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This paper introduces an effective approach to fabricate novel graphene/polyimide nanocomposite films
with a low dielectric constant. Graphene fluoroxide (GFO) nanosheets were produced through the
exfoliation of graphite fluoroxide (GiFO) in N-methyl-2-pyrrolidone (NMP). GFO nanosheets reacted with
4,4’ -diaminodiphenyl ether (ODA) to become ODA-functioned GFO (GFO-ODA) with amine end groups,
which provided reactive sites for covalent bonding with Pl chains. GFO-ODA/PI composite films were
prepared via the thermal imidization of a GFO-ODA/PAA solution. In this composite, GFO-ODA
nanosheets were chemically bonded to the Pl matrix. The dielectric constant of the films depended on
the loading of GFO-ODA and its minimum value reached 2.75 (at 10° Hz) when the content of GFO-
ODA was 1.0 wt%. Strong GFO-ODA nanosheets facilitate the load transfer and enhance the mechanical
properties of Pl films. GFO-ODA/PI film with 1.0 wt% loading had a Young's modulus ~40% larger than
pure PI film. In addition, the incorporation of GFO-ODA increased the glass transition temperature of the
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1. Introduction

Polyimide (PI), one of the high performance dielectric mate-
rials, has been used in microelectronics for interconnections
and packaging, because of its excellent thermal stability,
mechanical properties, and good chemical resistance, as well as
relatively low dielectric constant (¢).' PI possesses a lower
dielectric constant in the range of 3.4-3.7 than traditional
dielectric materials, such as silica. However, with the rapid
development of microelectronics, the dielectric constant of
common PI is still too high to meet the requirement for ultra-
large-scale integration multilevel interconnections.? The
formation of intra- and inter-chain charge transfer complex in
Pl results in a relatively high dielectric constant for PL.* It is well
known that the incorporation of fluorinated substituents into
polymers can decrease the dielectric constant due to the high
electronegativity of the fluorine atoms and the low polarizability
of the C-F bond as well as the increase in free volume.>”
Nevertheless, the introduction of fluorinated groups into
monomers usually decreases the activity of the diamine,
resulting in poor mechanical properties of polyimide because of
the low molecular weight.® Therefore, preparation of fluorinated
PI with low dielectric constant and relatively high mechanical
properties is still a great challenge.
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films and had no significant effect on the thermal stability.

In the past years, increasing scientific and industrial atten-
tion has been paid to the graphene-containing polymer
composites because of their extraordinary physical and chem-
ical properties. Graphene is a two-dimensional (2D) network of
carbon atoms and has attracted intensive interest since its
successful exfoliation from graphite.? Graphene is considered to
be the strongest material ever measured due to its Young's
modulus of ~1 TPa and strength of ~130 GPa.” Moreover,
graphene has high thermal conductivity and charge carrier
mobility, which are 5000 W m~* K™ * and 0.25 x 10° cm> vV*
s~ !, respectively.’®"* These properties, together with extremely
high surface area and gas impermeability,"”” provide a great
potential in fabricating high performance polymer composites
for graphene.”**

In order to improve the surface and dispersion properties of
graphene, graphene was often modified to obtain graphene
oxide (GO) or graphene fluoride (GF). Graphene oxide is
considered to be more hydrophilic than graphene because of
the oxygen-containing functional groups.***® As a result, GO can
be readily dispersed in polar solvents and matrix.***° GF is an
optical transparent semiconductor with a wide bandgap (~3
eV), relatively high Young's modulus (~0.3 TPa), and high-
quality insulating property (>10'> Q).2** GF is well-known for
its applications in lithium ion batteries,*** lubricants,* ther-
moelectric devices,” and photoluminescence materials.”
Recently, Ho et al.?® investigated the dielectric constant of multi-
layer GF, which was found to be only ~1.2. Therefore, GF is
expected to be an ideal nano-filler to decrease the dielectric
constant of PI film. Recently, graphene fluoroxide (GFO),
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combining the properties of both GO and GF, has found
applications in optical limiting applications,* amphiphobic
coating,® primary lithium batteries,** and drug delivery.**

In the present paper, functioned GiFO was employed to fabri-
cate a series of PI composite films. Graphite fluoride (GiF) as raw
material was first oxidized to prepare graphite fluoroxide (GiFO)
based on the process described in our previous work.** Then GFO
was obtained by exfoliating GiFO and was modified with excess
4,4'-diaminodiphenyl ether (ODA). The amine-modified GFO
nanosheets (GFO-ODA) provided a reactive platform for covalently
bonding with PI chains. The dielectric, mechanical, and thermal
properties of the GFO-ODA/PI films were examined at various
GFO-ODA loadings. For the purpose of comparison, PI composite
films with GF or GFO were also prepared.

2. Experimental

2.1. Materials

GiF powder with a fluorine content of 28.4 wt% was obtained
from Alfa Aesar (China). Concentrated sulfuric acid (H,SO,),
phosphorus pentoxide (P,Os5), potassium permanganate
(KMnO,), sodium nitrate (NaNOj), potassium persulfate
(K,S,0g), concentrated hydrochloric acid (HCI), 30% hydrogen
peroxide (H,O,) solution, and ethanol were purchased from
Guangzhou Chemical Reagent Factory (China). Above reagents
were all of analytical grade and used as received. N-Methyl-2-
pyrrolidone (NMP) was also purchased from Guangzhou
Chemical Reagent Factory (China), and was left overnight in the
presence of P,Os and then distilled under reduced pressure
before use. 4,4’-Diaminodiphenyl ether (ODA, 98%) was ob-
tained from TCI Co., Ltd. (Japan) and was dried in vacuum at
60 °C for 24 h prior to use. Pyromellitic dianhydride (PMDA,
99%) was supplied by Aladdin Chemistry Co., Ltd. (China) and
was dried in vacuum at 140 °C for 48 h prior to use.

2.2. Synthesis of GFO and GFO-ODA

Polyimide nanocomposite was prepared following the proce-
dure illustrated in Scheme 1. First, GiIFO nanosheets were
synthesized from GiF powder with the routine as previously
reported.® Typically, GiF powder (2 g) was added into a mixture
of K,S,05 (1 g), P,Os (1 g), and concentrated H,SO, solution
(15.2 mL). After stirring at 80 °C for 8 h, a resultant dark mixture
was obtained. After being cooled to room temperature, the
mixture was diluted with distilled water. The pre-oxidized
product was washed with distilled water to remove any
residual acid and dried overnight at 60 °C in an air oven. The
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pre-oxidized product was then subjected to oxidation via the
modified Hummers method.**

The pre-oxidized product was added into the mixture of
concentrated H,SO, solution (54 mL) and NaNO; (1 g). After
being cooled to 0-5 °C, the mixture was stirred for 15 min and
KMnO, (6 g) was added in five batches, and then successively
reacted at 0-5 °C for 4 h, at 35 °C for 2 h, and at 95 °C for 15 min.
During the last stage, 80 mL distilled water was slowly added.
The reaction was terminated by the addition of 400 mL distilled
water and 10 mL 30% H,O, solution. After being left overnight,
a dark brown solid precipitated out of the solution, while a light
grey phase floated on the dispersion surface. The precipitate
was collected via centrifugation and washed with concentrated
HCI solution and with distilled water repeatedly until the
supernatant became neutral. The GiFO sample was obtained
after being freeze dried.

To synthesize GFO-ODA nanosheets, GFO suspension was
first obtained by exfoliating GiFO in NMP. Then 0.3 g ODA was
added into 100 mL GFO suspension (1.0 mg mL~") and then
stirred at 60 °C for 24 h in nitrogen atmosphere. To remove the
excess ODA, the mixture was filtered and washed with NMP for
a few times. The GFO-ODA sample was finally obtained after
being dried in vacuum overnight.

2.3. Preparation of GFO-ODA/PI composite films

Typically, 0.0107 g GFO-ODA was dispersed in NMP by sonica-
tion for 2 h. To synthesize the PI-precursor (poly(amic acid),
PAA), 1.0339 g of ODA (5.00 mmol) was put into a three-neck
flask containing GFO-ODA suspension under nitrogen purge
at room temperature. When ODA was completely dissolved,
1.1149 g of PMDA (5.05 mmol) was introduced to the flask in
four batches. After being stirred overnight, a viscous GFO-ODA/
PAA solution was obtained. This mixture was subsequently cast
on glass dishes which had been cleaned with distilled water,
and the sample was then thermal imidized sequentially at 80 °C
for 1 h, 100 °C for 1 h, 200 °C for 1 h, and 300 °C for 2 h in
a vacuum oven. Upon thermal imidization, a PI composite film
containing 0.5 wt% GFO-ODA was obtained. The GFO-ODA/PI
films with 1.0 wt% and 2.0 wt% of GFO-ODA were also
prepared using the same procedure. For purpose of compar-
ison, the PI films incorporated with GF or GFO nanosheets were
also prepared via the same method.

2.4. Characterization

Fourijer transform infrared spectra (FT-IR) from 400 to 4000

cm ' were recorded by a VERTEX70 spectrometer (Bruker,

% oxidation . modification # polymerlzatlo"#
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Scheme 1 Preparation procedure of GFO-ODA/PAA.
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Germany). X-ray photoelectron spectroscopy (XPS) analysis was
carried out on an Axis Ultra DLD X-ray photoelectron spec-
trometer (Kratos, UK) with Al K, radiation (Av = 1486.6 eV). X-
ray diffraction (XRD) measurements were performed on a D8
Advance X-ray diffractometer (Bruker, Germany) with Cu K,
radiation (A = 0.15418 nm). Step scanning was used with 26
intervals from 5° to 30°. Raman spectra were obtained on
a LabRAM Aramis Micro-Raman spectrometer (HORIBA,
France) using Helaser beam excitation (A = 632.8 nm). Ther-
mogravimetric analysis (TGA) was carried out on a TG209F1
instrument (NETZSCH, Germany) from 30 to 900 °C under
nitrogen flow at a heating rate of 10 °C min~'. To measure the
modulus and tensile strength of PI composite films, samples
were cut into sheets with a width of 10 mm, and were tested on
a material testing system (Instron 5967, US) according to ASTM
D882-12 standard. The speed of the crosshead was 5 mm min .
An average of at least five individual determinations was used.
The thermal dynamic mechanical behavior and glass transition
temperature (T,) of PI composite films were carried out on
dynamic mechanical analyzer (DMA, NETZSCH 242C, Ger-
many). All the tests were run from 30 to 400 °C at a heating rate
of 3 °C min~" and a frequency of 1 Hz. The morphology of the
fractured surfaces of PI composite films was observed on
a scanning electron microscope (SEM, FEI Nova NonaSEM430,
US) at an accelerating voltage of 10.0 kV. Dielectric properties of
PI composite films were measured using a broadband
dielectric/impedance spectrometer (Novocontrol ALPHa-ANB,
Germany) in the frequency range of 10> to 107 Hz. Speci-
mens for dielectric test were prepared with the structure of
silver paste/PI film/silver paste.

3. Results and discussion

3.1. Characterization of GiFO and GFO-ODA

FT-IR measurement is conducted to characterize the chemical
structures of GiFO and GiFO-ODA after the oxidation and
modification processes. Their FT-IR spectra are presented in
Fig. 1. The characteristic absorption bands at 1217 cm™ " and at
1080 cm ™' of GiF are attributed to the stretching vibration of
covalent C-F bonds and semi-ionic C-F bonds, respectively.**>*
Its absorption band at 1630 cm ' related to the stretching
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Fig. 1 FT-IR spectra of GiF (a), GiFO (b), and GFO-ODA (c).
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vibration of C=C bonds is due to the presence of graphitic
phase in commercial unsaturated GiF.***~* FT-IR spectrum of
GiFO shows characteristic absorption bands at 1726 cm ™" (C=
O stretching vibration), 1348 cm ™" (C-O stretching vibration),
and 1053 cm™" (C-O-C stretching vibration).*>** The stretching
vibration of O-H bonds in the region of 3190-3660 cm ™ is from
the hydroxyl groups, carboxyl groups of GiFO, and the residual
water trapped between nanosheets. The band at 1630 cm ™' of
GiFO becomes weaker because of the smaller graphitic domains
in GiFO. After the modification of GFO with ODA, the spectrum
of GFO-ODA presents additional peaks at 3376 and 3323 cm ™,
which are ascribed to the symmetric and asymmetric stretching
vibration of N-H in aromatic amine. The modification of GFO is
the nucleophilic attack by amine on the epoxy groups, and
hence the absorption band of C-O-C stretching vibration
reduced after modification. Moreover, the stretching vibration
of phenyl framework at 1499 cm ™" also implies that ODA units
are grafted onto GFO nanosheets.*?

XPS spectra of GFO and GFO-ODA are given in Fig. 2. In
Fig. 2(a) for C 1s spectrum of GiFO, some typical peaks for
oxygen-containing groups, such as C=0 (287.1 eV) and C-O
(286.1 eV), can be observed, suggesting that GiF have been
oxidized to GiFO. The C 1s spectrum of GFO-ODA in Fig. 2(b)
shows a significant decrease in C-O content, and the peak for
C-N (284.9 eV) confirms that ODA units are covalently attached
to GFO nanosheets. This can be further verified by the peaks at
399.6 eV (-NH,, in amino groups) and 401.3 eV (C-N groups) in
the N 1s spectrum of GFO-ODA in Fig. 2(c). Therefore, the result
from XPS spectra coincides with the one of FT-IR, indicating the
ODA units are successfully incorporated to the GFO nanosheets.
The fluorination degree of GiF and GFO-ODA are also charac-
terized by XPS. The fluorine content of GFO-ODA is 16.29%,
slightly lower than 20.62% of GiF.

The structural differences between GiF, GiFO, and GFO-ODA
were investigated by XRD (Fig. 3). There are the peaks centered
at around 13.9° for all three samples, corresponding to an
interlayer spacing of 0.64 nm. These peaks are related to the C-F
bonds, suggesting the transformation of the sp® bonding in
grapheme to the sp® bonding in GiF, GiFO, and GFO-ODA.* The
narrow and sharp peak (002) at 26.6° in the XRD pattern of GiF
indicates that the nanosheets possess graphitic domains. For
GiFO, the presence of the broad peak at ~10.6° and the absence
of the peak at ~26.6° suggest that the oxygen-containing func-
tional groups are bonded to GiFO nanosheets and the interlayer
spacing is thereby broadened to 0.83 nm.>*** Because of the
intercalation of ODA into GiFO layers, the interlayer distance of
GFO-ODA nanosheets is enlarged to 0.98 nm. According to these
results, one can conclude that ODA units have successfully been
bonded to the nanosheets.

Fig. 4 illustrates the Raman spectra of GiF and its derivatives.
For all samples, there are two strong Raman peaks. The G-bands
at ~1575 cm™* correspond to the E,g vibrational mode of C-C
with sp® hybridization localized inside the planar sheets of
graphite, and the D-band at ~1320 cm ' is attributed to the Asg
mode in the disordered edge region of the nanosheets.*® Hence,
the ratio between the intensities of D-band and G-band (Ip/Ig)
characterizes the number of defects in nanosheets. The values

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 High resolution C 1s XPS spectra of GiFO (a) and GFO-ODA (b); N 1s XPS spectrum of GiFO and GFO-ODA (c).
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Fig. 3 X-ray diffraction patterns of GiF (a), GiFO (b), and GFO-ODA (c).

of Ip/Ig increases from 0.43 for GiF to 1.50 for GiFO due to the
defects introduced by oxidation. Compared with GiFO, a slightly
reduced value of Ip/I; is obtained for GFO-ODA, indicating that
nearly no more defects were introduced in GFO-ODA and partial
reduction occurred simultaneously during the modification.
TGA is employed to examine the thermal stability of the
prepared GFO-ODA. In Fig. 5, TGA curve of GiF shows a weight
loss beginning at 400 °C, which is related to the detachment of
fluorine atoms and the decomposition of the carbon skel-
eton.*** For the as-prepared GiFO, the weight loss happens

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Raman spectra of GiF (a), GiFO (b), and GFO-ODA (c).

below 150 °C due to the removal of residual water trapped in the
lamellar structure.***® On the contrary, the curve of GFO-ODA
shows almost no weight loss below 100 °C due to the partial
reduction during modification, which leads less water trapped
in GFO-ODA. With the temperature increasing, the TGA curves
of GiFO and GFO-ODA show another two major weight loss
stages. In the temperature range of 150-300 °C, both of GiFO
and GFO-ODA suffer weight loss due to the decomposition of

RSC Adv., 2017, 7, 1956-1965 | 1959
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Fig. 5 TGA curves of GiF (a), GiFO (b), and GFO-ODA (c).

the thermally unstable oxygen-containing functional groups,
such as hydroxyl and epoxy groups.”** Then a more significant
weight loss occurs from 300 to 700 °C, in which the removal of
relatively more stable oxygen-containing functional groups
takes place and the char is expected to become the sp>-hybrid-
ized carbon.***** Differing from GiFO, GFO-ODA decomposes
at a more rapid rate in the range of 300-450 °C, which may be
ascribed to the thermal degradation of ODA units in addition to
the oxygen-containing functional groups. It is worth noting that
the charyield of GFO-ODA (~32 wt%) is larger than that of GiFO
(~25 wt%). The difference in char yield may be due to the
partially reduction of GiFO while being modified,***” consistent
with the results obtained above.

3.2. PI morphology

The SEM images of the fractured surfaces of PI films after tensile
testing are presented in Fig. 6. The morphology can be used to
evaluate the dispersion and compatibility of fillers in PI matrix.
The pure PI film possesses a rather smooth and flat fractured
surface (Fig. 6(a)). The slightly bright dots and lines indicate that
PI film is stretched out upon mechanical deformation. For the
GF/PI film, the GF nanosheets aggregated in the PI matrix (arrow
in Fig. 6(b)) due to the relatively low surface energy derived from
the presence of fluorine atoms. In contrast, the fractured surface
of GFO/PI film shows a layered structure, indicating the relatively
good dispersion in the PI matrix. Compared with the pure PI film,
GFO-ODA/PI film with 1.0 wt% loading has a rougher fractured
surface, which can be ascribed to the strong interfacial interac-
tions and the good compatibility between GFO-ODA and PI
matrix. As a result, the stress can be transferred from the matrix
to the nanosheets. When the content of fillers reaches a critical
value, the aggregates of nanosheets tend to form. As the loading
of GFO-ODA is increased to 2.0 wt%, some of nanosheets are
pulled out during deformation, generating micron-scale holes in
the PI matrix (Fig. 6(f)).

3.3. Dielectric properties of films

Complex dielectric constant (¢*) can be expressed as ¢* = ¢ —
ie”, where ¢ is the real part and ¢’ is the imaginary part,

1960 | RSC Adv., 2017, 7, 1956-1965
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Fig. 6 SEM images of (a) pure PI film, (b) GF/PI film, (c) GFO/PI film,
and GFO-ODA/PI films at various loadings: (d) 0.5 wt%, (e) 1.0 wt%, and
(f) 2.0 wt%.

respectively. ¢ is a measure of the energy stored in the dielec-
trics through polarization, whereas the loss tangent tan ¢
measures the amount of energy dissipated during molecular
motion in the presence of the alternating electric field.

The dependence of the dielectric constants on frequency at
room temperature is shown in Fig. 7(a). Under an alternating
electric field, the polarization occurs and the dipoles cannot
keep up with the variation of the electric field, which results in
the decrease of ¢’ with the increase of frequency. The dielectric
constants at 10° Hz of pure PI film and PI composite films are
summarized in Table 1. Here ¢’ of pure PI film and PI composite
films at 10° Hz are selected for comparison because the
frequency range from 10" to 10° Hz is very important for prac-
tical applications in microelectronics.** GFO-ODA adsorbs and
interacts with PI chains. Consequently, GFO-ODA hinders the
motion of dipolar moieties and restricts the relaxation of
dipoles of PI. It is interesting to see that the dielectric constant
of GFO-ODA/PI films does not monotonously decrease with the
loading of GFO-ODA. The dielectric constant first decreases
with the loading of GFO-ODA until it reaches the minimum
value of 2.75 at the loading of 1.0 wt%. However, the dielectric
constant of the film with 2.0 wt% GFO-ODA abnormally
increases to 4.05, even larger than that of pure PI film. As dis-
cussed above, GFO-ODA nanosheets at high contents may
aggregate. In the process of preparing GFO-ODA/PAA solutions,
the aggregation of GFO-ODA makes it hard for PAA chains to

This journal is © The Royal Society of Chemistry 2017
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Fig.7 Dependence of dielectric constant (a) and loss tangent (b) on the frequency for pure Pl and Pl composites. The inset shows the frequency

dependence of dielectric constants in the range from 1072 to 107 Hz.

Table 1 Dielectric properties of pure Pl and Pl composite films

Samples Content of filler (wt%) ¢ (10° Hz)
Pure PI — 3.68
GF/PI 1.0 3.48
GFO/P1 1.0 3.75
GFO-ODA/PI 0.5 3.25
GFO-ODA/PI 1.0 2.75
GFO-ODA/PI 2.0 4.05

intercalate with GFO-ODA, promoting the microphase separa-
tion and less effective restriction on the PI chains. In addition,
the interface between the aggregate and PI matrix generates an
interfacial polarization. Consequently, both effects lead to
a high dielectric constant for 2.0 wt% GFO-ODA/PI. For
comparison, the dielectric properties of GF/PI and GFO/PI films
are also studied. The introduction of GF into PI resin reduces
the dielectric constant of GF/PI film to 3.48, which was slightly
lower than that of pure PI film. The decrease in the dielectric
constant has its origin in high electronegativity of the fluorine
atoms and the low polarizability of the C-F bond, as well as the
lowered water absorption. For GFO/PI film, however, its
dielectric constant increased to 3.75, mainly due to the hydro-
philic nature of oxygen-containing functional groups. In
Fig. 7(b), the loss tangent peaks of GF/PI and GFO/PI films shift
to the higher frequencies compared with pure PI, indicating the
weakened interactions between PI chains. In contrast, the loss
peak of GFO-ODA/PI film with 1.0 wt% loading shifts to lower
frequencies compared with GFO/PI film, which suggests the
modification of GFO with ODA can effectively improve the
interaction between nanosheets and PI matrix.

Slightly larger values of dielectric constants of GFO-ODA/PI
in the lower frequency range may be originated from one or
more polarizations, such as interfacial polarization or Maxwell-
Wagner-Sillars effect, electrode polarization, and conductivity
phenomena.*® It is more effective to employ electric modulus
formalism rather than dielectric constant formalism to analyze

This journal is © The Royal Society of Chemistry 2017

the information given in the dielectric spectroscopy, since the
large variation in dielectric constants and loss factors at
low frequencies can be minimized in electric modulus
formalism.**** By using electric modulus formalism, some
problems in the analysis of dielectric relaxation in the dielectric
constant formalism, such as the contact of electrode/specimen,
the space charges injection phenomena, or absorbed impurity,
can be solved or even neglected. The complex electric modulus
(M*) is defined as the inverse of the complex dielectric constant,

1 / /"

& &

M — - .
Tk on //2+1

€ o

A ren s M +iM" (1)
where M and M” are the real and imaginary part of electric
modulus, respectively. The dependence of the real part of
electric modulus (M’) on frequency is plotted in Fig. 8(a). From
low to high frequencies, the curves of all specimens pass
through a transition, which implies the relaxation processes. In
Fig. 8(b), the curves of the imaginary part as a function of
frequency possess loss peaks in the transition region. These
peaks are related to the glass transition of PI matrix. Compared
to pure PI, the loss peak of GF/PI film shifts to higher
frequencies, which is considered as an indication for the
weakened interactions between PI chains. The incorporation of
GF loosens the stacking of PI chains, increases free volume, and
facilitates the motion of segments. For GFO/PI film, however,
the oxygen-containing groups and more absorbed water
increase its dielectric constant. On the contrary, the loss peak of
GFO-ODA/PI with 1.0 wt% loading shifts to lower frequencies
compared with pure PI film, which indicates that the incorpo-
ration of GFO-ODA restricts the motion of PI chains via covalent
bonding between the nanosheets and PI matrix. Such bonds
hinder the orientation of the dipolar moieties and thereby
reduce the dielectric constant. Moreover, a few loss peaks can
be observed in low frequencies for 2.0 wt% of GFO-ODA. This
phenomenon is a result of interfacial polarization or Maxwell-
Wagner-Sillars effect, which usually occurs in electrically
heterogeneous systems derived from the accumulation of
mobile charges at the interface. In the present case, the
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Fig. 8 Real (a) and imaginary (b) parts of electric modulus vs. frequency for pure Pl and Pl composite.

aggregation of GFO-ODA increases dielectric constant, which is
in agreement with the explanation proposed above.

3.4. Tensile tests

The effect of GFO-ODA loading on the mechanical properties of
PI composite films is summarized in Table 2. GFO-ODA nano-
sheets with amino groups can provide reactive sites for the
polymerization of PAA and strongly interact with PI matrix.
Furthermore, GFO-ODA nanosheets may act as the cross-linking
agent to restrict the chains movement, which improves the
mechanical properties of GFO-ODA/PI films. As expected, with
1.0 wt% GFO-ODA loading, Young's modulus and tensile
strength of GFO-OFA/PI film are significantly increased to 3.89
GPa and 110 MPa from 2.82 GPa and 97.0 MPa for pure PI,
respectively. The reinforcement can be attributed to the good
dispersion of GFO-ODA nanosheets in PI matrix. Since the
nanosheets strongly interact with PI chains via covalent
bonding, the load can be efficiently transferred from the matrix
to the strong nanosheets and hence improves the mechanical
properties of GFO-ODA/PI films. Simultaneously, the elongation
at break declines to only 10.9%, indicating that the film
becomes less flexible. As the GFO-ODA loading increases to 2.0
wt%, both of Young's modulus and the tensile strength do not
change significantly.

The mechanical properties of GF/PI and GFO/PI films are also
measured. Young's modulus of the former is ~20% greater than

Table 2 Mechanical properties of pure Pl and Pl composite films

Content Young's Tensile Elongation

of filler modulus strength at break
Samples (Wt%) (GPa) (MPa) (%)
Pure PI — 2.82 £ 0.03 97.0 = 1.8 47.0 £ 0.7
GF/PI 1.0 3.44 £0.11 101 + 4.0 43.1 + 3.6
GFO/PI 1.0 3.79 £0.10 107 £ 2.1 30.0 £ 2.6
GFO-ODA/PI 0.5 3.54 £0.21 105 £ 5.3 23.9 +2.8
GFO-ODA/PI 1.0 3.89 £+ 0.08 110 = 1.3 10.9 + 2.7
GFO-ODA/PI 2.0 3.88 £ 0.09 107 + 3.9 11.5 £ 1.9

1962 | RSC Adv., 2017, 7, 1956-1965

that of pure PI film, while the elongation at break hardly changes
due to the weak interaction between GF and the PI matrix.
Besides, the low surface energy of GF makes it difficult to be
dispersed well so that the contact area between GF and PI matrix
is too small to transfer stress efficiently. The elongation at break
for the GFO/PI film, however, is decreased to 30.0%. The reason

3.0 0.25
(a) O Pure Pl
O GF/PI-1.0 wt%
2.5 /A GFO/PI-1.0 wt% L 0.20
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Fig. 9 Storage modulus and tan é in DMA of (a) Pl composite films
with various fillers and (b) GFO-ODA/PI films at different contents.
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Table 3 Dynamic mechanical and thermal properties of pure Pl and Pl composite films

DMA TGA
Samples Content of filler (wt%) E'“ (GPa) T,” (°C) Tsq° (°C) Char yield” (wt%)
Pure PI — 2.20 356 572 59.5
GF/PI 1.0 1.55 348 588 59.6
GFO/PI1 1.0 1.81 361 574 57.5
GFO-ODA/PI 0.5 1.99 359 582 58.1
GFO-ODA/PI 1.0 2.21 366 582 58.0
GFO-ODA/PI 2.0 2.86 360 572 57.5

“ Determined by DMA at about 30 °C. ? Determined by DMA at maximum of tan §. © The temperature of weight loss at 5 wt% determined by TGA.

4 Determined by TGA at 900 °C.

may be that GFO nanosheets act as the physical cross-linking
agents via the hydrogen bonds between the oxygen-containing
functional groups on GFO nanosheets and the polar groups in
PI chains. The incorporation of GFO restricts the movement of
the PI chains and makes the GFO/PI film brittle.

Both Young's modulus and tensile strength of GFO/PI film are
smaller than those of GFO-ODA/PI film at the same content of GFO.
The good dispersion of nanosheets within the PI matrix and the
strong interaction between the fillers and matrix are responsible for
the improved mechanical properties of PI composite films.

3.5. Dynamic mechanical properties

The storage modulus (E') and loss tangent (tan §) are charac-
terized by DMA (Fig. 9), and the data are listed in Table 3.
Among PI composite films with different fillers at 1 wt%
content, GFO-ODA/PI film possesses the maximum value of E',
whereas GF/PI film has the minimum value. Such behaviors are
due to the different strengths of interaction between the
nanosheets and PI matrix as discussed above. The glass tran-
sition temperatures (Ty) of these composite films follows the
order of E'. GFO-ODA/PI film possesses the maximum increase
of T, because of the effective restriction of PI chains.

For GFO-ODA/PI films at temperatures below Ty, the value of
E' increases when the loading increases from 0.5 wt% to 2.0
wt%. The T, of these films, however, does not monotonously
shift to the higher temperature with the increase of GFO-ODA
loading. The maximum value occurs at the content of 1.0
wt%. Combined with the analysis of dielectric properties, one
can conclude that there are two opposite influences of the
incorporation of GFO-ODA nanosheet on PI matrix. One is to
loosen the stacking of PI chains, and the other is to restrict the
motion of PI chains. Hence, in the case of 0.5 wt% loading, Ty is
almost the same as that of pure PI film. When the loading
increases to 2.0 wt%, the aggregation of the excess GFO-ODA
nanosheets may be mainly responsible for the reduction of Ty,
which is in an agreement with the above testing results.

3.6. Thermal stability

Thermal stability is one of the important properties of PI films
since they are often used as dielectrics in microelectronics
where the annealing step at the temperature up to 400 °C is
often necessary.” TGA results of the pure PI film and the PI

This journal is © The Royal Society of Chemistry 2017

composite films are listed in Table 3. The thermal stability of PI
films can usually be improved by the incorporation of inorganic
fillers. The temperature at 5 wt% weight loss (T54q) changes from
572 °C for pure PI film to 582 °C for 1.0 wt% GFO-ODA/PI. If
uniformly dispersed, modified graphene can improve the
thermal properties of PI by blocking heat transfer and
decreasing volatilization of degradation products. However, at
2.0 wt% loading, modified graphene is poorly dispersed and
aggregates, and hence it cannot improve the thermal stability.
Moreover, introduction of GFO-ODA into the system makes the
amino groups more than anhydride groups, which affects the
molecular weight of PI. For GFO/PI and GFO-ODA/PI films, their
thermal stability does not become worse than that of the pure PI
film. Thus the incorporation of GFO-ODA into PI matrix is
a facile method to fabricate high performance PI nano-
composite films.

4. Conclusions

In this study, we proposed an effective approach to fabricate
the novel fluorine-containing PI nanocomposite films with low
dielectric constant. The obtained GFO-ODA nanosheets, as
a reactive platform for covalently bonding with PI chains,
provided large contact area and strong interfacial interactions
with PI matrix. The dielectric constant of the GFO-ODA/PI
films showed a non-monotonic change while the loading
increased. The minimum value of 2.75 (at 10°® Hz) was ach-
ieved at 1.0 wt% loading. Furthermore, the GFO-ODA/PI films
maintained the excellent mechanical and thermal properties.
Young's modulus of the GFO-ODA/PI film with 1.0 wt%
loading was 50% greater than that of the pure PI film. Besides,
the incorporation of GFO-ODA did not decrease T, and
decomposition temperature of the pure PI film. GFO-ODA/PI
film is a potential material with low dielectric constant for
a wide range of applications.
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