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Charge Separation in Graphene-Decorated Multimodular
Tris(pyrene)–Subphthalocyanine–Fullerene Donor–Acceptor
Hybrids**
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Abstract: A new approach to probe the effect of graphene on
photochemical charge separation in donor–acceptor conju-
gates is devised. For this, multimodular donor–acceptor
conjugates, composed of three molecules of pyrene, a sub-
phthalocyanine, and a fullerene C60 ((Pyr)3SubPc-C60), have
been synthesized and characterized. These systems were
hybridized on few-layer graphene through p–p stacking
interactions of the three pyrene moieties. The hybrids were
characterized using Raman, HRTEM, and spectroscopic and
electrochemical techniques. The energy levels of the donor–
acceptor conjugates were fine-tuned upon interaction with
graphene and photoinduced charge separation in the absence
and presence of graphene was studied by femtosecond transient
absorption spectroscopy. Accelerated charge separation and
recombination was detected in these graphene-decorated
conjugates suggesting that they could be used as materials for
fast-responding optoelectronic devices and in light energy
harvesting applications.

Carbon-based materials have become vital for many tech-
nological developments in the modern world. Extensive
research has been performed for the last two decades on
nanocarbon materials including 0D fullerenes, 1D carbon
nanotubes, and 2D graphene.[1,2] Graphene, first prepared by
mechanical exfoliation of graphite,[1a] is a zero bandgap
semiconductor with high mobility of electrons and holes and
high optical transmittance. Thus, graphene has been sought
out for many scientific and technological advances including
for use in building optoelectronic devices and as a transparent
electrode material.[1–3]

Recently, a few studies have reported on electron-donor
(or acceptor) sensitizer-functionalized graphene hybrids to
probe photoinduced electron and energy transfer.[4] Both
covalent and noncovalent strategies have been employed. In
these hybrids, the sensitizer–graphene intra- and intermolec-
ular interactions were expected to yield a band gap and make

graphene an electron acceptor or donor, depending upon the
nature of the appended sensitizer. However, evidence of
charge separation in these hybrids is often challenging to
establish primarily because of: a) a lack of diagnostic
absorbance bands corresponding to either the reduced or
oxidized forms of graphene, b) the appearance of strong
optical phonon bands[5] during photoexcitation of graphene
which impede spectral interpretation, and c) the close asso-
ciation of sensitizer to the graphene surface which makes the
photophysical processes too fast to perform a systematic
structure–reactivity study. These shortcomings thus warrant
an altogether different approach to visualize the role of
graphene on photochemical charge separation and stabiliza-
tion in donor–acceptor hybrids.

In the present study, we have designed a new strategy
wherein donor–acceptor conjugates, instead of a simple
sensitizer, have been utilized to decorate graphene. For this,
two new multimodular donor–acceptor conjugates of sub-
phthalocyanine–fullerene tethered with three p-stacking
pyrene entities (denoted (Pyr)3SubPc-C60; 1 and 2), have
been designed and synthesized (Figure 1). The sensitizer,
subphthalocyanine (SubPc) has been chosen as an electron
donor because of its nonplanar structure leaving the central
boron available for further axial functionalization,[6] in this
case with a familiar electron acceptor, fullerene.[7,8] Further,
the macrocycle periphery is used to tether the established
p-stacking pyrene moieties with spacers of variable
length.[3d,9] As a result of this structural arrangement, when
1 or 2 interact with planar graphene, the C60 fragment (and
SubPc to a lesser extent) will be away from the graphene
surface (8–12 �) giving rise to no direct interactions. To form
the graphene/1 and graphene/2 hybrids, the donor–acceptor
conjugates were treated with 2–4-layer graphene to be
exfoliated and decorated with the donor-acceptor conjugates,
as shown in Figure 1. To unravel the influence of p-stacking
graphene on the kinetics of charge separation and charge
recombination, photoinduced electron transfer in 1 and 2 and
in graphene/1 and graphene/2 hybrids has been systematically
investigated in solvents of varying polarity using femtosecond
transient spectroscopy.

The synthetic details for the preparation of donor–
acceptor conjugates 1 and 2 are given in the Supporting
Information. Briefly, this procedure involved the preparation
of tri-iodo subphthalocyanine[8e] by the reaction of 4-(4-
iodophenoxy)phthalonitrile and BCl3 in p-xylene. The iodo
groups were replaced with either a pyrene phenoxy (for 1) or
pyrene with a long chain biphenyl (for 2) groups. The axial
chloride of SubPc was subsequently replaced with a 4-
formylphenoxy group by treating the SubPc derivatives with
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4-hydroxybenzaldehyde in toluene. Finally, the SubPc deriv-
atives were treated with C60 and sarcosine in toluene[10]

followed by chromatographic purification to obtain 1 and 2.
The newly synthesized conjugate was fully characterized by
NMR (1H and 13C), MALDI-TOF mass spectrometry, and
spectroscopic and electrochemical methods.

Figure 2a shows the UV/Vis absorption spectrum of 2 and
the control compounds pyrene, tBuSubPc, and (Pyr)3SubPc
(2a) in benzonitrile. The relevant absorption spectra for 1 and
its precursors are given in Figure S1 in the Supporting
Information. The UV/Vis absorption spectrum of compound
2 showed absorption bands at l = 315, 330, 346, 432, and
574 nm. The first three bands corresponded that of pyrene,
the peak at l = 432 nm was attributed to fulleropyrrolidine,

and the l = 574 nm band corresponded to SubPc. Appending
a C60 moiety had no effect on the absorption band of the
conjugate at 574 nm while this band was about 8 nm red-
shifted compared with pristine SubPc without pyrene tethers.
The tethered pyrene peaks were also red-shifted by 7 nm
compared to pristine pyrene, primarily as a result of covalent
functionalization. Similar results were obtained for 1 (see
Figure S1a), however, the pyrene absorption bands in the l =

315–360 nm region were broad and appeared as shoulder
bands to the main band at 347 nm. These results suggest the
occurrence of some intramolecular interactions between the
pyrene and the SubPc units within the conjugate. As shown in
Figure 2b and Figure S1b, in the fluorescence spectra of the
precursor (Pyr)3SubPc derivatives (2a and 1a ; see Scheme S1
for the structures) emission bands appeared at l = 594 nm and
were red-shifted by nearly 12 nm compared to pristine SubPc.
In 1 and 2, the SubPc emission was found to be quantitatively
quenched (over 97% of its original intensity) suggesting
occurrence of excited-state events from the 1SubPc* state
(Figure 2b and Figure S1b).

As shown in Figure S2, the spectral trends in toluene were
quite similar to those discussed in benzonitrile. Additionally,
the fluorescence quenching of SubPc in 1 and 2 in nonpolar
toluene was also very high (over 95 %).

To prepare the graphene/1 and graphene/2 hybrids, first,
2–4-layer graphene was dispersed in benzonitrile or toluene
(2 mg in 20 mL) for exfoliation by sonication and centrifuga-
tion. Aliquots of the clear brown solution of graphene
obtained after filtration was added to a solution of 1 or 2 in
the solvent of choice. Spectral changes associated with this
addition in benzonitrile are shown in Figure 2c and Fig-
ure S1c. Similar trends were also detected in toluene. The
changes included diminished intensity of the band at l =

575 nm and an increase in absorbance in the 330–500 nm
range as a result of interactions with graphene. An isosbestic
point at l = 594 nm for 1 and 2 was also detected indicating
the existence of an equilibrium process for the interaction
between the conjugate and graphene.

To establish the energy levels relevant to probe the
excited-state events of the conjugate in the absence and
presence of graphene, electrochemical studies were per-
formed using the differential pulse voltammetry (DPV)
technique. Figure 2d and Figure S1d, respectively, show
DPVs of 2 and 1 (black lines) in benzonitrile containing
0.1m (TBA)ClO4. On the basis of these voltammograms and
from additional experiments involving control compounds,
the site of electron transfer could be deduced. The first anodic
process of 2 and 1 occurred at + 0.53 V versus Fc/Fc+

(ferrocene/ferrocenium) corresponding to the oxidation of
the SubPc entity. Cyclic voltammetry studies confirmed these
processes to be reversible. The second oxidation process,
corresponding to the oxidation of pyrene subunits, appeared
at + 0.76 V for 1 and + 0.70 V for 2. Considering cathodic
processes, the first reversible reduction, corresponding to C60,
was located at�1.02 V whereas the second reduction for both
1 and 2 around�1.44 V could be attributed to two overlapped
processes, specifically the second reduction of C60 and first
reduction of the SubPc unit. At more negative and positive
potentials, additional irreversible redox processes were also

Figure 1. Structure of the subphthalocyanine–fullerene donor–acceptor
conjugates 1 and 2 tethered with three pyrene units. As shown for 1,
these conjugates interact with graphene through p–p stacking between
the pyrene units and graphene to form graphene/1 and graphene/2
hybrids.
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detected. Addition of graphene to the electrolyte solution
diminished the current (slower diffusion because of increased
mass of the hybrids) with noticeable changes in the redox
potential of SubPc and pyrene but not that of C60. That is, the
SubPc oxidation became more difficult by about 25 mV
whereas that for pyrene oxidation became approximately
35 mV more difficult for both graphene/1 and graphene/2
hybrids. These observations are in good agreement with our
earlier hypothesis that the structure of 1 and 2 allow pyrene
and, to a lesser extent, SubPc interactions with graphene,
leaving C60 unperturbed. Using the redox and spectroscopic
data, free-energy calculations (DGCS) for the occurrence of
photoinduced electron transfer originating from the 1SubPc*
(E0-0 = 2.12 eV) and 1C60* (E0-0 = 1.75 eV) excited states were
performed using the Rehm–Weller approach[11,12] (neglecting
the solvation term). Such calculations revealed that the
formation of the (Pyr)3SubPcC+–C60C

� charge-separated states
from both 1SubPc* and 1C60* are exothermic processes.
DGCS values from 1SubPc* in benzonitrile were �0.57 eV
for both 1 and 2, and�0.54 eV for graphene/1 and graphene/2
hybrids. In the same way, DGCS values of �0.20 eV for both
1 and 2, and �0.18 eV for graphene/1 and graphene/2 hybrids
were obtained from 1C60* in benzonitrile. In toluene, the
energy level of the radical ion pairs would be exothermic by
another 150–200 mV than that computed in benzonitrile.

Raman spectra of the graphene/1 and graphene/2 hybrids
along with that of pristine 2–4-layer graphene is shown in
Figure 3a. Briefly, in agreement with previous reports,[13]

a G band for graphene was detected at 1580 cm�1 with
a much weaker D band appearing at 1350 cm�1 and a D’ band
appeared as a shoulder to the G band at 1610 cm�1. The

intensity ratio for the G:D bands was
around 5.0. Interestingly, for graphene/
1 and graphene/2 hybrids, the G band
appeared at 1610 cm�1 and the D band at
1345 cm�1 with an intensity ratio of nearly
1.0. The Raman spectral features were
close to that reported for graphene
oxide,[14] suggesting effective functionaliza-
tion of graphene with the current noncova-
lent approach. The HRTEM image of
graphene/1 in Figure 3b shows exfoliated
graphene, although few-layer graphene are
detected as a result of aggregation during
sample preparation. Thus, in the studied
hybrids, the graphene could be considered
to be essentially a monolayer to a few
layers.

Next, photochemical processes in 1 and
2 conjugates and graphene/1 and graphene/
2 hybrids were investigated by femtosecond
transient spectroscopy in both polar ben-
zonitrile and nonpolar toluene solutions.
Formation of SubPcC+ is expected to result
in the appearance of a band at l = 685 nm
while for C60C

� a band at l = 1020 nm is
expected during electron transfer.[8] As
shown in Figure 4 and Figure S3, upon

excitation of 1 and 2 at l = 400 nm, an instantaneous
formation of 1SubPc* (depleted band in the 570 nm range)[8]

and 1C60* (absorbance in the 900–950 nm range)[15] were
detected. The formation of 1C60* could be due to direct
excitation of C60 or the product of ultrafast energy transfer
from 1SubPc*.

The formation of (Pyr)3SubPcC+–C60C
� charge separated

state from the initial 1SubPc* or 1C60* in 1 and 2 was
confirmed from the C60C

� band at l = 1020 nm and the
SubPcC+ band in the range 650–700 nm. The radical ion-pair
bands, after reaching a maximum, started decaying because of
the charge recombination process. The rates of charge
separation kCS and charge recombination kCR were evaluated
by monitoring the rise and decay time profile of the C60C

� band
at 1020 nm (as shown in Figure 4). Notably, as predicted for

Figure 2. a) UV/Vis absorption and b) fluorescence spectra (lex = 574 nm) of compounds 2,
2a, pyrene, and tBuSubPc in benzonitrile. c) UV/Vis absorption spectral changes upon
addition of aliquots of 2–4-layer graphene to a solution 2 in benzonitrile showing the
interaction of graphene with 2. d) Differential pulse voltammograms of 2 (black line) upon
increasing addition of graphene in benzonitrile containing 0.1m (TBA)ClO4. TBA=
tetrabutylammonium.

Figure 3. a) Raman spectra of few-layer graphene (i), and graphene/
1 (ii) and graphene/2 (iii) hybrids. b) HRTEM image of the graphene/
1 hybrid. Scale bar = 20 nm.
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fullerenes, the recombination process was much slower than
the charge separation process with considerable radical peak
intensities lasting over 3 ns, the time window of the instru-
ment. In such a case, the determined kCR values could be
considered as the lower limit. The kinetic values are given in
Table 1 which reveal fast charge separation and relatively

slow charge recombination and the expected solvent effect on
electron-transfer kinetics.[16] That is, facile charge separation
and recombination in polar benzonitrile over nonpolar
toluene was evident.

Having established charge separation in these conjugates,
we focused our attention on the graphene/1 and graphene/2
hybrids. Figure 5 and Figure S4 show the femtosecond
transient absorption spectra of the hybrids in benzonitrile
and toluene, respectively. Immediately after excitation (see
the spectrum at 1 ps), transient features corresponding to
1SubPc* and 1C60*, and strong optical phonon peaks of
graphene appeared as negative peaks in the l = 690 nm and

1200 nm ranges (see Figure S5 for femtosecond transient
spectra of pristine few-layer graphene and peak time profiles
in both benzonitrile and toluene). Recovery of these signals
was fast, that is, in less than 5 ps much of the intensity was
recovered, similar to that of pristine few-layer graphene
(Figure S5). The excited state decay resulted in the concom-
itant formation of radical ion-pair peaks corresponding to the
formation of a graphene/
(Pyr)3SubPcC+–C60C

� radical ion pair in these hybrids,
revealing successful charge separation in the hybrids.

The kCS and kCR values for the graphene/1 and graphene/2
hybrids were evaluated using a procedure similar to that used
for the conjugates, 1 and 2, that is, by monitoring the growth
and decay of C60C

� . These time profiles are shown in the right-
hand side panels in Figure 5 and Figure S4, and reveal faster
charge separation and charge recombination than that
observed for 1 and 2 lacking graphene. Accordingly, the
estimated kCS and kCR values of graphene/1 and graphene/2
hybrids were found to be nearly an order of magnitude higher
compared to that of conjugates 1 and 2. These results show
accelerated charge separation and subsequent charge recom-
bination in the graphene/1 and graphene/2 hybrids. It should
also be mentioned here that the kCS parameter is only an
estimated value as contributions for optical phonon bands of
graphene at early timescales masked the C60C

� growth signal to
some extent.

The observed charge separation and charge recombina-
tion in the graphene hybrids merit some discussions. For both
(Pyr)3SubPc–C60 conjugates, the similar magnitude of the
kCS values in polar and nonpolar solvents suggests that the
forward electron-transfer process belongs to the top section of
the Marcus parabola[17] where the solvent effects on electron-
transfer kinetics are minimal. The kCS values of graphene/

Table 1: Rates of charge separation (kCS) and charge recombination (kCR)
obtained for conjugates 1 and 2 and their graphene hybrids.

System Solvent kCS [s�1] kCR [s�1]

1 benzonitrile 2.6 � 1010 9.8 � 108

toluene 2.3 � 1010 6.8 � 108

2 benzonitrile 2.5 � 1010 9.1 � 108

toluene 1.7 � 1010 6.9 � 108

Graphene/1 benzonitrile 6.9 � 1011 1.5 � 109

toluene 1.5 � 1011 3.0 � 109

Graphene/2 benzonitrile 6.8 � 1011 1.3 � 109

toluene 3.4 � 1011 2.7 � 109

Figure 5. Femtosecond transient absorption spectra of the graphene/2
hybrid in Ar-saturated a) benzonitrile and b) toluene at the indicated
time intervals. Time profiles of the l = 1020 nm band corresponding to
the decay of the fullerene anion radical are shown in the plots on the
right-hand side.

Figure 4. Femtosecond transient absorption spectra of 2 in Ar-satu-
rated a) benzonitrile and b) toluene at the indicated time intervals.
Time profiles of the l =1020 nm band corresponding to the fullerene
anion radical are shown in the plots on the right-hand side.
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(Pyr)3SubPc–C60 hybrids also suggest such a trend. The small
decrease in DGCS values for the hybrids as compared to those
of the conjugates as a result of redox modulation predicts
slightly higher kCR values. In addition to the energetics, the
geometry of the graphene/(Pyr)3SubPc–C60 hybrids or any
defects in the graphene might also contribute to this behavior.

In summary, we have synthesized novel multimodular,
(Pyr)3SubPc–C60 conjugates and demonstrated the occurrence
of photoinduced electron transfer leading to charge separa-
tion. Next, the donor–acceptor conjugates were stacked on
graphene using the pyrene tethers on the SubPc macrocycle
through p–p stacking interactions, leaving the axial fullerene
unit far from the graphene surface. The graphene/
(Pyr)3SubPc–C60 hybrids were characterized by UV/Vis
absorption, electrochemical, Raman, and HRTEM methods.
The measured redox potentials revealed redox modulation of
the pyrene and SubPc units leaving C60 unperturbed because
of its distant position from the graphene surface, as antici-
pated by our supramolecular design strategy. Femtosecond
transient absorption studies showed the occurrence of
electron transfer leading to the formation of a graphene/
(Pyr)3SubPcC+–C60C

� charge separated state in the hybrids. In
other words, the presence of graphene in the hybrid did not
obstruct the donor and acceptor properties of the conjugate.
Interestingly, the estimated kCS and kCR values were nearly an
order of magnitude higher in the case of the hybrids
compared to those values obtained for the corresponding
conjugates, showing accelerated photochemical/photophysi-
cal processes caused by the presence of graphene. These
results highlight the potential importance of the graphene/
(Pyr)3SubPc–C60 hybrids which may be useful as materials in
building fast-responding optoelectronic devices (picosecond
timescale) and in light-to-electricity and light-to-fuel con-
version applications. Currently we are looking into these
possibilities using hybrids built on this strategy.

Keywords: charge separation · donor–acceptor systems ·
fullerenes · graphene · subphthalocyanines
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