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Surface pressure-area isotherms of mixed floating film of fullerene (Cgg) and
tri-(2,4-di-t-amylphenoxy)-(8-quinolinolyl) copper phthalocyanine (CuPc) were investigated
at different molar compositions at air-water interface. The shapes of these isotherms and
estimated areas per molecule are shown dependent on the molar compositions. Cgo/CuPc
mixed multilayers were fabricated onto various solid substrates by using
Langmuir-Schaefer (LS) technique, and characterized by UV-VIS spectroscopy,
electrochemical and photoelectrochemical measurements respectively. Uniform LS films
were formed when the molar composition was less than 1:1 (Cg: CuPc). UV-VIS
spectroscopic measurements showed that there was no distinct interaction between
phthalocyanine and Cg molecules at ground state either in solution or in solid films.
However, electron transfer appears to have occurred between two kinds of molecules
under light illumination. Photoelectrochemical study revealed that phthalocyanine and Cgg
mixed system could be a potential candidate for photovoltaic applications.
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1. Introduction

Phthalocyanines (Pcs) are promising materials for their
optoelectronic applications in photovoltaic cell, light-
emitting diode, photosensors, and even microelec-
tronics, due to their larger and flexible absorption
as well as their electrical properties similar to in-
organic semiconductors [1-3]. Most of Pcs are usu-
ally prepared in their pristine form. However, con-
trolled doping is a prerequisite for the realization of
the efficient organic-based devices [4]. Pcs possess a
good electron-donating property since their large -
electron systems are easily ionized. The low ionization
and high polarisation energies of Pcs are favourable
to their charge transfer interactions with electron-
accepting molecules. It was demonstrated earlier that
the conductivity of Pcs was influenced by doping
with strong electron-accepting molecules [3]. Pcs can
be doped by adding organic acceptor molecules such
as orthochloranil, tetracynoquinodimethane, dicyano-
dichloroquinon, and fullerene [5-11].
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Fullerene (Cgp) is a good 7 -electron acceptor and has
been widely used as a dopant in organic systems [12].
It has been reported that Cgq reacts readily with some
strong donor molecules to form a charge-transfer com-
plex, such as tetrathiafulvalene derivatives, ferrocene
[13, 14]. However, charge transfer is difficult to oc-
cur between phthalocyanine (Pc) and Cgy molecules
at ground state because of the high electron affinity
of Cgp (2.65 eV) [15]. The discovery of photoinduced
charge transfer in conducting polymer and Cgg compos-
ite has provided a molecular approach to high-efficient
photovoltaic devices. The photoinduced charge trans-
fer across a donor-acceptor interface also provides an
effective way to overcome premature carrier recom-
bination in organic systems and thus to enhance their
optoelectronic responses [16].

Ultraviolet photoelectron spectroscopic studies re-
vealed that charge transfer is energetically possible
between Pc and Cgp molecules [9]. Thus photoin-
duced charge transfer is possible between Pc and Cg
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molecules. It was reported that Pc and Cgy molecules
formed a phase-separated composite in their mix-
ture [8]. As such composite is composed of donor (Pc)
and acceptor (Cgp) molecules, they can form donor-
acceptor interfaces within a few nanometers in any
point. Therefore, such composite may be a good ma-
terial for photovoltaic applications [16]. In the spirit
of the nature of Pc and Cgy molecules as well as their
photoinduced properties, an attempt has been made to
fabricate mixed Langmuir-Schaefer (LS) films of Cg
and tri-(2,4-di-t-amylphenoxy)-(8-quinolinolyl) cop-
per phthalocyanine (CuPc) at various molar compo-
sitions. The surface pressure-area isotherms of mixed
Langmuir films were also investigated at air-water in-
terface. The optical, electrochemical and photoelectro-
chemical properties of mixed LS films were also inves-
tigated.

2. Experimental details

2.1. Materials

CuPc was a generous gift from Prof. Shiquan Xi
(Changchun Institute of Applied Chemistry, Chinese
Academy of Sciences, China) [7]. C¢y and other
chemicals used herein were purchased from Aldrich.
Quartz, mica and indium-tin oxide (ITO)-coated glass
plates were used as the substrates for the deposi-
tion of Cgo/CuPc composite LS films. These sub-
strates were cleaned as usual procedures before their
use.

2.2. Formation of the composite LS films
Initially, C¢p and CuPc were dissolved into benzene to
obtain solutions with a concentration of 0.5 mmol/l and
0.1 mmol/l respectively. Such two different solutions
were mixed together to obtain various resulting solu-
tions. A commercial Langmuir trough of MDT Corp.
(237 x 100 nm in size and 300 ml in volume) was used
for surface pressure-area isotherm measurement and
film deposition. An appropriate volume solution, de-
pending on the concentration and molar composition,
was spread onto an aqueous subphase (Milli-Q water
with a resistivity of 18.2 MQcm). After the com-
plete evaporation of spreading solvent, the floating film
was compressed to record the surface pressure-area
isotherms, as well as to deposit the films. The stability
of Langmuir film was investigated at different surface
pressures for different molar compositions. The fabri-
cation of composite LS films was carried out at a sur-
face pressure of 30 mN/m in all cases with a barrier
compression rate of 50 mm?/min. Different numbers of
layers were transferred onto various solid substrates by
LS technique.

2.3. UV-VIS spectroscopic measurement
UV-VIS absorption spectra of Cgo/CuPc (1 : 1) compos-
ite LS films deposited onto quartz plate were recorded
using an UV-VIS-NIR spectrometer (model V-570,
JASCO).
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2.4. Electrochemical and
photoelectrochemical measurements

The electrochemical measurements were carried out us-
ing a Potentiostat/Galvanostat (EG&G PARC, model
263A). A standard electrochemical cell with three-
electrode configuration was employed, where a glass/
ITO/LS film acted as a working electrode, a platinum
wire as a counter, and Ag/Ag*t as a reference elec-
trode. 0.1 mol/l tetrabutylammonium tetrafluoroborate
(TBATFB) acetonitrile solution was used as the sup-
porting electrolyte. The standard three-electrode con-
figuration was also employed for the photoelectrochem-
ical measurements. A white light of 100 watts was
illuminated with a distance of 10 cm away from the
working electrode. The switch-on and switch-off of the
light were controlled manually.

3. Results and discussion

3.1. Surface pressure-area isotherms

Fig. 1 depicts the surface pressure-area (7 -A) isotherms
of Langmuir film of Ceo/CuPc composite at different
molar compositions. The isotherm measurements re-
veal a similar condensed shape for all the isotherms.
In general, the stability of Langmuir film is usually
associated with a high collapse pressure, a steep in-
crease in the condensed phase and a small hysteresis
in the compression-relaxation cycle [17,18]. As can be
seen in Fig. 1, all the isotherms possess a high col-
lapse pressures up to 70 mN/m and a steep increase in
the condensed phase. The area per molecule can be esti-
mated by extrapolating the solid region of 7 -A isotherm
to zero pressure. The estimated areas per molecule of
Cgo and CuPc are found to be 26 and 97 A2 respec-
tively. Cgo molecules tend to form ill-defined films of
three-dimensional aggregates rather than a monolayer
at air-water interface, and the expected theoretical area
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Figure 1 Surface pressure-area isotherms of various Cgo/CuPc mixed
Langmuir films obtained at air-water interface at room temperature:
(a) Cgp, (b) Cgp:CuPc= 9:1, (c) Cgp:CuPc=7:3, (d) Cgp:CuPc=
1:1,(e) Cep:CuPc=3:7, (f) Cgp: CuPc=1:9, (g) CuPc).



TABLE I Comparison between the experimental and theoretical values of area per molecule at various molar compositions of Cgp/CuPc composite

C60 :CuPc C()o :CuPc C60 : CuPc C()o :CuPc C60 : CuPc
Ceo 9:1 7:3 1:1 3:7 1:9 CuPc
Experimental value (A2) 26 27 39 52 62 77 97
Theoretical value (A2) 33.1 473 61.5 75.7 89.9

per molecule should be at least 86.6 A2 [19]. The mea-
sured area per molecule of 26 A2 is consistent with
most of the previous reports [20], suggesting that Cg
molecules form aggregates at the air-water interface.
Our earlier study reveals that the area per molecule of
CuPc is about 116 A% when chloroform was used as
the spreading solvent [21], which is larger than the area
when benzene was used. The 7 -7 interaction between
CuPc and benzene molecules induces the formation of
more aggregates of CuPc molecules, which results in
smaller area per molecule. In fact, it has been demon-
strated that Cgp and CuPc molecules form independent
domains in mixed films, that is, they form a phase-
separated composite [8]. With an increase in the surface
pressure, two kinds of molecules around the domains
aggregated further leading to much larger aggregates.
It can be seen from Table I that the experimental values
of estimated area per molecule of Cgp/CuPc composite
at different molar compositions is less than their corre-
sponding theoretical values. These results suggest that
the two kinds of molecules tend to aggregate further af-
ter being mixed together for their strong intermolecular
-7 interactions.

Ceo floating film is not easy to be deposited onto
various substrates, whereas CuPc has been proven a
good film-forming material [7, 19]. Therefore, it is
possible to deposit easily Cgo films along with CuPc
molecules. The inset in Fig. 2 shows that the Cgo/CuPc
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Figure 2 Evolution of UV-VIS spectra of Cgo/CuPc (1:1) mixed LS
films deposited onto a quartz slide at 30 mN/m with the number of
layers. The dotted line donates UV-VIS spectrum of Cgp/CuPc (1:1)
composite benzene solution. The inset shows the absorption maxima at
626, 335 and 265 nm as a function of the number of layers. The linear
increase indicates that equal amounts are deposited in each deposition
cycle.

(1:1) composite can be deposited successfully onto
quartz slide. When the molar compositions are less than
1:1(Cgp : CuPc), it is easy to deposit these composite
films. When the molar ratios are larger than 1:1, it is
also possible to deposit the composite films, even for
composite (9:1) films. However, with an increase in
the number of layers, the transfer ratio decreases, and
the resulted films are not homogeneous.

3.2. Absorption spectra

Fig. 2 depicts the optical spectra of Cgo/CuPc (1:1)
composite LS films deposited onto quartz plate as a
function of the layers. It reveals three sharp absorption
bands at 265, 335 and 626 nm, besides a feeble peak
at 218 nm, as well as two shoulder peaks around 460
and 682 nm. Cgp shows three absorption peaks at about
221,264 and 354 nm in solution phase [22]. After being
transferred onto solid substrates, Cgg shows four char-
acteristic absorption bands at 218,267, 343 and 456 nm
[23]. Therefore, the observed characteristic peaks at
218 and 265 nm can be attributed to Cgy aggregates.
The peaks at 630 and 682 nm are due to the 7-7* tran-
sition centred on the macrocycle of CuPc molecules,
which are the Q bands of dimer and monomer of ph-
thalocyanine molecules respectively [7]. At the same
time, CuPc shows a Soret band around 345 nm, so the
observed peak at about 335 nm could be due to the
overlap of Soret band of CuPc and 343-nm band of
Cgo molecules. Since no extra features were observed
when the two kinds of molecules were mixed together
either in solution or in solid films, it can be deduced
that there is no indication of charge transfer at ground
state. The inset of Fig. 2 shows the optical absorption
magnitude increases gradually with the increase in the
number of layers, which reveals the uniformity in the
deposition process.

3.3. Electrochemical properties

The electrochemical surveying of composite LS films
deposited onto ITO-coated glasses at different molar
compositions was carried out by using cyclic voltam-
metry. Fig. 3 shows cyclic voltammograms (CVs) of
30-layer Cgp/CuPc (1 : 1) composite LS film at different
scan rates in 0.1 mol/l TBATFB acetonitrile solution.
The CV shows an oxidation peak at —380 mV when
scanned at 50 mV/sec. Cg( exhibits four well-separated
quasireversible reduction peaks at —1.12, —1.50, —1.94
and —2.40 V versus ferrocene, as well as four cor-
responding reoxidation peaks in 1,2-dichlorobenzene
solution [24]. The composite system does not show
any well-defined peaks except the appearance of the
new peak around —380 mV when Cgy was mixed with
CuPc forming 1:1 composite. It must be emphasised
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Figure 3 Cyclic voltammograms of 30-layer Cgo/CuPc (1:1) mixed
LS films on ITO-coated glass plate in 0.1 mol/l tetrabutylammonium
tetrafluoroborate (TBA TFB) acetonitrile solution at different scan rates:
(a) 100 mV/sec, (b) 50 mV/sec, (c) 20 mV/sec and (d) 10 mV/sec.

that the ITO layer is quickly oxidized at an applied
potential of —2.5 V, even under nitrogen atmosphere.
Therefore, we restricted our scan potential between 0.5
and —1.0 V. In fact, CuPc does not show any charac-
teristic peaks in this potential range [21]. Therefore,
it could be deduced that the appearance of such new
peak is a result of interactions between Cgy and CuPc
molecules, which suggests that a low potential is re-
quired for electrons to move in the composite system.
In order to verify the redox processes of composite LS
films, the CVs of 30-layer LS films were recorded at dif-
ferent scan rates. The result conveys a surface confined
system, i.e., the redox peak current increases linearly
with the sweep rate [25]. Fig. 4 shows the CVs of mixed
LS films at different molar compositions with a scan
rate of 50 mV/sec, revealing a change in redox peaks
with the doping level of Cgp. As indicated, the oxida-
tion peak shifts to potential that is more negative with
an increase in the molar percentage of CuPc in mixed
films (Table II), implying the electrochemical process
is more electronegative when the molar ratio of CuPc
decreases.

Fig. 5 shows the CVs of 60-layer Cgo/CuPc (1:1)
composite LS films without and with light illumination.
The CV under illumination condition shows a similar
feature to that of 30-layer composite LS films without il-
lumination (as shown in Fig. 4 at 50 mV/sec). However,
the current density of oxidation peak increases under il-
lumination. Meantime, this peak shifts to potential that
is more positive under illumination, as compared to that
without illumination. The origin of this may lie in the

Current (pA/cm?)

400 200 0 <200 -400 -600  -800 -1000

Potential (mV) vs Ag/Ag’
Figure 4 Cyclic voltammograms of 60-layer Cgo/CuPc mixed LS films
on ITO-coated glass plates in 0.1 mol/l TBA TFB acetonitrile solution at

various molar compositions: (a) Cgo : CuPc =9:1,(b) Csp : CuPc=7:3,
() Cgp:CuPc=1:1,(d) Cgp:CuPc=3:7,(e) Cgp:CuPc=1:9.
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Figure 5 Cyclic voltammograms of 60-layer Ceo/CuPc (1 : 1) mixed LS
films on ITO-coated glass plate in 0.1 mol/l TBA TFB acetonitrile solu-
tion without (a) and with light illumination (b).

electron transfer between Cgy and CuPc molecules un-
der illumination condition, whereas other researchers’
and our previous studies suggested that the charge trans-
fer from CuPc to Cgp molecules is impossible at ground
state [8, 9]. Therefore, the photoinduced charge transfer
is possible to occur between CuPc and Cgp molecules
under illumination. C. Schlebusch et al. suggested that
CuPc and Cgy molecules share a weak intermolecular

TABLE II Comparison of the oxidation peak position at various molar compositions of 60-layer Cgo/CuPc composite LS films

Cgp : CuPc Cgp : CuPc Cgp : CuPc Cgp : CuPc Cgp : CuPc
Composite system 9:1 7:3 1:1 3:7 1:9
Peak position (mV) —220 —360 —380 —440 —460
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Figure 6 Oxidation and reduction current response of 60-layer
Cgo/CuPc (1:1) mixed LS films in 0.1 mol/l TBA TFB acetonitrile
solution.

interaction and the energy when an electron transfers
from the valence band of CuPc to the highest occupied
molecular orbital of Cg is only 0.8 eV [9, 26]. Under il-
lumination condition, photoinduced electrons in CuPc
will lower their energy by transferring to the Cg, and
the photoinduced holes in Cgp will lower their energy
by transferring to the CuPc, so the photosensitivity is
substantially enhanced in the mixed system. However,
the redox responses shown in Fig. 6 evidence a slow
redox process in the composite LS films.

3.4. Photoelectrochemical response
measurements

For photocurrent response measurement, a 100 watts
white lamp served as a source of whole wavelength
was passed through ITO/composite LS films in an elec-
trochemical cell. The stabilization of photocurrent was
checked. The steady state electrochemical photocurrent
was observed by applying potential from Potentiostat,
and the photocurrent was measured. The uniform pho-
tocurrent was observed in each switch-on and switch-
off condition for the electrode containing LS films.
Fig. 7 shows the photocurrent transient for Cgo/CuPc
(3:7) composite LS films. Such figure depicts the pho-
tocurrent rise time is shorter than the time between light
switch-off and switch-on for the composite LS films.
A photoelectron study has shown that the presence of
active species in the supporting solution, which exert
significantly the role in the photocurrent. It is clarified
that the open circuit voltage and short circuit current
increase with the doping level of Cg in the composite
systems (data not shown). This fact suggests that the
device efficiency can be enhanced with the increase in
the doping level of Cg in the composite films. Through
these studies, an effective composite can be carefully
selected, and the solid photovoltaic devices will be in-
vestigated further.
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Figure 7 Photoeffect of 60-layer Cgo/CuPc (3 :7) mixed LS films. Pho-
tocurrent produced by an ITO/60-layer composite LS films in 0.1 mol/l
TBA TFB acetonitrile solution. The potential of the working electrode
was set at zero V versus Pt counter electrode.

4. Conclusions

In summary, various experimental techniques indi-
cated a uniform deposition of Cgo/CuPc composite
Langmuir-Schaefer films. The areas per molecule of
composite floating films were found dependent on mo-
lar compositions. The experimental values of area per
molecule are less than theoretical values, suggesting
that two kinds of molecules form aggregates further in
composite systems. When the molar compositions are
less than 1:1 (Cgg: CuPc), the composites can form
films with good quality. UV-VIS spectra suggested that
there is no electron transfer between phthalocyanine
and Cgp at ground state. However, electron transfer ap-
pears to have occurred under scan potential and light il-
lumination. Photoelectrochemical investigation reveals
that phthalocyanine and Cgy composite system is a po-
tential candidate for photovoltaic applications.
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