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G
raphene is a sp2-bonded mon-
atomic thick quasi-two-dimensional
nanoparticle consisting of fused six-

membered carbon rings with micrometer-
sized lateral dimension. It was first reported
as a free-standing nanoparticle by Geim
and co-workers in 2004.1�5 The nonlinear
stress�strain elastic response of a graphene
membrane exhibited second- and third-
order elastic constants of 340 and�690N/m,
respectively, and a breaking strength of
42 N/m, which corresponds to a Young's
modulus of 1 TPa, a third-order elastic
stiffness of D = �2 TPa, and an intrinsic
strength of 130 GPa for bulk graphite.6

Graphene obtained from the reduction
of graphene oxide resulted in a Young's
modulus of E = 0.25 TPa and lower tension
bending compared to mechanically exfo-
liated graphene.7

Highly aromatic polyimide resins have
high thermal stability (>300 �C), high glass
transition temperature (Tg > 200 �C), high
tensile strength, low creep, excellent radia-
tion shielding capability, flexibility, and
low color, which make them attractive ma-
terials for aeronautics and space structural
components.8 Nanoparticles can be added
to polyimides to improve their mechanical
and physical properties. The addition of
aliphatic/aromatic dispersants to a mixture
of single-wall carbon nanotubes (SWNTs)
results in improved dispersion of SWNTs in
the matrix.9 The tensile properties of vapor-
grown carbon nanofiber (VGCF)/polyimide
(CP2) nanocomposites prepared by in situ

grafting of a surface-modified VGCF were
superior to those of a simple blend.10 Poly-
imide containing double-decker-shaped
silsesquioxane, POSS, in the main chain
exhibited a low dielectric constant, high
thermal stability, good solubility, Tg >
300 �C, and high modulus and strength.11

Clay hybrid polyimide nanocomposites pre-
pared by the addition of layered silicate to
an alkoxy-terminated amide acid oligomer
and tetraethoxysilane are 300% stiffer above
Tg and 30% stiffer at room temperature
compared to the neat polyimide.12 Covalent
bonding of a mesoporous silica with poly-
imide produced a 160% increase in modu-
lus, 37.5 �C increase in thermal decomposi-
tion temperature, and 14.5 �C increase in
Tg.

13 Incorporation of silver acetate in the
polymerizationof polyimide resulted in films
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ABSTRACT

Flexible graphene polyimide nanocomposites (0.1�4 wt %) with superior mechanical

properties over those of neat polyimide resin have been prepared by solution blending.

Imide moieties were grafted to amine-functionalized graphene using a step-by-step

condensation and thermal imidization method. The imide-functionalized graphene exhibited

excellent compatibility with N-methyl-2-pyrrolidone. The dynamic storage moduli of the

graphene polyimide nanocomposites increased linearly with increasing graphene content for

both unmodified graphene and imidized graphene. Moduli of the imidized graphene

nanocomposites were 25�30% higher than those of unmodified graphene nanocomposites.

Both neat polyimide and polyimide nanocomposites exhibited shape memory effects with a

triggering temperature of 230 �C. where addition of graphene improved the recovery rate.
Addition of graphene improved thermal stability of the polyimide nanocomposites for both

graphene and modified graphene.

KEYWORDS: graphene . polyimide nanocomposites . shapememory polymers .
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with high conductivity and reflectivity suitable for ra-
diation applications.14 Surface modification of SWNTs
with 1-pyrene-4-(N0-5-norbornene-2,3-dicarboximide)
improved the dispersion of the CNTs in the polyimide
resinmatrix and enhanced the tensile strength and the
electrical conductivity.15

The properties of polymer nanocomposites depend
on the nanoparticle characteristics, aspect ratio, and
the extent of nanoparticle dispersion. Nanoparticles
agglomerate due to van der Waals forces, which
depend upon the geometry and separation distance
between the nanoparticles, for example, for plates
W = �A/12πD2, where A is the Hamaker constant and
D is the plane separation.16 The extremely high aspect
ratio and high surface area of graphene contribute to
the larger Hamaker constant and higher attractive van
der Waals forces. Aggregation of nanoparticles results
in poor physical and mechanical properties in polymer
nanocomposites if the aggregates act as stress con-
centration points.
Thermally responsive shape memory polymers and

polymer nanocomposites are materials that mechani-
cally respond to an external stimulus of thermal en-
ergy. When stress is applied at a temperature higher
than the critical temperature, Tc, the material deforms
to a temporary shape which is recoverable by applying
thermal energy.17�19 This critical temperature is influ-
enced by Tg, the crystallization temperature, physical
cross-links, or light chemical cross-links. The bulk of
the research to date on thermally responsive shape
memory polymers has been focused on low and
medium use temperature elastomeric polymers, such
as thermoplastic polyurethane elastomers (TPU),19

cross-linked polyethylene,20 sulfonated EPDM,21 and
polynorbornene,22 for applications such as biomedical
and surgical materials, smart fabrics, and heat-shrink-
able tubing. Recently, ultralow concentration of
graphene was dispersed in diamine to form highly
dipsersed graphene epoxy nanocompsite shapemem-
ory polymers.23,24 These graphene epoxy nanocompo-
sites exhibited enahnced self-healing properties
with ultralow graphene contentration at 90 �C.23,24

However, aerospace structural components, especially
those in propulsion systems, require high switching
temperatures. To the best of our knowledge, there is no
report of a shape memory polymer suitable for use at
temperatures above 200 �C.
Herein, we report the preparation, superior thermal

mechanical properties, and high-temperature shape
memory effects of polyimide and polyimide graphene
nanocomposites using reduced graphene and sur-
face-imidized graphene. Surface imidization resulted
in highly stable dispersions of graphene in N-methyl-
2-pyrrolidone (NMP). Attempts were made to corre-
late the morphology of the graphene nanoparticles
in the polyimide to the thermal and mechanical
properties.

RESULTS AND DISCUSSION

Graphene. Exfoliated graphene nanosheets used in
this study were prepared by the rapid high-temperature
thermal decomposition of graphene oxide prepared
as reported by Aksay et al.25�27 These graphene nano-
sheets had lateral dimensions between 700 nm and
15 μm (3 μm average) as measured by high-resolution
TEM.28 Large wrinkling with peak heights of 10 nm has
been observed by AFM and has been attributed to
artifacts of both oxidation and reduction processes.25

Figure 1 shows a HR-TEM image of the reduced
graphene with 7% atomic oxygen content by XPS.28

Graphene nanosheets prepared by this method have
high oxygen content and different oxygenated func-
tional groups.25�27 The graphene nanosheets have
folded architectures wherein the folding and strain are
partially attributed to the presence of strained expoxide
groups within the graphene plane.25 Rearrangement of
six-membered carbon rings to molecular kinks such as
5-8-5 also results in folding.25,26 This highly oxygenated
graphene (O-graphene) can be reduced chemically to
generate sp2-hybridized graphenewith fewoxygenated
groups.

Graphene Surface Modifications. Highly oxygenated
graphene nanosheets contain hydroxyl groups which
can readily react with methoxy groups of p-phenylene

Figure 1. (a) HR-TEM of folded graphene with defects. (b) Postulated chemical structure of oxygenated graphene.
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trimethoxyaminosilane (Figure 2). Surface treatment of
O-graphene with p-phenylene trimethoxyaminosilane
results in a thermally robust functionalized graphene
with amine endgroups, due to thepresence of both high
thermally stabile aromatic moieties and Si�O bonds
anchoring the functionality to the graphene surface.

Graphene Surface Characterization. IR. The IR spectrum
of the p-phenylene trimethoxyaminosilane-modified
graphene shows the �N�H stretch from the �NH2

terminal group at 3431 cm�1, CH2 and CH3 stretches at
2920 and 2851 cm�1, the CdC stretch of the benzene
ring at 1590 cm�1, and the Si�O stretch at 1098 cm�1

(Figure 3a).29 Treatment of this amine-terminated

graphenewith s-BPDA followed by thermal imidization
at 230 �C produces an imide-functionalized graphene
as confirmed by the presence of imide carbonyl
peaks at 1771 and 1720 cm�1, imide C�N�C bond at
1345 cm�1, imide C�N bond at 1248 cm�1, and Si�O
at 1081 cm�1 (Figure 3b) in the infrared spectrum. The
unreacted anhydride terminal groups in this material
were further reacted with m-tolidine and imidized at
230 �C. The infrared spectrum of this material revealed
imide carbonyl peaks at 1724 and 1775 cm�1, imide
C�N�C at 1368 cm�1, imide C�N at 1250 cm�1, and
Si�O at 1094 cm�1, consistent with the formation of
additional imide groups (Figure 3c). This step was

Figure 2. Reaction scheme of surface imidization of graphene.
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repeated to bond four monomer units to the graphene
surface.

TGA. The graphene nanoparticles that were surface-
modified with imide moieties had improved thermal
stability over oxygenated graphene (Figure 4). Oxygen-
ated graphene exhibited a 6 wt % weight loss due to
the decomposition of functional groups such as hydro-
xyls, epoxides, carboxylic acids, and phenolic hydroxyls.
This decomposition starts at 47 �C and continues up to
340 �C. The onset of graphene decomposition was at
496 �C. Decomposition was rapid with the temperature
of the maximum decomposition rate occurring at
663 �C. While the organic surface modifier on the imide
surface-functionalized graphene started to decompose
at 285 �C, theoverall weight loss up to 1000 �C is gradual
and much less severe with ∼4% weight loss starting at
285 �C up to 393 �C followedby steadyweight loss up to
1000 �C.

XPS. Imidized Graphene. The calculated atomic per-
centages of the constituent elements in the imide-
functionalized graphene based on high-resolution
X-ray photoelectron spectroscopy was C 1s 84.9%,
O 1s 10.7%, N 1s 2.8%, Si 2p 1.3%, and S 2p 0.4%. The
atomic percentage of the oxygen increased signifi-
cantly compared to pristine graphene due to imide
functionalization. Nitrogen was present due to imide
bonds, and silicon was present at the connecting bond
between the imide modifier and the graphene from

the p-phenylene trimethoxyaminosilane reaction with
graphene. The presence of sulfur is most likely due to
residual impurities from the acid treatment.

Deconvolution of the oxygen peaks in the spec-
trum revealed peaks at 531.34, 532.20, 533.44, and
538.65 eV. The Si�O�C oxygen appears at 531.40 eV,
which is due to the covalent bonding of the meth-
oxysilane to the graphene surface.30 The peak at a
binding energy of 532.3 eV is due to the imide carbonyl
oxygen.31 The oxygen peak with a binding energy of
533.41 eV can be attributed to either hydrolysis of

Figure 3. Infrared spectra of (a) graphene modified with p-phenylene trimethoxyaminosilane, (b) amine-terminated
graphene reacted with anhydride group of s-BPDA dianhydride, (c) anhydride-terminated graphene reacted with amine
group of m-tolidine.

Figure 4. TGA of oxygenated graphene and imide-modified
graphene.
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methoxy groups to SiO2
30 or the shift of the carboxyl

CdO close to the graphene surface due to the pres-
ence of an electron-donating silicon atom.30 The high
binding energy peak of 536.5 eV is a O 1s, due to
the Si�O.

For nitrogen, peaks at binding energies of 399.91
and 400.65 eV can be assigned to the phenylene
amine31 and imide nitrogen atoms, respectively
(Figure 5).32

Dispersions of Surface-Modified Graphene. Figure 6
showsdispersionsof 5mg/10 cm3O-grapheneand imide
surface-functionalized graphene in NMP after 3 months.
The O-graphene precipitated prematurely due to poor
interactions between the O-graphene and NMP. NMP is
highly polar and interacts with polyamic acid. Enhanced
interactions between the nanoparticles and the solvent
resulted in longer stability of the graphene in NMP
dispersions.

Polyimide Nanocomposites. Polyimide Synthesis. Poly-
imide was prepared from polycondensation of BAPP
and BPADA (Figure 7).15 A stoichiometric ratio of
BAPP and BPDA was used to achieve the highest
molecular weight. Generally, polyimide synthesis in
dipolar aprotic solvents under strict dry conditions
is a two-step process involving the instantaneous
formation of poly(amic acid) at low temperature
followed by imidization of the poly(amic acid) inter-
mediate at high temperatures with formation of water
as a byproduct.

The BAPP/BPADA polyimide produces films that
are semitransparent, flexible, and have high thermal
stability (onset of decomposition >500 �C). The ether
linkage in the polyimide backbone provides some
degree of flexibility to the highly aromatic polyimide
structure. Pendant dimethyl groups attached to the
bisphenol A portion of the backbone also contribute to
increased flexibility, increased free volume, and help
to render the polyimide soluble in common organic
solvents such as chloroform, dichloromethane, NMP,
and THF. The large monomer structure consisting
of several aromatic rings allows formation of higher
molecular weight polymers more rapidly. The molecu-
lar weight of the polyimide was Mn = 29 000 g/mol,
Mw = 65 000 g/mol, and polydispersity of 2.2 measured
by size exclusion chromatography (SEC).

Graphene Polyimide Nanocomposites. Thermal andMechan-

ical Properties. Figure 8 shows the dynamic tensile
storage moduli, E0, of polyimide and graphene poly-
imide nanocomposites (0.1�4 wt %). The storage
modulus of the nanocomposites increased with in-
creasing graphene content below glass transition
temperature (Figure 8a). This effect is indicative of
the reinforcement effects of the graphene in the
polyimide resin. The increase in the modulus in the
rubbery state was not significant and only observed
for 2 and 4 wt % graphene polyimide nanocompo-
sites. The tan δ of the nanocomposites exhibited a
maximum of 212( 3 �C corresponding to the Tg of the

Figure 5. (a) Survey spectra of the surface imidized graphene. Experimental high-resolution and deconvoluted peaks
(b) oxygen; (c) nitrogen and (d) silicon.
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Figure 6. (a) Dispersion of unmodified graphene in NMP compared to the dispersion of the rigid imidized graphene in NMP
after 60 days. (b) Structure of the rigid imide surface modifier covalently bonded to graphene. (c) Oxygenated graphene
with NMP.

Figure 7. Schematics of polycondensation reaction of BAPP and BPADA resulting polyimide.

Figure 8. (a) Dynamic tensile moduli of polyimide and graphene polyimide nanocomposite as function of graphene content.
(b) Tan δ of the polyimide and graphene polyimide nanocomposites: (9) polyimide, (0) 0.05 wt %, (2) 0.1 wt %, (Δ) 0.5 wt %,
(b) 1 wt %, (O) 2 wt %, (þ) 4 wt % graphene polyimide nanocomposites.
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polyimide and graphene polyimide nanocompos-
ites (Figure 8b). Presence of graphene did not
affect the glass transition temperature. However,
the area under damping peak (tan δ) was decreased
with increasing graphene content. As previously
reported, nanocomposites of graphene/polycarbon-
ate28 also did not exhibit significant changes in glass
transition temperature when graphene was added
to the polycarbonate. Graphene polycarbonate nano-
composites also exhibited a decrease in the area
under the damping peak. This can be attributed to
the weak attractive forces between the graphene
and the polyimide resin matrix, which are insuffi-
cient to hinder segmental motion of the polymer
chains.

The storagemoduli of thegraphenepolyimidenano-
composites at 50 and 150 �C were plotted as a func-
tion of nanocomposite graphene content (Figure 9a).
The moduli of graphene polyimide nanocomposites
increased with increasing graphene content linearly.
The storage moduli of the graphene polyimide nano-
composites containing reduced graphene are com-
pared with the nanocomposites containing rigid imide
surface-modified graphene (Figure 9b). The storage
moduli of the surface-imidized graphene nanocompo-
sites were 25�30% higher than those containing only
reduced graphene. The storage moduli increased line-
arly with increasing graphene content. The increase
in modulus is attributed to both improved dispersion
of graphene in the polyimide resin matrix and the
presence of surface modifier containing the stiffer ben-
zene rings.

Thermal Stability. The onset of thermal decomposi-
tion, Td,95, of the graphene of the polyimide graphene
nanocomposites increased with increasing gra-
phene content (Figure 10). A Td value of 504 �C
was measured for the neat polyimide, whereas
Td values for all of the graphene polyimide nano-
composites were higher and increased with increas-
ing graphene content. While addition of both

surface-modified graphene and unmodified graphene
resulted in improvements in the thermal stability, there
is no apparent advantage to using surface-modified
graphene.

Shape Memory. Figure 11a�e shows the sequence
of a typical shapememory cycle. The polymer (polymer
nanocomposite) has an initial length of L1 at room
temperature. The polymer is heated to a temperature
above triggering temperature (i.e., glass transition
temperature). A stress is applied at T > Tg, where
the length is increased to (L1 þ ΔL)1 (Figure 11b,c).
The temperature decreased, and then the stress is
removed. At this stage, the length was changed to
(L1þΔL)2 and the new shape is fixed (Figure 11d). This
is a temporary shape, and the polymer will return to its
original shape upon heating up to the glass transition
temperature. The recovery is 100% if the polymer
(polymer nanocomposites) returns to its full original
length L1 = L2.

The strain recovery rate, Rr, is the ability of the
materials to recover to its permanent shape,17�19 and
the ability of the switching segments to hold the
applied mechanical deformation during this process
is called the strain fixity rate, Rf.

17 The strain recovery

Figure 9. (a) Dynamic tensile moduli of graphene polyimide nanocomposites at 50 (b) and 150 �C (2) as a function of
graphene content. (b) Dynamic storagemoduli of the polyimide nanocomposites containing graphene (9) and rigid imidized
graphene (0) at 150 �C.

Figure 10. Thermal stability of graphene polyimide (0) and
RI-graphene polyimide (9) nanocomposites.
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rate is calculated using Rr = εm � εp(N)/εm � εp(N� 1),
where εm is mechanical deformation and εp(N) the
permanent shape after N cycles.17 The strain fixity
rate is calculated using Rf = εu(N)/εm, where εu(N) is
the residual of strain after retraction in the nth cycle.17

The triggering temperature can be a crystallization
temperature, glass transition temperature, or the tem-
perature at which a physical cross-link reverses.17�19

In this study, the triggering temperature is glass transi-
tion temperature, Tg.

Figure 12 shows the three-dimensional shape
memory behavior of the neat polyimide, where the
glass transition temperature was used as the triggering
temperature. The parameters were calculated based
on the strain values in the third cycle. The neat poly-
imide showed a large deformation in the first cycle.
A viscous plastic deformation of 5% was observed
when neat polyimide is under stress at high tempera-
ture. This deformation was larger in the first cycle and
reduced in the next cycles. The third cycle mechanical
deformation, εm, was 21.2%. The neat polyimide
showed a strain recovery rate of 89% after the third
cycle and shape fixity rate of 97% (Figure 12a,a-1).
Figure 12b,b-1 shows the stress�strain�temperature
behavior for the 0.5 wt % graphene polyimide nano-
composites. The viscous deformation decreased to
∼3% with addition of graphene. The third cycle me-
chanical deformation was 14.2%. The strain recovery
rate and strain fixity rate were improved with addition
of graphene where a 0.5 wt % graphene polyimide
nanocomposite exhibited Rr of 95% and Rf of 95%.

Figure 12c,c-1 demonstrates the stress�strain�
temperature behavior of 1 wt % graphene polyimide
nanocomposite. The initial viscouse deformation re-
mained in the same range of ∼3%. The third
cycle mechanical deformation was 18.3%, which is
lower than the neat polyimide but higher than the
0.5 wt % graphene polyimide nanocomposite. The
strain recovery rate and strain fixity ratewere improved
to the level of Rr of 96% and Rf of 96%. The strain
recovery rate and strain fixity rate had significant
improvement compared to the neat polyimide resin
when graphene nanoparticles were added to the
polyimide. A large improvement was observed when
0.5 wt % graphene was added; meanwhile, further
increase of graphene content to 1 wt % only resulted
in 1% improvement in strain recovery rate and strain
fixity rate.

HR-TEM. HR-TEM images of the 0.5 wt % graphene
polyimide nanocomposites and surface-imidized
graphene polyimide nanocomposites are shown in
Figure 13. Both unmodified and surface-imidized
graphene were well-dispersed in the polyimide resin
matrix. Graphene was dispersed as amixture of mono-,
bi-, and multilayer small stacks containing few gra-
phene nanosheets. The resolution of images was in-
sufficient to provide accurate number of layers per
stacking. Well-expanded small stacks along with well-
exfoliated graphene nanosheets are evident in
Figure 13a and appear to be bent and curved. The
surface-imidized graphene also had good dispersions
in the polyimide resin matrix forming small tactoids

Figure 11. Schematics of shape memory behavior when Tg is used as a switching temperature. The polymer (polymer
composite) has 100% recovery if L1 = L2.
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and exfoliated graphene nanosheets. These graphene
sheets have less bending and curvature possibly due
to the stiff imide surface modifier. The graphene
polyimide interface exhibited a higher contrast with

the polyimide resin matrix (Figure 13c,d). This was
not visible around the interface of the unmodified
graphene in the graphene polyimide resin matrix.
We attribute this contrast to the imide surface modifier

Figure 12. (a) Three-dimensional shape memory stress�strain�temperature data of (a) neat polyimide, (b) 0.5 wt %
polyimide graphene nanocomposite, and (c) 1 wt % polyimide graphene nanocomposite. Two-dimensional demonstration
of change of strain, stress, with temperature and time (a-1) neat polyimide, (b-1) 0.5 wt % polyimide graphene
nanocomposite, (c-1) 1 wt % polyimide graphene nanocomposite.
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with different atomic composition and chain packing
density of the rigid surface moieties.

CONCLUSIONS

Polyimide graphene nanocomposites were pre-
pared using both reduced graphene and graphene
surface modified with rigid imide moieties. Surface
imidization was performed using a grafting method
of step-by-step polycondensation from an amine-
functionalized graphene. The storage tensile modulus
of the nanocomposites increased with increasing

graphene content linearly at 50 and 150 �C, whereas
no effect on the glass transition temperature was
observed. The modulus increase for nanocomposites
containing surface-imidized graphene was 25�30%
higher than with unmodified graphene. Both neat
polyimide and polyimide nanocomposites exhibited
shape memory behavior with a switching tem-
perature of 230 �C. The recovery rate of the polyimide
improved with addition of graphene. The morphol-
ogy of the graphene in polyimide was studied under
TEM.

EXPERIMENTAL SECTION

Materials. Bisphenol A dianhydride (BPADA), 3,30 ,4,40-biphenyl
tetracarboxylic dianhydride (s-BPDA), 4,40-bis(4-aminophenoxy) bi-
phenyl (BAPP), and 2,20-dimethyl-4,40-diaminobiphenyl (m-tolidine)
were purchased from Polyscience Inc., Chriskev, and Wakayama
Seika Kogyo Co., respectively, and used without further purifica-
tion. Toluene, chloroform, methanol, and N-methyl-2-pyrroli-
done (NMP) were obtained from Sigma and used as received.
Oxygenated graphene and reduced graphene were generously
donated by Vorbeck Materials Corp.

Measurements. Thermal gravimetric analysis (TGA) was per-
formed under a nitrogen atmosphere on a TAmodel 2950 using
a heating rate of 10 �C min�1. A Thermo Nicolet Nexus 470 ESP
FT-IR was interfaced with the TGA instrument and used for
characterization of any evolved gases. Modulus measurements
were performed films using a TA Instruments model Q800
dynamic mechanical analyzer (DMA) in the tensile mode. Shape
memory measurements were measured by model Q800 DMA
by the following sequence: (i) increase the temperature to the

switching temperature 230 �C with a ramp rate of 5 �C/min, (ii)
apply mechanical deformation, εm, (iii) cool to 30 at 10 �C/min
for 10 min and remove stress, and then cycles were repeated
four times. The molecular weight distribution of the polymers
was characterized by size exclusion chromatography (SEC)
using a Waters Breeze System with three Styragel columns at
35 �C and a refractive index detector with a mixture of THF and
0.02 g/mL tri-n-octylamine. Themolecular weight versus elution
time was calculated using narrow polydispersity polystyrene
standards. X-ray photoelectron spectroscopy (XPS) was per-
formed using PHI-VERSAPROBE 5000 scanningmicroprobewith
an Al KR radiation (1486.6 eV) focused source with a 180�
hemispherical electron energy analyzer. Survey scans were
obtained by four passing sweeps of 93.3 eV over the sample.
High-resolution spectra of C1 s and O1 s were obtained using
a pass energy of 23.5 eV and dwell time of 0.8 s/data point for
C1 s and 4.8 s/data point for O1 s. The atomic percentage
ratio values were calculated from the high-resolution spectra,
where the background signal-to-noise ratio of O1 s was 2.

Figure 13. Transmission electron micrographs of the polyimide graphene nanocomposites; graphene (a,b), and surface-
imidized graphene (c,d).
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Shirley background subtraction, shift of data sets based on
284.6 eV, atomic percentage based on survey scans, and peak
deconvolution of high-resolution spectra were performed using
Multipak software.

Surface Modification of Graphene. Highly oxygenated graphene
nanosheets were dispersed in anhydrous THF (0.1 mg/cm3) and
sonicated to generate a homogeneous dispersion. p-Phenylene
trimethoxyaminosilane (10:1, p-PTMAS/graphene) was added,
and the resulting mixture was heated at reflux for 15 h. After
cooling to room temperature, the aminophenyl-modified
graphene was recovered by filtration, washed several times
with THF, and allowed to air-dry in a vacuumoven. The resulting
material was dispersed in anhydrous NMP (0.1 mg/cm3) and
sonicated for 15 min in flame-dried vessels. Dry s-BPDA anhy-
dride (10:1) was added to the surface-functionalized graphene/
NMP dispersion and heated at reflux with stirring for 15 h. The
resultingmixture was allowed to cool to room temperature, and
the solids were filtered, washed several times with NMP, and
dried to provide graphene with a terminal anhydride func-
tional end group. This process was repeated with addition
of m-toldine (10:1) to the surface-functionalized graphene/
NMP dispersion to obtain graphene with an imide surface
modifier and amine end group. The imide surface-modified
graphene in this study contains 4 units with amine end groups.
Imidemoieties were covalently attached to the graphene surface
by adding diamine or dianhydride to the surface-modified
graphene.

Neat Polyimide Polymerization. Polyimide was prepared ac-
cording to our previously published method.15 Briefly, dried
BPADA (1 equiv) was added to a stirred solution of BAPP in
anhydrous NMP mixed under dry N2, and the resulting solution
was allowed to stir for 24 h to obtain a high molecular weight
poly(amic acid). The temperature of this solution was increased
to reflux in NMP for 3 h to convert the poly(amic acid) to
polyimide. The resulting polyimide was precipitated in metha-
nol, filtered, washed several times with methanol to remove the
NMP, and dried in a vacuum oven overnight.

Nanocomposite Film Casting. Polyimide graphene nanocompo-
sites were prepared by sonication of graphene in chloroform
for 3 h, and a solution of polyimide in chloroform was then
added and the mixture sonicated for an additional 30 min. This
dispersion of polyimide/graphene in chloroform ensured a
minimum amount of solvent before casting to avoid reaggrega-
tion of the graphene. Films were air-dried overnight and further
dried by a stepwise solvent removal in a vacuum oven from
80 to 170 �C over 7 days to ensure complete solvent removal.
Nanocomposites with graphene loading levels of 0.05�8 wt %
were prepared. Two types of graphene, reduced graphene
and graphene surface imidized with s-BPDA and m-tolidine
(rigid imidized, RI), were used.
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