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Enhanced Optical Nonlinearity in Noncovalently
Functionalized Amphiphilic Graphene Composites

Tingchao He,® Xiaoying Qi,” Rui Chen,” Jun Wei,”’ Hua Zhang,*"® and Handong Sun*®

The good solubility of graphene-based materials in various sol-
vents without sacrificing their intrinsic properties is a prerequi-
site for their further applications. In particular, it is important
for application as a practical optical limiter. A comprehensive
study was conducted on the nonlinear optical property of a ra-
tionally designed amphiphilic graphene composite (PEG-OPE-
rGO). By taking advantages of the unique energy diagram of
this graphene composite, the optical limiting (OL) performan-
ces of PEG-OPE-rGO, which is either dissolved in solvents with
moderate polarity or fabricated into thin solid films, are

Introduction

In the past decades, there has been great progress in develop-
ment of organic and inorganic optical limiters with large non-
linear optical (NLO) response. Carbon-based materials, includ-
ing carbon black suspension (CBS),™ single- and multi-walled
carbon nanotubes (CNTs),>*! and some small m-electron sys-
tems, such as fullerenes,” porphyrins, and phthalocyanines®
have been widely explored as advanced optical limiters. For ex-
ample, the thermally induced nonlinear scattering of CBS and
CNTs is generally accepted as the principal mechanism for the
optical limiting (OL)." As known, the OL effect of graphitic
systems covers a broad wavelength, ranging from the visible
to near infrared. However, good OL behavior of graphitic sys-
tems only performs in solution, owing to the dominance of
scattering mechanism. The solution-assisted performance is
a serious obstacle for practical applications, as the graphitic
system tends to aggregate into large bundles because of its
relatively high surface energy. Therefore, more research inter-
ests have been directed towards the development of graphitic
materials which have good dispensability and can be pro-
cessed in liquid dispersion. It was reported that the small
m-electron systems can be homogenously dispersed in solution
or solid phases, showing good OL properties in the sub-nano-
second timescale.” Unfortunately, these systems only have
a narrow band OL behavior as the ratio of excited state to
ground state cross section strongly depends on the excitation
wavelength.” For example, Cq, has very poor OL properties
beyond 700 nm, which cannot meet the requirement of OL de-
vices for sensor protection, because band protection for the
entire operating wavelength of the sensor system is required.
Graphene, as the newly explored single-layer carbon materi-
al, is found to be a promising broadband optical limiter owing
to the strong nonlinear scattering mechanism.”” Moreover, the
enhanced OL behaviors have been reported in graphene

S WILEY

ONLINE LIBRARY

688

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

beyond the reported results for other graphene composites.
Importantly, the main factors for the enhanced OL response of
PEG-OPE-rGO are the multiphoton absorption and Forster reso-
nance energy transfer process, instead of the nonlinear scatter-
ing mechanism observed for common nanostructured materi-
als. The excellent OL response of PEG-OPE-rGO allows it to be
one of the best candidates in practical optical limiters. More-
over, the mechanism analysis provides the deep insight for fur-
ther optimization of the design of promising OL materials.

hybrid materials covalently functionalized with porphyrin,® or-
ganic dye ionic complex,” oligothiophene,™ fullerene,™
phthalocyanine,™? upconversion rare-earth nanoparticles,'
and poly(N-vinylcarbazole)."” However, the poor solubility of
these graphene hybrid materials is one of the big problems
limiting their practical application. Although covalent function-
alization was used to improve the solubility of graphene
hybrid materials, it is a destructive method that may alter the
chemical structures of graphene and its derivatives, such as
graphene oxide (GO) and reduced graphene oxide (rGO).

To maintain the intrinsic property of graphene, an alternative
method that can protect the basic plane of graphene is pre-
ferred. Moreover, on one hand, the good thermal conductivity
of graphene is beneficial to the excellent OL response. On the
other hand, graphene is an innate energy acceptor, and its OL
behavior can be enhanced by functionalization with nonlinear
optical chromophores (donors), which can promote the energy
transfer between them. Therefore, the nonconvalent function-
alization of graphene with amphiphilic conjugated molecules,
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through the nondestructive m-m interactions, could be
a simple fabrication method to sufficiently combine the prop-
erties of individual components, endue the high solubility to
graphene (or GO), and maintain the intrinsic property of gra-
phene." Recently, our research group synthesized a amphiphil-
ic graphene composite (PEG-OPE-rGO; PEG=poly(ethylene
glycol), OPE=oligo(phenylene ethenylene), rGO =reduced gra-
phene oxide),"® in which the coil-rod-coil conjugated triblock
copolymer (PEG-OPE) was used to functionalize the graphene
and provide the super dispensability in a variety of solvents,
ranging from the low polar toluene to high polar water.
Herein, we present a systematic study on the NLO properties
of PEG-OPE-rGO—its super dispensability advances are benefi-
cial in the application of OL devices. Our experimental results
show that the PEG-OPE-rGO exhibits excellent broadband OL
response not only in polar/nonpolar solvent but also in thin
solid films, thus indicating that it is an excellent candidate for
the optical limiter.

Results and Discussion
Linear optical properties

Scheme 1a shows the schematic diagram of energy transfer in
the PEG-OPE-rGO composite. The synthesized PEG-OPE-rGO
can be well dispersed in a variety of solvents. The detailed
characterization of this amphiphilic graphene composite was
published elsewhere.'® To facilitate the investigation of its
nonlinear optical property, we first present the linear optical
property of PEG-OPE-rGO and analyze the corresponding phys-
ical mechanism. Scheme 1b shows the UV/Vis absorption spec-
tra of GO, PEG-OPE, and PEG-OPE-rGO in CHCl;. The absorption

band at 228 nm in GO is assigned to the m-nt* transition of the
C=C bonds, meanwhile the appearance of the shoulder at
304 nm corresponds to the n—m* transitions."”! As for the PEG-
OPE-rGO composite, the absorption band of GO shifted from
229 to 272 nm, indicating the reduction of GO to rGO,™®
meanwhile the band corresponding to PEG-OPE shifted from
403 to 450 nm, indicating that there is greatly extended m-con-
jugation of PEG-OPE in the presence of rGO.'"*'®' Moreover,
as compared with GO and PEG-OPE, the absorption band of
PEG-OPE-rGO became much broader in the whole spectroscop-
ic region, thus suggesting the appearance of strong electronic
interaction between rGO and PEG-OPE in the ground state as
a result of m—m stacking. The dramatic changes in UV/Vis ab-
sorption spectra indicate it is possible to obtain a different
nonlinear optical property from PEG-OPE-rGO. The molecular
structure of PEG-OPE is shown in Scheme 1c. It is expected
that the symmetric molecular structure along with m-conjugat-
ed oligomer can provide the high multiphoton absorption
cross-section,”?” which is beneficial to the enhancement of OL
response in PEG-OPE-rGO.

Nonlinear optical properties in solutions

Figure 1a,c show the OL curves of GO in ethanol and PEG-
OPE-rGO in various solvents with different polarities under the
excitation of 532 nm. All of the samples were adjusted to have
the same linear transmittance of 70%. At lower incident input
fluence, there was no significant change in the transmittance.
However, their transmittance started to decrease when the
input fluence increased beyond a certain threshold (onset of
OL). The OL threshold, defined as the input power density at
which the transmission falls to 50% of the linear transmittance,

varies for the different samples.

At the highest input fluence
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PEG-OPE
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used in this study, the output
fluences for a solution of GO in
ethanol, and PEG-OPE-rGO in
ethanol, CHCI;, and CS, are 0.51,
0.36, 0.27, and 0.25Jcm™? re-
spectively, and the correspond-
ing OL thresholds are 1.19, 0.75,
0.35, and 0.31 Jcm ™2, respective-
ly. The OL curves obtained under
the excitation of 1064 nm are
presented in Figure 1b,d, from
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Scheme 1. a) Schematic diagram of energy transfer in the PEG-OPE-rGO composite. b) UV/Vis absorption spectra
of GO, PEG-OPE, and PEG-OPE-rGO in ethanol. ¢) Molecular structure of the amphiphilic coil-rod-coil conjugated

triblock copolymer (PEG-OPE).
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1000 thresholds are determined to be
10.32, 4.80, 3.52, and 3.50 Jcm™?,
(b) respectively. Obviously, under

the excitation of both 532 and
1064 nm, the PEG-OPE-rGO com-
posite displays an improved OL
behavior compared with GO.
Moreover, it is noteworthy that
PEG-OPE-rGO in CHCl; or CS, dis-
plays one of lowest OL thresh-
olds compared to those reported
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Figure 1. Measured output fluence and nonlinear transmission versus input
fluence for GO in ethanol and PEG-OPE-rGO in various solvents (ethanol,
CHCl;, and CS,) under the excitation of (a,b) 532 nm and (c,d) 1064 nm.
Note: @ represents GO in ethanol; [] represents PEG-OPE-rGO in ethanol;
@ represents PEG-OPE-rGO in CHCl;; {p represents PEG-OPE-rGO in CS,.

previously.""?" Therefore, PEG-OPE-rGO has potential applica-
tion in the broadband optical limiter.

Until now, mechanisms, including the nonlinear scattering
(NLS) and nonlinear absorption,?>?* have been proposed for
the OL effect. Nonlinear scattering is the energy-spreading
type of OL mechanism, meanwhile nonlinear absorption is the
energy-absorbing-type of OL mechanism. Although the NLS
mechanism has already been studied in the nanostructured
materials,®'? it is still necessary to measure the NSL signal in
the new system to further investigate the detailed OL mecha-
nisms. To explore this nonlinear mechanism, we collected
a fraction of scattering light at a forward planar angle of 20°.
As shown in Figure 2a,b, at 532 and 1064 nm the scattered
light intensity increased significantly with increasing the input
optical intensity. It proved that NLS played an important role
in the OL. Moreover, the onset of decrease of transmittance
was in accordance with the growth of the scattered light,
which further confirmed that NLS was relevant to the OL
effect. In the nanosecond regime, the strong NLS of GO and
PEG-OPE-rGO should arise from the strong scattering centers
consisting of the ionized carbon microplasmas and solvent
mircobubbles. Figure 2¢,d shows at 532 or 1064 nm the scat-
tering signals for GO and PEG-OPE-rGO at different angles with
respect to the transmitted laser beam, which were measured
at the highest fluence used in OL measurements. It was found
that at both 532 and 1064 nm, the scattering signals of PEG-
OPE-rGO in all solvents were much stronger than those of GO
in both forward and backward scattering.

It is well known that the surface tension, viscosity, polarity,
and boiling point can affect the nonlinear scattering behavior
of solution, that is, the OL response.”” The lower boiling point,
smaller surface tension, and lower viscosity lead to better OL
performance when the NLS mechanism is dominated. Here,
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Figure 2. Intensity-dependent scattering signals under the excitation of

(@) 532 and (b) 1064 nm. Angular-dependent scattering signals under the ex-
citation of (c) 532 and (d) 1064 nm. Note: @ represents GO in ethanol; []
represents PEG-OPE-rGO in ethanol;  represents PEG-OPE-rGO in CHCl;; {p
represents PEG-OPE-rGO in CS,.

the dominance of surface tension effect of solvents could be
excluded because the OL thresholds did not follow the order
of surface tension, that is, ethanol (22.1 mMNm™') < CHCl,
(272 mNm™") < CS, (323 mNm™").* The boiling point of sol-
vent, that is, ethanol (78.5°C)>CHCl; (61.7°C) >CS, (46.3°C),
strongly affects the OL behavior of solution, but it should be
noted that the OL performance of CHCI; solution is compara-
ble to that of CS, solution. Thus, the influence of boiling point
is also excluded. Moreover, in Figure 2, it can be seen that scat-
tering signals in CHCl; are much weaker than those in CS,
under 532 or 1064 nm. Therefore, besides the nonlinear scat-
tering mechanism, some other mechanisms might also give
important contributions to the OL response of PEG-OPE-rGO.
Considering the highly delocalized m-electron system of PEG-
OPE, the multiphoton absorption of PEG-OPE may contribute
to the enhanced optical nonlinearity in the composite.”® And
It has been proved that multiphoton absorption of some mole-
cules strongly depends on the solvent polarity.”” In Figure 2,
the dependence of OL response on the solvent polarity was in-
dicated by the presence of stronger multiphoton absorption of
PEG-OPE-rGO in some moderately polar solvents, such as in
CHCl,.
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Femtosecond time-resolved photoluminescence dynamics

The electronic interaction of PEG-OPE and rGO in the excited
state was investigated by using photoluminescence (PL) meas-
urements to understand the mechanism of OL response in
PEG-OPE-rGO. Upon excitation at 325 nm, the PL emission of
PGE-OPE at 450 and 470 nm was significantly quenched in all
the solvents. For example, the PL emission from PGE-OPE-rGO
in CHCl; was quenched by 96 %, as shown in Figure 3a. The ef-
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Figure 3. a) PL spectra for PEG-OPE-rGO and PEG-OPE in CHCl, under contin-
uous excitation at 325 nm by a He-Cd laser. b) Room temperature TRPL
measurements of PEG-OPE and PEG-OPE-rGO in CHCl;. ¢) Room temperature
TRPL measurement of pure CHCl,.

fective emission quenching of PEG-OPE is an indication of elec-
tronic interaction between the singlet excited state of the PEG-
OPE and rGO. In the PGE-OPE-rGO, PEG-OPE was immobilized
on the both sides of rGO sheet, forming a sandwich-like struc-
ture."® PEG-OPE acts as an energy-absorbing and electron-
transporting antennae, meanwhile rGO plays the role of elec-
tron acceptor. Accordingly, the electron and/or energy transfer
from PEG-OPE to rGO in the excited states should enhance the
OL behavior in the composite. To further confirm the electronic
communication in the excited states of PEG-OPE and rGO, the
PL decay dynamics was studied by time-resolved photolumi-
nescence (TRPL) measurements. TRPL was carried out at room
temperature by time-correlated single photon counting
(TCSPC) under the excitation of 100 fs pulse laser at 350 nm.
All the data were monitored under the emission band at
450 nm. The decay of time-dependent PL intensity, y(t), as
shown in Figure 3b, was well fitted by a biexponential decay
with®® Equation (1):

y(t) = Ajexp(—t/t,) + Aexp(—t/t,) (1)

where t, and t, are two decay times with the respective inten-
sity weights A, and A,. For PEG-OPE and PEG-OPE-rGO, the ob-
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tained data are A,=11351, 7,~0.86 ns, A,=740, 7,=1.65ns
and A,=7761, t,~0.80 ns, A,=2400, 7,~2.96 ns, respectively.
The shorter decay time was ascribed to the PEG-OPE while the
longer one resulted from the influence of solvent (CHCl),
which was further confirmed by the measurement of lifetime
of pure solvent (A=48 and 7~3.36 ns), as shown in Figure 3c.
The influence of solvent to the overall lifetime of PEG-OPE-rGO
increased because of the greatly quenched photons emitting
from the PEG-OPE, thus resulting in the increased longer decay
time (from 1.65 to 2.96 ns). The reduced lifetime of PEG-OPE
indicated that the dominant quenching process was caused by
the Férster resonance energy transfer (FRET).”? This process
produced a charge-separated excited state under the strong
pulse excitation. The involvement of the higher excited states
led to the enlarged nonlinear absorption and decreased OL
threshold.

It is also reported that the extended m-conjugation and de-
fects play an important role in the OL behavior.*® Compared
with rGO, the m-conjugation of GO is decreased owing to the
existence of many functional groups, such as carboxylic acid
and phenolic hydroxy groups." Because the PEG-OPE-rGO
composite was obtained after the reduction of GO in the pres-
ence of PEG-OPE, the m-conjugation in the PEG-OPE-rGO com-
posite was increased by removing functional groups. Mean-
while, rGO can transfer the crystal lattice vibration more rapid-
ly, that is, the thermal conductivity of the PEG-OPE-rGO com-
posite increases. The increase of m-conjugation and thermal
conductivity also enhanced the OL property.

Nonlinear optical property in solid films

In previous reports, the covalently functionalized graphene
hybrid materials can only be dissolved in some special sol-
vents.®'? Therefore, it is difficult to obtain homogenous films
for their practical applications. The excellent solubility of PEG-
OPE-rGO in various solvents makes it highly feasible for fabrica-
tion of homogenous films. In the following part, we will dem-
onstrate the OL behavior of the PEG-OPE-rGO dispersed in the
poly(methyl methacrylate, PMMA) matrix at a weight ratio of
2.9% by using the spin-coating method. The obtained film ex-
hibits high transparence (inset in Figure 4a). Figure 4 displays
the OL response at 532 and 1064 nm of the cast film. The data
were extracted from the open-aperture Z-scan measure-
ments.®*? Meanwhile, the damage threshold of the solid film
was recorded. When the incident fluence was increased up to
15.01 Jcm™, no obvious damage occurred in the solid film,
thus indicating the large damage threshold of the prepared
film. The film exhibited high linear transmittance at lower
input fluence, and the transmittance decreased at higher input
fluence, displaying an OL activity with a threshold of
0.65 Jcm™? at 532 nm and 6.50 Jcm ™2 at 1064 nm. As a control
experiment, the OL curve of the pure PMMA film under the
same experimental conditions was also measured, and gave
negligible nonlinearity compared to the cast film. Obviously,
the PEG-OPE-rGO offered the major contribution to the OL be-
havior in the cast film. In addition, we can claim that the film
of PEG-OPE-rGO retained strong two-photon absorption in-
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Figure 4. OL response and normalized nonlinear transmittance characteris-
tics of PEG-OPE-rGO in PMMA under the excitation at (a) 532 nm and
(b) 1064 nm. Inset in Figure 4a: photograph of film cast on glass.

duced OL response owing to the weaker NLS in solid films. To
facilitate the comparison, the OL parameters of GO and PEG-
OPE-rGO measured at 532 and 1064 nm are summarized in
Table 1. It can be concluded that the PEG-OPE-rGO has better
OL response than does the GO, no matter if it is dispersed in
organic solvents or polymer films. Moreover, it is noteworthy
that the PEG-OPE-rGO has the best OL performance compared
to those hybrid materials previously reported.

Table 1. Optical limiting parameters of GO and PEG-OPE-rGO at 532 and
1064 nm.
Alnm] Parameter [Jcm™3] GO PEG-OPE-rGO

Ethanol Ethanol CHCl; CS, Solid film
532 threshold 1.19 0.75 0.35 0.31 0.65
532 onset 0.19 0.1 0.08 0.07 0.10
1064 threshold 10.32 4.80 3.52 3.50 6.50
1064 onset 1.36 0.80 0.54 0.54 1.25

Conclusion

In conclusion, we report the broadband OL property of a novel
amphiphilic graphene composite (PEG-OPE-rGO), within which
rGO is noncovalently functionalized by an amphiphilic copoly-
mer (PEG-OPE). The thresholds for the OL properties of the
PEG-OPE-rGO composite, excited with 532 and 1064 nm nano-
second pulses, are much lower than those of the GO suspen-
sion, no matter if the composite is dissolved in polar or nonpo-
lar solvents. Besides the nonlinear scattering mechanism which
is common in nanostructured materials, the combination of
multiphoton absorption and energy transfer also contribute
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much to the enhancement of OL in PEG-OPE-rGO composite.
Therefore, the noncovalently functionalized PEG-OPE-rGO is
not only a promising OL material with broad temporal and
spectrum responses, but also provides a standard for the fur-
ther optimization of composites with other nonlinear optical
chromophores to obtain designed OL materials.

Experimental Section

The optical limiting (OL) properties for the noncovalently function-
alized amphiphilic graphene composites at 532 and 1064 nm were
measured by the fluence-dependent transmittance method under
the excitation of 6 ns pulse with repetition of 10 Hz. The laser
pulses were generated from a Q-switched Nd:YAG laser. The laser
beam was focused into the solutions contained in a 1 cm length
quartz cuvette. The spot sizes for 532 and 1064 nm were 26.7 and
34.7 um, respectively. The UV/Vis absorption spectra of solutions
were recorded by the Shimadzu UV-3101 PC spectrophotometer.
For the measurements of PL emission spectra, a continuous wave
He-Cd laser emitting at 325 nm was used as the excitation source
and the signals were dispersed by a 750 mm monochromator com-
bined with suitable filters, and detected by a photomultiplier using
the standard lock-in amplifier technique. Time-resolved PL (TRPL)
spectra were carried out at room temperature by using the time-
correlated single photon counting (TCSPC) technique, with a resolu-
tion of 10 ps (PicoQuant PicoHarp 300). The second harmonic of Ti-
tanium sapphire laser (Chameleon, Coherent Inc.) operating at
350 nm (100 fs, 80 MHz) was used as the excitation source.
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