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The present work aims to prepare and characterize very thin films of poly(fullerene)s in order to
investigate their electrical properties and the influence of xylene and chloroform solvents on these
materials. The fullerenes studied were phenyl-C, -butyric acid methyl ester (PCBM), oligo{(phenyl-
C,,-butyric acid methyl ester)-alt-[1,4-bis(bromomethyl)-2,5-bis(octyloxy)benzene]} (OPCBMMB)
and poly {[bispyrrolidino(phenyl-C, -butyric acid methyl ester)]-alt-[2,5-bis(octyloxy) benzene]}
(PPCBMB), along with poly(3-hexylthiophene) (P3HT). The Langmuir-Schaeffer technique was used
to prepare films, which were deposited on interdigitated gold substrates, and electrically characterized,
with emphasis on the study of transport, conductivity and mobility mechanisms with respect to the
solvents used. We found that the addition of P3HT significantly increased the conductivity of these
materials. The xylene cast PPCBM, in both pure and mixed forms under dark conditions, presented
the best conductivity results with respect to the other materials. However, when chloroform was
used, it was found that OPCBMMB in both pure and mixed forms under light, exhibited the best
conductivities. This is the first treatment, to our knowledge, of the impact of solvents on the electronic

properties of poly(fullerene)s.

Keywords: Langmuir, poly-fullerenes, solvents, conductivity, thin films.

1. Introduction

Organic solar cells have attracted significant attention
due to their characteristics such as their lightweight, low-cost
and flexibility'. One of the principles for building a solar
cell is based on the combination of an acceptor and a donor
material. A long standing and common combination has
been to use phenyl-C, -butyric acid methyl ester (PCBM)
which as an electron acceptor has a relatively large band gap
and complements that of poly(3-hexylthiophene) (P3HT)
which, as an electron donor, exhibits a high mobility>.
Among several organic materials, the bulk heterojunction of
PCBM:P3HT (acceptor:donor) as an active layer was one of
the most investigated structures for organic photovoltaics®.
Crystallization of the P3HT occurs faster than the PCBM
aggregation within the P3HT:PCBM mixture®>.

Interestingly, the effect of the solvent on the active organic
layer has received significant attention during the past few
years®. This is because the solvent used to form and cast the
active layer can play a compelling role in controlling the
morphology of the PCBM:P3HT structure, which in turn,
strongly influences the separation and transport of charge
carriers, and has a massive impact on the final performance
of the solar cell®.

*e-mail: clarissa.olivati@unesp.br

Fullerenes and their derivatives have shown great promise
for applications ranging from electronic devices’ to areas of
medicine, such as anti-cancer and antiviral medications® "
However, due to its highly hydrophobic nature and its
tendency to aggregate excessively, its properties are often
poorly exploited and not well understood.

In an attempt to control the behavior of fullerene, and find
better expressions of its properties, we incorporated it into
polymer chains. This was done by using it as a comonomer
to create new alternating chains.

Two methods in particular were discovered: the so-called
SACAP'> and the ATRAP'*" routes. The former gives
thermally robust, long polymer chains with fullerenes linked
together by strong cyclic groups, while the latter gives rise
to more weakly linked and quite short oligofullerenes tied
together with weak methylene links'®. These new materials
as such remain very poorly understood. No work yet has
considered in detail their macromolecular self-assembly, and
how it affects their electronic behavior. Therefore we felt it
important to look at them in better detail and compare their
behavior with that of a well understood material, phenyl-
C,,-butyric acid methyl ester (PCBM).

To this end, in this work, the effect of two different
solvents, namely chloroform and xylene, on the morphology
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and electrical properties of a series of fullerenes, PCBM,
oligo{(phenyl-C, -butyric acid methyl ester)-alt-[1,4-
bis(bromomethyl)-2,5-bis(octyloxy)benzene]} (OPCBMMB)
made by the ATRAP route, and poly {[bispyrrolidino(phenyl-
C,,-butyric acid methyl ester)]-alt-[2,5-bis(octyloxy)
benzene]} (PPCBMB) made by the SACAP route, mixed
with P3HT were studied. The electrical properties of the
developed polymer/fullerene mixtures were investigated by
recording the current versus voltage variation in the dark
and under illumination.

2. Experimental Setup

For the preparation of Langmuir-Schaefer (LS) films,
a Langmuir trough KSV model 5000 was used, where
approximately 1350 mL of ultrapure water, from the Millipore
water purification system with resistivity of 18.2 MQ.cm was
used. The solvents used in this work were chloroform and
xylene, the solutions were fabricated in a pure and mixed
materials form in a mass ratio of 1:1 with a concentration
0f 0.2 mg mL"!. Langmuir films were compressed at 10 mm
min! to obtain isotherms of surface pressure versus average
molecular area (n-A). 500uL of the solution was spread
with the Poly-fullerenes and after the previous analysis, a
surface pressure of 20 mN.m™! was chosen to deposit these
films on solid substrates with 15 layers, in which the film
was transferred in parallel to the air-water interface, the
so-called the LS film.

Current versus voltage (I vs. V) measurements were
performed on the films to characterize the sample when
applying a direct current. These electrical measurements
were carried out using a Keysight voltage source model
B2901A. Thus, pure and mixed films were deposited onto
interdigitated electrodes (IDEs) and subjected to voltages
ranging from -10 V to 10 V, with 0.5 V steps. The electrical
characterization of the films was done in two situations: in
the dark and under light exposure. For this, an Oriel Vera
Sol LSS-7120 Solar Simulator (100 mW c¢m? - AM 1.5G)
was used.

3. Materials and Methods

Figure 1 shows the chemical structures of the materials
used in this work. PCBM was obtained from Merck,
OPCBMMB was prepared as detailed in reference'® using
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the ATRAP methodology, and PPCBMB was prepared as
indicated in reference!” using the SACAP technique. The
chemical structure of P3HT is shown in Figure 2. It was
obtained from Sigma-Aldrich. Here we use the regioregular
form which has a high degree of head-tail (HT) connections
and a regularity greater than 90%.

These materials were dissolved in two solvents, chloroform
or xylene, both obtained from Sigma-Aldrich, and chosen
for their known impact on the solvation and aggregating
properties of fullerene'™".

3.1. Substrate

The substrate used to perform electrical measurement
measurements was a glass slide containing Interdigitated
gold electrodes (IDEs). These substrates were produced at
the Microfabrication and Thin Films Laboratory (LMF) of the
National Nanotechnology Laboratory (LNNano) at National
Research Center for Energy and Materials (CNPEM-Brazil)
with 25 pairs of digits, 100 nm height, 8§ mm length, 100 pm
width and 100 um separation.

4. Results and Discussion

For direct current measurements, pure and mixed films
were transferred onto the IDE substrates using the LS
technique and electrical measurements were taken in two
different situations: in the dark and under incidence of light.
The samples were attached to a support and irradiated. These
polymer/fullerene composites are characterized by sensitivity
to light and they are known for converting solar energy?.

The I vs. V curves of the presented materials exhibited a
linear behavior due to the Au/film/Au configuration, which
generates an ohmic contact on both interfaces. An ohmic
contact, or neutral contact, has the characteristic of not
influencing the density of carriers on the volume of a studied
material when an electric current is applied®?, This feature
makes it possible to obtain some information regarding the
properties of materials, such as conductivity®.

With Ohm’s Law Equations V' = R.I were Vis voltage,

. 11 .
R resistance and / current, and o == the direct current

conductivity (s, ) of the LS films of pure and mixed fullerenes
can be calculated. Thus, through the slope of the graphs
(1/R) and the geometric parameters of the IDE, which in this
study is the cell constant (x), the 6, values were obtained as

Figure 1. The modified fullerenes used in this study: a) PCBM, b) PPCBMB and ¢) OPCBMMB.
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shown in the work of Roncaselli et al.?*. The cell constant k
was calculated considering the height of the digits, spacing
between them, their number and length using a theoretical
model®, and for the IDE used in this work this value is
5.1 m ', As the films were manufactured in two different
solvents, the interpretation was divided into two categories
a) xylene and b) chloroform.

4.1. Xylene

Figure 3 shows the / vs V curves of pure and mixed
materials, submitted to light and dark. In the analysis of films
in the dark, the pure materials showed similar conductivities,
however the PPCBMB material presented a conductivity in
an order of magnitude greater, as indicated in Table 1. The
PCBM and OPCBMMB materials have similar conductivity
values.

For mixed materials evaluated in the dark, the material
OPCBMMB:P3HT expressed a greater conductivity by 1
order of magnitude in relation to the other materials under
study. A similarity was found in the results obtained with
the PCBM:P3HT and PPCBMB:P3HT materials indicated
in Table 1.

However, when we compare the curves of pure and
mixed materials in the dark (Figure 3), we notice a clear
difference in the conductivity values. The addition of a
conductive polymer P3HT can contribute to the increase

in conductivity, according to Table 1. It is suggested that
this increase occurs due to the inter-chain and intra-chain
processes, which cause the charges to be conducted through
the main polymer chains, as well as between the chains of
the P3HT, by the phenomenon of electronic hopping?®?’.

However, when the pure materials were exposed to light,
we noticed a small difference in conductivity. The PCBM
showed greater conductivity between the three materials,
by about 1 order of magnitude. PPCBMB and OPCBMMB
had similar conductivities.

In the case of mixed materials exposed to light, the
PPCBMB:P3HT among the three materials in question,
exhibited a significant improvement in its conductivity,
being 1 order of magnitude. It is also possible to observe that
there is a similarity in the results obtained for the materials
PCBM:P3HT and OPCBMMB:P3HT.

When comparing pure and mixed films subjected to
light, it is possible to notice a clear difference between the
conductivities. Mixed materials showed a significant increase,

Table 1. Conductivity values for full and mixed pure and mixed
poly(fullerene)s solubilized with xylene.

Conductivity (S m™)

Pure materials (xylene)

Dark Light
PCBM 4.29 x 107 1.52x 10?
C6 H"I 3 PPCBMB 231x10% 7.33x 10710
OPCBMMB 3.44x10° 6.67x 1071°
Pure P3HT 4.8x10° -
/ \ Mixed materials (xylene)
dark light
S n PCBM:P3HT 9.50x 10°¢ 291x10°
PPCBMB:P3HT 6.49 x 10° 523x10*
. . -5 -5
Figure 2. Chemical structure of P3HT. OPCBMMB:P3HT 1.97x 10 5.38x 10
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Figure 3.1 vs V curves for pure and mixed films with poly(fullerene)s and P3HT, produced by the LS technique solubilized with xylene.



4 Roncaselli et al.

with PCBM:P3HT 4 orders, PPCBMB:P3HT 6 orders and,
OPCBMMB:P3HT 5 orders of magnitude.

In the analysis of pure and mixed materials under light
and dark conditions, changes in conductivity were verified
for both materials. For the pure materials PPCBMB and
OPCBMMB, there was a decrease in conductivity by 2 order
of magnitude, under light, while for the PCBM there were no
changes in conductivity. On the other hand, in the analysis
of mixed materials PCBM:P3HT and PPCBMB:P3HT,
there was an increase in conductivity by 1 and 2 orders of
magnitude, respectively. For the OPCBMMB:P3HT there
were no differences.

This can be explained by the fact that these materials
have PCBM in common in their structure and as observed
in the work of Chirvase et al.?®, PCBM can have two
configurations that contribute to low conductivity: when it
does not allow the formation of the necessary paths for the
electron transport or when it forms bulky clusters harming
the metal/fullerene interface.

In pure films, it is possible to observe a decreasing in the
conductivity when the active layer is exposed to light. This
drop in conductivity is known as “negative photoconduction”.
This effect could be explained by the creation of “capturing”
species of free carriers, or excitonic defects of the material
when the active layer of the thin film is exposed to light,
decreasing the mobility of the carriers?. These defects have
arelatively long lifespan, in the order of tenths milliseconds,
and some studies have already reported that excitonic centers
with lifetime from minutes to hours**3!,

Conductivity can be determined by the free path of carriers
and by their location time. The decay of conductivity shown
in Table 1 can be explained by assuming that the absorption
of light causes the production of excitonic defects, breaking
the conjugation and decreasing the free path of carriers and
or modifying the location time®.

When the photons fall on the mixed film, they are
absorbed and excite the donor (P3HT), producing excitons
in the conjugated polymer. Excitons are diffused in the donor
phase, enabling phenomena of recombination and dissociation.
So, for mixed films it is possible to observe an increasing of
conductivity Figure 4 due to exciton dissociation through
the interfaces (donor/acceptors)

When excitons encounter the acceptor (PCBM) there
is a fast dissociation, generating electrons and “free” holes
that contribute to the photocurrent®. Charge generation
occurs at the interfaces between the two materials in the
active layer, therefore increasing the conductivity of these
materials exposed to light**, as shown in Figure 3.

When compared to pure films exposed to light, the
generated excitons are not sufficient for the generation of free
transporters, as the interface has only the acceptor PCBM,
and with this, the charge generation drops drastically and
the conductivity decreases to approximately 5 orders of
magnitude as shown in Table 1.

4.2. Chloroform

As stated in the introduction, it is well known that when the
solvents are varied, there is a change in the morphology and
consequently a change in the organization of the morphology
of the material, and this impacts upon their conductivity.

Materials Research

Figure 5 shows the / vs V' curves of pure and mixed
films, under light and in dark conditions. When considering
the films in the dark, we find that the pure films did not
present differences in their conductivity. For mixed materials
evaluated in the dark, PCBM:P3HT and OPCBMMB:P3HT,
they showed similar conductivities, and were superior to
PPCBMB:P3HT in 1 order of magnitude according to Table 2.

‘When we compare the conductivities of pure and mixed
materials in the dark, we see an increase of up to 3 orders
of magnitude. As previously discussed, the addition of a
conductive polymer results in this increase.

In the analysis of pure films exposed to light, the
conductivities showed no differences between them. The
same was observed for mixed materials. However, when
comparing pure and mixed films exposed to light, an increase
of 5 orders of magnitude in conductivity was observed. In
the analysis of pure and mixed materials under light and
dark conditions, only mixed materials showed changes
in their conductivity when exposed to light, in which, the
PCBM:P3HT and OPCBMMB:P3HT materials had an increase
of 2 orders of magnitude. While for the PPCBMB:P3HT,
we had an increase of 3 orders.

Note that the materials PCBM and OPCBMMB have
similar characteristics, which is observed in the work
Ramanitra et al."” showing that the UV-visible of the
OPCBMMB is very similar to the PCBM, indicating that
in the mixture between acceptor/donor the charge transfer

HOMO

Au Au

Donor HOMO

Acceptor

Figure 4. Energy diagram between electron donor and acceptor
containing the processes of: generation, dissociation and transport.

Table 2. Conductivity values for full and mixed pure and mixed
fullerenes solubilized with chloroform.

Conductivity (S m™)
Pure Materials (chloroform)

Dark Light
PCBM 1.42x 10° 4.0x 107
PPCBMB 1.90 x 10° 1.23x 107
OPCBMMB 1.51x10° 2.90 x 10°
Pure P3HT 48x10° -

Mixed Materials (chloroform)

Dark Light
PCBM:P3HT 228 x 10° 5.63x 10*
PPCBMB:P3HT 7.35x 107 5.15x10*
OPCBMMB:P3HT 2.17x 10° 5.51x10*
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Figure 5.1vs V curves for pure and mixed films with poly(fullerene)s and P3HT, produced by the LS technique solubilized with chloroform.

properties were not strongly affected by the oligomerization
process.

In the comparison between the two solvents studied
xylene and chloroform (Tables 1 and 2), under light and
dark conditions, we found some changes in the conductivity
behavior of the materials.

When studying pure films in the dark, the PCBM and
OPCBMMB materials did not express differences in their
conductivity. In contrast, the PPCBMB obtained an increase
of 1 order of magnitude when using the xylene solvent. For
mixed films in the dark, the PCBM: P3HT material showed
no difference in its conductivity. However, PPCBMB: P3HT
and OPCBMMB: P3HT, showed an increase of 1 order of
magnitude when the xylene solvent was applied.

In the light analysis, the pure PCBM film showed no
difference. The PPCBMB and OPCBMMB materials, on
the other hand, showed an increase of 1 order of magnitude
when using the chloroform solvent. In mixed films, the
PPCBMB: P3HT material maintained the same conductivity.
However, PCBM: P3HT and OPCBMMB: P3HT exhibited
an increase of 1 order of magnitude when the chloroform
solvent was used.

There is a difference in the conductivity of these materials
when manufactured in pure and mixed form with xylene
and chloroform, however, the PPCBMB showed differences
on both occasions and can be explained by the intersection
of two factors as shown in the work of Liao et al.**: i) The
solubility of P3HT would lead to different conformations
of the chain and therefore a crystallinity with different
sizes. The high solubility of P3HT with chloroform causes
its chains to “stretch”, thus providing greater mobility for
charge carriers. While for xylene, its solubility is lower,
it would lead to the contraction of the chains, resulting in
less mobility for charge carriers. ii) a reduced aggregation
of molecules in the formation of films, thus affecting the
conductivity of the material.

In a general context, pure PCBM based-films have lower
conductivities compared to the mixed films, this is due to
the fact that PCBM has a low electron mobility and a high
electronic band gap, thus affecting its conductivity**3. On
the other hand, mixed films showed higher conductivities
due to the presence of P3HT, which has a high electron
mobility and a low electronic band gap*.

In this work we show the importance on how understanding
these processes and how the conductivity behaves in pure
and mixed form and using different solvents helps to
understand which is the best combination of solvent and
material for building a solar cell. Furthermore, we provided
an insight about how the solvent could enhance the solar
cell performance by increasing photocurrent via facilitating
charge carrier transport through creating percolation pathways
for carriers, leading to higher efficiency. There are not many
studies about LS films from fullerenes in pure form in the
literature and, even less that discuss the conductivity of
such films. Therefore, this work offers a playground for the
direct relation of the solvent influence on the conductivity
of LS films from PCBM derivatives, as well as the outcome
from their association with a known material from the OPV
field, the P3HT.

5. Conclusion

Regarding the electrical measurements, it was possible
to observe differences between the conductivities of each
material, when subjected to dark and light. We perceive an
influence of P3HT considerably increasing the conductivity of
these materials. Regarding the use of solvents, an influence on
the conductivity of the materials under study was observed.
For the xylene solvent, it was verified that the PPCBM
material in pure and mixed form, in the dark condition,
presented the best conductivity results in comparison to
other materials. In the chloroform solvent, the OPCBMMB
material in pure and mixed form, under the condition of
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light, exhibited the best conductivities in relation to the other
materials. Through this work it was possible to successfully
manufacture pure and mixed fullerene films using the LS
technique, comparing materials in pure and mixed form
through electrical measurements (D.C).
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