reduced species.
F-2, at 20 °C, showed the first peak at —0.89 V, visible as
a shoulder of a subsequent successive peak centred at
—1.07 V (Fig. 2B). The i, of the first reduction process of
F-2 (the peak potential for this process was taken at the
flex point of the shoulder) was roughly equal to the i, of
the equivalent peak of F-1 and also dependent on v'E in
the range 50-250 mV s '. Nevertheless, the first
reduction peak of F-2 film was displaced at more neg-
ative potential with respect to that of F-1 (~240 mV for
30 nm thick films, at ambient temperature and 50 mV
s™!). This shift cannot be completely ascribed to the
interaction between the counterion (TBA™) and fulle-
ride anions, as the change of the supporting electrolyte
(LiClO4 instead of TBACIO,4, Fig. 2B) modifies the
shape of the peak but not its potential. Otherwise, this
shift could be related to a different structural organiza-
tion of F-1 and F-2 films.

In order to shed light on the structural characteristics
of F-1 and F-2 films, X-ray reflection measurements on
quartz were carried out (Fig. 4). The X-ray pattern of F-
2 shows a very sharp and intense peak at 23.2 A
(2©6=3.8) and two other reflections at 11.7 A (20=7.6)
and 7.8 A (20=11.3), respectively, that apparently
correspond to higher order reflections of the first peak.
In the same pattern the amorphous phase is not evident.
These observations indicate that the structure is very
ordered along one direction and that many atoms are
disposed on planes whose distance is about 23.2 A. On
the other hand, the X-ray pattern of F-1 shows a much
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Fig. 4 X-ray diffraction pattern of fullerene film on quartz F-1
(solid line) and F-2 (dashed line). Inset: enlarged peak

279

smaller main peak (at about 24.5 A, 20=3.6), without
any higher order peak. The F-1 molecules are disorderly
repeated in almost all directions and just a few of them
are distributed by crystallographic planes, indicating a
lower supramolecular order with respect to F-2. The
nature of the substituents plays a fundamental role for
the structure organization and, consequently, affects the
voltammetric behaviour of the films. An activation en-
ergy is required in order to modify the structure of the
fullerene films, necessary for the settling of counterions
into the solid and to reach the new order of the final
reduced state. This activation energy is likely higher for
the more ordered material. Therefore, the reduction of
F-2 could reasonably require a more cathodic potential
than F-1 reduction.

Fullerene/PHT blends

At 20 °C, the voltammetric pattern of the F-1/PHT
blend shows the first reduction peak at ~-0.85V
(F]ig. 5A). At —10 °C, it was observed at —1.3 V (20 mV
).

An interesting phenomenon was detected, both at
20 °C and at —10 °C, whenever a complete scan
0V—->-17V —> 12V — 0V was carried out (Fig. 5).
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Fig. 5 Voltammetry in AN+0.1 M TBAP of blends films on ITO
glass, 20 mV s~!, T=+20 °C: A F-1/PHT (1:1, w/w) blend; solid
line: first anodic cycle (scan range: 0V — +12 — 0V);
dashed line: subsequent cathodic—anodic cycle (scan range:
0V—->-18V—> +1.2V - 0V). Inset: cathodic-anodic cycle
(scan range: OV —>-18V —> +12V —>0V), scan rate
150 mV s™. B F-2/PHT (1:1, w/w) blend; solid line: first anodic
cycle (scan range: 0 V— +1.2 — 0 V); dashed line: subsequent
cathodic-anodic cycle (scan range: OV —» -18V —» +
1.2V —>0YV). Inset: cathodic-anodic cycle (scan range:
0V—o>-18V > +12V - 0V), scan rate 150 mV s~
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During this voltammetric cycle, the oxidation of the
polythiophene conjugated system, occurring at positive
potentials (~+0.4 — +1.2V), supplied more charge
than the corresponding reverse reduction process
(+1.2V > ~+0.4 V). This was only observed when
the scan was continued towards positive potentials after
a scan run up to cathodic potentials, where the reduction
of the fullerene moiety occurs. A similar behaviour has
been observed in the case of polythiophenes films bear-
ing a reducible substituent [13] connected to the main
polythiophene chain by a conjugated bridge. This was
interpreted in terms of the negative charge delocalization
over a wide molecular region after reduction. In the
present case, the high anodic shift of the re-oxidation
peak could suggest a stabilization of the negative charge
through its delocalization over an extended ‘‘super-
structure” which includes the polythiophene chain. We
infer that after reduction of the fullerene moiety, a
compact and probably ordered structure including F-17,
TBA ™ and PHT species is formed, which hinders the
counterion diffusion. The oxidation of this structure
should only be possible at potentials at which this array
is modified by the oxidation centred on polythiophene
conjugated double bonds. The same behaviour was also
observed with F-2/PHT blends during the scan in the
potential range 0V —>-1.7V—>12V ->0V. An
anodic-shifted re-oxidation of Cgy anion has been often
observed, in the solid state, in the presence of large ca-
tions and Li™ [7]. This phenomenon was ascribed to the
reorganization of the structure of Cgy /counterion
occurring just after the fullerene reduction [14] and is
typical of systems characterized by a so-called N-shaped
free energy function [15]. In our case, pure F-1 did not
show any re-oxidation peak up to 1.2 V. The tentative
hypothesis that the polymer has simply the role of
avoiding diffusion and, therefore, the solubilization of
fulleride species is not convincing. In this case the
fullerides would be solvated and ready to be reduced at
~—0.5/-0.6 V (see, for example, in Fig. 3B-D relative to
pure fullerenes, the peaks detectable in that region, due
to the re-oxidation of solvated fulleride molecules in-
cluded into the films). On the other hand, the presence of
trapped electrolyte solution in the voltammetries of
fullerene films is not unprecedented [16].

In the case of the F-2/PHT blend, the first reduction
peak (Fig. 5B) was shifted to a more negative potential
than that of pure F-2 film (-1.21 V for pure F-2,
—1.36 V for F-2/PHT in 3:2 weight ratio, —1.41 V for F-
2/PHT in 1:1 weight ratio). This could suggest that the
supramolecular order of F-2 is gradually destroyed be-
cause of the increasing interaction of this molecule with
PHT. The use of a different counterion (LiClO4 instead
of TBAP) changed only the shape of the cathodic peak
but not its potential (Fig. 6).

The X-ray diffraction patterns of F-2/PHT films
(Fig. 7) show a strong dependence on the relative con-
centration of the two components. Fullerene domains
with a high-order degree are clearly visible in X-ray
diffraction patterns of blends with F-2 concentrations
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Fig. 6 Voltammetry of F-2/PHT (1:1, w/w) blend film on ITO
glass, 20 mV s~', T=+20 °C; supporting electrolyte: 0.1 M
TBAP (solid line), 0.1 M LiClO4 (dashed line); up triangles:
voltammetry of 0.6 mM F-2 solution in CB+0.1 M TBAP,
20mV s
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Fig. 7 X-ray diffraction pattern of F-2/PHT blend films on quartz:
dotted line, 100% F-2; dashed line, F-2/PHT (3:1, w/w); solid line,
F-2/PHT (1:1, w/w); dash-dotted line, 100% PHT. Inset: enlarged
peak
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Fig. 8 X-ray diffraction pattern of 1:1 (w/w) blend films on quartz:
solid line, F-1/PHT; dashed line, F-2/PHT. Inset: enlarged peak

greater than 50% by weight, while they are hardly
detectable at lower fullerene concentrations as their size
gradually decreases. In Fig. 7 the X-ray diffraction
pattern of pure PHT is also reported, showing an in-
terchain distance of about 16.8 A (20=11.3), in agree-
ment with previous results [17] on regioregular
polythiophenes. For F-1/PHT blends, in the whole range
of their respective relative concentration, the X-ray dif-
fraction measurements showed a much lower order de-
gree. This could be ascribed to a more amorphous
structure of F-1 (Fig. 8).

Photovoltaic devices, performed at ambient condi-
tions, were compared at the same fullerene/polymer
weight ratio (1:1) and active layer thickness (ca.
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Fig. 9 Spectra of film on ITO glass: A dotted line: pure F-1 film;
dashed line: pure PHT film; solid line: F-1/PHT (1:1, w/w) blend; B
dotted line: pure F-2 film; dashed line: pure PHT film; solid line: F-2/
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100 nm). Under a white-light irradiation power of about
20 mW cm™2 higher values for the power conversion
efficiency (1) and fill factor (FF) were obtained when the
acceptor F-2 was used (F-2/PHT based-cells: 0.56% and
0.27 for n and FF respectively; F-1/PHT based-cells:
0.37% and 0.20). The higher order degree shown by F-2/
PHT probably translates into a better charge transport
properties of the active layer and a superior photovoltaic
performance of the device. A study of the dependence of
the device power conversion efficiency on the fullerene/
polymer relative concentration was carried out for the F-
2/PHT couple [11]. A maximum of the device perfor-
mance was observed for relatively low values of the
fullerene concentration (between 30% and 40% in
weight), in spite of the improvement of the order degree
exhibited by the blends by increasing the F-2 concen-
tration. A growing tendency to phase segregation of the
blend components could account for loss of efficiency by
increasing the acceptor concentration. The fact that F-2,
both pure and blended with PHT, tends to form more
ordered domains compared to F-1 could be due to the
minor stiffness of the solubilizing substituent in F-1.
As expected, the UV-Vis spectra of the blends, both
F-1/PHT and F-2/PHT (Fig. 9), are different from the
sum of the spectra of the two separated components,
and reveal interactions between the two species
depending on the used functionalized fullerene. The
spectrum of PHT showed a band with a maximum
absorbance at 520 nm, which marks the vibronic com-
ponents. The fullerene/PHT blends (Fig. 10) did not
show the vibronic structure of the polymer, while the
PHT band shifted towards shorter wavelengths and de-
creased in absorbance. This phenomenon is very similar
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Fig. 10 Spectra of F-2/PHT blend films on ITO glass: 100% PHT
(dash-dotted line), 1:2 (w/w) (dashed line), 1:1 (W/w) (solid line), 2:1
(W/w) (dotted line, large dots). PHT solution in chloroform (dotted
line, small dots). Peaks normalized to absorbance 1. Inset: Jyax VS.
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to the solvatochromism of polyalkylthiophenes [18]
dissolved in solvents with different dielectric constants,
basicity and hydrogen donating power [19]. Therefore,
by mixing F-2 with polythiophene, the structural order
of the pure polymer gradually vanishes. The nature of
the F-2/polythiophene interaction cannot be identified at
the present state of the research. If a charge transfer
complex was formed, its absorption band should have
appeared at longer wavelengths than those of both free
fullerene and polythiophene (polythiophene without any
supramolecular organization, close to the polythiophene
dissolved in CH;Cl, i.e. 430 nm). In the present case, an
absorption band would have been observed at wave-
lengths >430 nm at the expense of the band of poly-
thiophene with supramolecular order. Unfortunately,
the increase of an eventual charge-transfer band at
wavelengths between 430 and 520 nm could not be de-
tected because of the presence of other bands in that
wavelength range. Therefore charge-transfer complex
formation cannot be ruled out.

Conclusions

The supramolecular order strongly affects the electro-
chemical properties of the investigated fullerenes. The
order depends on the substituent, as the X-ray diffrac-
tion measurements performed on the films clearly indi-
cate a more organized structure for F-2 than that for
F-1, probably due to a minor stiffness of the substituent
in the former compound. The voltammetric measure-
ments showed a cathodic shift of the first reduction peak
for the more ordered F-2 film with respect to the F-1
film. This shift can be due to a more intimate intermo-
lecular interaction binding the F-2 molecules. In the case
of the F-2/PHT blend, by increasing the PHT/F-2 ratio,
the size of the ordered domains of pure fullerene grad-
ually decreased. The more organized fullerene domain,
liable for better charge-transport properties through the
acceptor network, was probably the reason of the better
photovoltaic performances of F-2/PHT blends with re-
spect to the F-1/PHT ones [11]. Moreover, the investi-
gated fullerenes interact with PHT. The voltammetries
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of the relative blends gave a clear indication of this
interaction. In fact, while the pure fullerenes did not
show any re-oxidation of the anion produced in the first
reduction peak, probably because of material dissolu-
tion, the blend with PHT re-oxidized, though at anodic-
shifted potentials. The shift was reasonably due to the
stabilization of the fullerene anion as a consequence of
an interaction with the polythiophene conjugated chain.
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