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ABSTRACT: Three kinds of polymer, polyimide without side-
chain (PI), polyimide-graft-glyceryl 4-nonylphenyl ether (PI-
GNE), and polyimide-graft-bisphenol A diglyceryl acrylate (PI-
BDA), have been synthesized and used to disperse single-walled
carbon nanotubes (SWNTs) and to improve the interfacial bond-
ing between SWNTs and cyanate ester (CE) matrix. Visual
observation, UV—vis—near—IR (UV—vis—NIR) spectra, and
atomic force microscopy (AFM) images show that both PI-GNE
and PI-BDA are highly effective at dispersing and debundling
SWNTs in DMF, whereas PI is less effective. Interaction between
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SWNTs and PL PI-GNE or PI-BDA was confirmed by computer simulation and Raman spectra. A series of CE-based composite
films reinforced with different loadings of SWNTs, SWNTs/PI, SWNTs/PI-GNE and SWNT's/PI-BDA were prepared by solution
casting. It was found that, because of the unique side-chain structure of PI-BDA, SWNTs/PI-BDA disperse better in CE matrix than
do SWNTs/PI-GNE, SWNTs/PI, and SWNTs. As a result, SWNTs/PI-BDA/CE composites have the greatest improvement in
mechanical properties of the materials tested. These results imply that the choice of side-chain on a dispersant is very important to
the dispersion of SWNTs in matrix and the filler/matrix interfacial adhesion, which are two key requirements for achieving effective

reinforcement.
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B INTRODUCTION

Carbon nanotubes (CNTs), which may be thought of as
individual or nested concentric tubes formed by rolling two-
dimensional sheets of graphite (graphene), are composed en-
tirely of sp* hybridized carbon atoms." This structure provides
CNTs with excellent mechanical properties. For example, theo-
retical and ex})erimental results show a tensile modulus of 640
GPato 1 TPa” and a tensile strength of 150—180 GPa® for single-
walled carbon nanotubes (SWNTs). The unique mechanical
properties of CNTs make them ideal reinforcing fillers for
polymer composites. However, the reinforcing efficiency of
CNTs in composites depends strongly on the dispersion of
CNTs in the polymer matrix and on the interfacial load transfer.
One strategy used to improve the dispersion and interfacial
bonding between CNT's and matrix is covalent functionalization
with grafted small molecules* ¢ or polymeric chains.”~® How-
ever, covalent functionalization has the drawback that it disrupts
the long-range 7T conjugation of the nanotubes, resulting in
diminished mechanical properties.

In recent years, many polymers such as polythiophene,
poly(phenylene ethynylenes),">'* poly(phenylene vinylenes)"
and polybenzimidazole'® have been found to be good at disper-
sing CNTs by forming strong 77— interactions with CNT side
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walls. Some of these polymer dispersants also have been success-
ful for improvinig the mechanical properties of CNT/polymer
composites.'”'*'® Recently, Zou, Zhai and co-workers'"'”
showed that a conjugated block copolymer is a good dispersant
for CNT dispersion/stabilization. The conjugated polymer block
forms strong T—s7 interactions with CNT walls while the non-
conjugated polymer block located at the outer surface of the
CNTs provides nanotubes with good solubility in solvents and
polymer matrices. We hypothesize that a promising polymer dis-
persant for improving CNT dispersion and CNT/matrix interfacial
bonding (and thus improving mechanical properties) would be a
graft copolymer (or a block copolymer) in which the backbone
(or the conjugated block) and the graft (or the nonconjugated
block) were designed to favorably interact with CNTs and host
polymer matrix, respectively. The usually tunable side-chain
structure of a graft polymer dispersant should affect the mechan-
ical properties of the resulting CN'T/polymer composites.

Our previous study'® showed that a graft copolymer, poly-
imide-graft-bisphenol A diglyceryl acrylate (PI-BDA), was very
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Scheme 1. Chemical Structures of (a) CE, (b) GAB, and (c)
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effective in dispersing SWNT's and improving the nanotube/
matrix interfacial adhesion. This resulted in significantly im-
proved mechanical properties of the resulting composites. In
this study, in order to investigate the influence of the side-chain
structure on the ability of polyimide graft to disperse SWNT's in
matrix and to improve the SWNT /matrix interfacial bonding,
polyimide backbone without side-chain (PI), and another graft
polyimide with the PI backbone but grafted with glyceryl
4-nonylphenyl ether (GNE), PI-GNE, was synthesized. The
dispersion of SWNTs, PI functionalized SWNTs (SWNTs/
PI), PI-GNE functionalized SWNTs (SWNTs/PI-GNE) and
PI-BDA functionalized SWNTs (SWNTs/PI-BDA) in DMF
were characterized and compared. Furthermore, cyanate ester
(CE) composite films with different contents of SWNTs,
SWNTSs/PI, SWNTs/PI-GNE and SWNTs/PI-BDA as reinfor-
cement were prepared by solution casting. The nanotube dis-
persion in CE, nanotube/CE interfacial bonding, and mechanical
properties of these four kinds of composites were investigated
and compared. SWNT's/PI-BDA disperse best in CE matrix and
show the greatest improvement in composite mechanical proper-
ties due to the unique side-chain structure of PI-BDA.

B EXPERIMENTAL SECTION

Materials. Pristine CVD-grown SWNTs (purity ~90%, diameter
1—2 nm, length S—30 um) were obtained from Chengdu Research
Institute of Organic Chemistry (China). They were purified with
thermal oxidation (350 °C for 2 h in air) followed by acid treatment
(refluxing in 6 M HCI for 12 h). Bisphenol A cyanate ester resin (CE,
Scheme 1a) purchased from Shanghai Huifeng Technical & Business
Co., Ltd. (Shanghai, China) with the trade name HF-1 was used as the
resin. 3, 3'-dihydroxy-4, 4'-diaminobiphenyl (HAB, 97%) was purchased
from Tokyo Chemical Industry. o-glycidyl-w-acrylate terminated bi-
sphenol A (GAB, Scheme 1b) with a molecular weight of 450 was
supplied as Ebecryl 3605 from UCB chemicals (Malaysia). Glycidyl
4-nonylphenyl ether (GNE, technical grade, scheme 1c), 4-dimethyla-
minopyridine (DMAP, 99%) and all other chemicals were purchased
from Sigma-Aldrich and used as received unless otherwise specified. N,
N'-dimethylacetamide (DMAc) and dimethyl sulfoxide (DMSO) were
distilled over calcium hydride and xylene over sodium wire under
vacuum.

Synthesis of Pl, PI-GNE and PI-BDA. PI and PI-BDA were
synthesized via the methods described in our previous study.'® In a
typical procedure for synthesis of PI-GNE, PI (0.588 g, 1.20 mmol of
repeat unit) was dissolved in 40 mL of dry DMSO at 60 °C in a 100 mL
round-bottom flask equipped with a water condenser and an argon inlet/
outlet. Then DMAP (0.293 g, 2.40 mmol) was added under argon
protection. After the DMAP was completely dissolved, a solution of
GNE (0.730 g, 2.64 mmol) in 20 mL of dry DMSO was added, and the
resulting mixture was stirred at 100 °C for 48 h. The mixture was then

poured into a large amount of methanol, and the precipitate was
collected by filtration and washed successively with 0.2 M HCl solution,
S wt % NaHCOj solution and DI water. Finally, the side-chain polyimide
(PI-GNE) so obtained was vacuum-dried at 60 °C for 24 h. The yield
was 0.778 g (62% yield). The weight-average molecular weight (M,,)
and the polydispersity index (PDI) of the PI-GNE measured from GPC
based on polystyrene standards were 5.5 x 10* g/mol and 1.35.

Preparation of Composite Films. To make composite films,
various nanotube dispersions were first prepared. It has been demon-
strated in our previous study'® that 1:1 is the optimal mass ratio of PI-
BDA to SWNTs for preparing nanotube dispersion, so in this study we
also use the 1:1 mass ratio of dispersant to SWNTs. In a typical protocol
used to prepare SWNTs/PI dispersion, 10 mg of SWNTs and 10 mg of
PI were first added into 10 mL of DMF. Then the mixture was sonicated
with a high-power tip sonicator (500 W, 35%, Vibra-Cell, Sonics) for 10
min followed by further sonication in a low-power sonic bath (S30H,
Elma) for 30 min at 0 °C to produce a homogeneous SWNTs/PI
dispersion (1 mg/mL SWNTs; the mass ratio of SWNTs to Pl is 1:1).
SWNTSs/PI-GNE and SWNTs/PI-BDA dispersions were prepared by
the same procedure by changing PI to PI-GNE or PI-BDA. Pristine
SWNT suspension was prepared without the addition of polymeric
dispersant.

Composite films with different contents of SWNT's were prepared by
solution casting. A typical procedure for preparing SWNT's/PI/CE com-
posite films was as follows: 0.1 g of CE that had been precured at 180 °C
for 1 h was first dissolved in 0.1 mL of DMF. Then the CE solution was
mixed with measured quantities of SWNTs/PI dispersion prepared as
above. After sonication in a sonic bath for 10 min, the solution of SWNT's/
PI/CE in DMF was cast onto a horizontal glass slide (26 mm X 76 mm X
1 mm). The slide was warmed on a hot plate at ~50 °C to slowly remove
most of the DMF. Then the slide was transferred to a vacuum oven and
dried under vacuum at 80, 100, and 120 °C for 2 h each. Finally, the films
were cured in a convection oven. The curing cycle was 3hat 180 °C,2h
at 200 °C, and 2 h at 250 °C. After cooling to room temperature, the
films were carefully peeled off the glass substrates. The thickness of the
resulting film was about 40 um, measured with a low torque digital
micrometer. Neat CE films and CE composite films reinforced with
SWNTs (SWNTs/CE), PI-GNE functionalized SWNTs (SWNTs/PI-
GNE/CE), and PI-BDA functionalized SWNTs (SWNTs/PI-BDA/
CE) were also prepared by a similar method.

Computer Simulation. We built a (10, 10) SWNT model
(diameter ~1.4 nm) at length of S nm. For the all three polymers, PI,
PI-GNE and PI-BDA, two repeating units were built. All-atom AMBER"
general force field was used to represent SWNT, polymer, and DMF
molecule. The aromatic carbon type with zero partial charge was
assigned to carbon atoms of SWNT. The atomic charges of polymer
and DMF were generated using RED software.”® The validity of
parameters of DMF was checked through calculating the density of
pure DMF liquid, 0.92 g/cm?, which is close to the experimental value of
0.95 g/ cm>. The simulation box was dodecahedral and contained one
SWNT, one polymer and around 1500 DMF molecules. GROMACS*'
package with the help of Amb2gmx** conversion utility tool was used to
perform the simulation. LINCS®? protocol was employed to constrain all
bonds involving hydrogen atoms in length. In all simulations, an
integration step of 2 fs was used and nonbonded pair lists were updated
every 10 fs. The system was coupled to an external heat bath with a
relaxation time of 0.1 ps. Structure snapshots were output every 1 ps at
300 K for analysis. Particle mesh Ewald method®* was used to treat
electrostatic interactions with a cutoff of 9 A. The van der Waals
interactions were calculated by a cutoff of 12 A. The binding free energy
estimates were performed based on GB implicit solvent model*® developed
by Onufriev et al. provided by the sander module in AMBER 9."° The
distance between SWNT and polymer at beginning was larger than
1 nm. For each SWNT-polymer system, three independent simulation

1703 dx.doi.org/10.1021/am2002229 |ACS Appl. Mater. Interfaces 2011, 3, 1702-1712



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

Scheme 2. Synthesis of PI-BDA and PI-GNE
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trajectories were conducted up to 60 ns. The last 30 ns trajectories were
used for analysis.

Characterization. Fourier transform infrared (FT-IR) spectra
were obtained on a Nicolet 5700 FT-IR instrument equipped with
attenuated total reflectance (ATR) accessory. All measurements were
made over the wavenumber range 400—4000 cm ' at room tempera-
ture. Gel permeation chromatography (GPC) analyses were performed
on a Shimadzu LC-20A Series GPC system equipped with a pump, a BC-

__GAB (with BHT) or GNE
Dry DMSO, 100°C, 48h

PL gel mixed column (molecular weight limits ranging from
200—400,000 g/mol) and a RID-10A refractive index detector. DMF
with 0.02 M LiBr was used as eluent at a flow rate of 1 mL/min at 60 °C.
Analysis was based on calibration against polystyrene standards. Raman
spectra of SWNTSs and composite films were obtained with a Renishaw
Ramanscope with HeNe laser at 633 nm excitation wavelength.
UV—vis—near—IR (UV—vis—NIR) absorption spectra of nanotube
dispersions were measured on a Varian Cary 5000 UV—vis—NIR
spectrophotometer. Optical microscopy was carried out on an Olympus
SZX12 microscope at a magnification of 144X . Atomic force micro-
scopy (AFM) images were obtained using a MFP 3D microscope in ac
mode. Nanotube dispersions were deposited onto clean silicon wafers by
spin coating. Scanning electron microscopy (SEM) analysis was per-
formed on a JEOL JSM-6700F Field-Emission Scanning Electron
Microscope (FE-SEM) operating at S kV. The fracture surfaces of
composites were coated with gold via sputtering in order to suppress
surface charging effects. Tensile properties of composite films were
measured with an Instron Model 5543 mechanical tester at room
temperature. The films were cut into strips of 40 mm by S mm with
varying thickness (~40 #m). A 100 N load cell and a cross head speed of
2.54 mm/min for effective sample length of 20 mm were used to do the
testing. At least 5 measurements were made for each sample and the
results were averaged.

B RESULTS AND DISCUSSION

Synthesis of Pl, PI-GNE, and PI-BDA. The synthesis and
characterization of PI and PI-BDA has been discussed in our
previous study.'® Similarly to the synthesis of PI-BDA, the
synthesis of PI-GNE was realized via reaction between the
pendant hydroxyl groups on PI and epoxy groups on GNE with
DMARP as catalyst. Scheme 2 shows the synthesis route of PI-
BDA and PI-GNE.

Figure 1 shows the FTIR-ATR spectra of PI, GNE, and PI-GNE.
The spectrum of GNE shows characteristic peaks of epoxy group
at 917 cm~ ', The peaks at 2871, 2927, and 2957 cm™ ' are
identified as the C—H stretching mode of methyl and methylene
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Figure 1. FTIR-ATR spectra of (a) PI, (b) GNE, and (c) PI-GNE.

groups. The spectrum of PI-GNE shows the characterlstlc peaks
of its precursor PI, ie, at 1772, 1699, and 1373 cm™ ', corre-
sponding to the imide group, and at 1604, 1568, 1502, and
1475 cm ™!, corresponding to the aromatic C=C bands. After
grafting the GNE side chain, new peaks at 2956, 2924, and
2870 cm ™' appear in the spectrum, which can be clearly assigned
to the C—H stretches of —CH, and —CHj; groups in the GNE
side chain. A broad band at about 3700—3100 cm ' in the
spectrum of PI-GNE is attributed to the —OH group generated
in the ring-opening reaction of epoxy groups (scheme 2). No
characteristic peak of epoxy group (~ 917 cm™ ') appears in the
spectrum. All these confirm successful grafting of GNE onto the
PI backbone via reaction between —OH groups on PI and epoxy
groups on GNE.

Dispersion of Nanotubes in DMF. Figure 2 compares the
dispersion stability of SWNTs, SWNTs/PI, SWNTs/PI-GNE,
and SWNTSs/PI-BDA in DMEF, at different standing times after
sonication. Pristine SWNT's aggregated and settled within 10
days (Figure 2-2, vial A). SWNTs/PI partially aggregated but
remained in suspension at 2 months (Figure 2-3, vial B). SWNTs
modified with PI-GNE and PI-BDA were still well-dispersed and
suspended at 2 months (Figure 2-3, vials C and D). These results
indicate that the side chain grafted on the backbone of the PI,
which imparts strongly repulsive forces to SWNTs/PI-GNE and
-BDA via steric hindrance,”® is very important to the long-term
dispersion stability of the functionalized SWNTs in DMEF.
However, there was no obvious difference between the
SWNTSs/PI-GNE and SWNTSs/PI-BDA dispersions.

The efficacy of PI, PI-GNE and PI-BDA at dispersing SWNT's
was quantitatively compared using absorbance measurement and
the Beer—Lambert law, which is defined as A = €lc, where A is the
absorbance at a fixed wavelength, ¢ is extinction coefficient, [ is
the light path len§th (1 cm for our cell), and ¢ is the nanotube
concentration. The extinction coefficient (&), which is
strongly depended on naotube type, solvent type and wavelength
of the measured absorbance, was determined in our previous
study to be about 37.60 mL mg ' cm ™" at 500 nm for our
SWNTs in DMF.'® Figure 3 shows the nanotube concentrations
of SWNTSs/PI, SWNTs/PI-GNE, and SWNTs/PI-BDA disper-
sions (mass ratio of SWNTs to polymer was fixed at 1:1) in different
conditions, determined by measuring absorbance at 500 nm and
the Beer—Lambert law. Immediately after sonication, all three of
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Figure 2. Visual observation of (A) SWNTs, (B) SWNTs/P, (C)
SWNTs/PI-GNE, and (D) SWNTs/PI-BDA in DMF at different stand-
ing times after sonication: (1) 0 min, (2) 10 days, and (3) 2 months.

the dispersions are homogeneous and have a suspended SWNT
concentration of about 20 mg/L (the initial concentration we
chose). After standing for 3 days, centrifugation at 6000 rpm for 1 h,
and centrifugation at 14 00 rpm for 1 h, the SWNT concentrations
of SWNTs/PI-GNE (19.8, 15.2, and 9.0 mg/L, respectively) and
SWNTs/PI-BDA (20, 15.8, and 9.3 mg/L, respectively) are quite
similar and are much higher than that of SWNTSs/PI dispersion
(18.7,9.9, and 5.1 mg/L, respectively). These measurements are
consistent with the results of visual observation.

The dispersions of SWNTs/PI, SWNTs/PI-GNE, and
SWNTs/PI-BDA were also deposited onto silicon wafers and
characterized by AFM (Figure 4). SWNTs were observed as large
bundles with diameters of about 8—15 nm (Figure 4A). In
SWNTs/PI (Figure 4B), the nanotube bundle diameters were
reduced to be about 5 nm, and some individual tubes were also
present. The measured heights of SWNTs/PI-GEN were in the
range of 1—3 nm, indicating that they were dispersed as
individual tubes as well as very small bundles (Figure 4C).
SWNTs/PI-BDA (Figure 4D) are present similar as SWNTs/
PI-GEN. Combined with the results of visual observation and
UV—vis—NIR characterization, we conclude that PI-GNE and
PI-BDA have similar efficacy at dispersing and debundling
SWNTs in DMF.

To investigate the dispersion of SWNTs, SWNTs/PI, SWNT's/
PI-GNE, and SWNTSs/PI-BDA in CE matrix in DMF, we added
100 mg of partially prepolymerized CE (180 °C for 1 h) into
2 mL of nanotube/DMF dispersions (concentration fixed at
0.5 mg/mL, with dispersant to SWNT mass ratio of 1:1). In data not
shown, after about 1 h, the SWNTs/PI/CE dispersion showed
coagulation or agglomeration of the suspended nanotubes, while
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Figure 3. SWNT concentrations of SWNTs/PI, SWNTs/PI-GNE and
SWNTs/PI-BDA dispersions (mass ratio of SWNTs to polymer is 1:1)
in different conditions: immediately after sonication, standing for 3 days,
centrifugation at 6000 rpm for 1 h, and centrifugation at 14000 rpm
for 1 h.

the SWNTs/PI-GNE/CE and SWNTs/PI-BDA/CE dispersions
were very homogeneous. The quick precipitation of SWNT's/PI
may be due to the poor stability of nanotubes dispersed with PI
(Figure 2). After about 6 h, fine aggregates appeared in the
SWNTs/PI-GNE/CE dispersion, while the PI-BDA functiona-
lized nanotubes showed no visible evidence of gross aggregation
after 24 h. The dramatic variation in behavior is further evidence
that the precise nature of the side-chain is important in the design
of polymer surfactants to disperse carbon nanotubes in a polymer
(in this case, CE) solution. The structure of the PI-BDA side-
chain is more similar to CE than is the PI-GNE side chain. This
higher compatibility between the BDA side-chain and CE matrix
results in higher efficiency of PI-BDA than PI-GNE in dispersing
nanotubes in CE solution. Zou et al.'" recently reported that a
conjugated block polymer, poly(3-hexylthiophene)-b-polystyr-
ene (P3HT-b-PS) is more efficient than homopolymer poly(3-
hexylthiophene) (P3HT) in dispersing carbon nanotubes in
polystyrene solution. They suggested that the PS segment, which
has good solubility and miscibility with polystyrene matrix, is
important for the high dispersion efficacy of P3HT-b-PS. For our
PI-BDA surfactant, higher efficiency in dispersing CNTs in CE
matrix can be expected if longer side-chains are grafted onto the
PI backbone.

Computer Simulation of SWNT-Dispersant Systems in
DMF. Molecular dynamics simulations were employed to study
the interaction between SWNT and polymers PI, PI-GNE and
PI-BDA in DMF. In the beginning of the simulations, the
minimum distance between each polymer and the SWNT was
more than 1.0 nm. For PI-GNE and PI-BDA, within a simulation
time of 10 ns, the polymers formed close contacts with the
SWNT, with the minimum distance between the polymer and
SWNT being less than 0.3 nm. The contacts were very stable, no
dissociation events happened in all simulations. However, in the
case of PI, dissociation occurred frequently. During the total
simulation time of 180 ns, the percentage of the SWNT-PI
contacts formed was only 42%.

The strength of binding was estimated by calculating the
binding energy which is defined as:

Ep = Ec®® — (Ep®® + Ecnt®®) (1)

1705 dx.doi.org/10.1021/am2002229 |ACS Appl. Mater. Interfaces 2011, 3, 1702-1712
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Figure 4. AFM images of (A) SWNTs, (B) SWNTs/PI, (C) SWNTs/PI-GNE, and (D) SWNTSs/PI-BDA deposited on silicon wafers by spin coating.

where ES® ES®, and ESR 1 are the energies of polymer—SWNT

complex, polymer, and SWNT, respectively, based on the implicit
generalized Born (GB) model. The binding energy of PI to SWNT
is —12.9(+£10.6) kcal/mol. In comparison, the binding energy of
PI-GNE and PI-BDA to SWNT reaches —75.4(316.7) kcal/mol
and —78.3(£10.8) kcal/mol, respectively. The adding of side
chains enhances the binding strength significantly. The binding
patterns are illustrated by the complexes snapshots shown in
Figure S. It is evident that a small part of the PI, usually one or
two rings, makes contacts with the SWNT surface, whereas the
majority part of the molecule is solvated by the DMF solvent. The
binding patterns are different for PI-GNE and PI-BDA, which
adsorb well onto the SWNT surface. Clearly, the presence of side
chains is essential to the intimate binding. The difference in the
bonding strength and bonding pattern of PI, PI-GNE and PI-BDA
to SWNT is consistent with the observation of dispersion state of
SWNTs/dispersant in DMF.

Dispersion, Morphology, and Interfacial Bonding of Na-
notubes in Composite Films. Optical micrographs can show
the microscale state of the nanotube dispersion in the CE matrix.
A representative optical micrograph of SWNTs/CE composite
(Figure 6A) shows many aggregated clusters of SWNTs,

1706

suggesting nonuniform dispersion of SWNTSs. The nanotube
dispersion was improved for PI functionalized SWNTs, though
some SWNT aggregates with sizes as large as 10 um can be
clearly seen (Figure 6B). In SWNTs/PI-GNE/CE composite
(Figure 6C), dense aggregates are still apparent but the aggregate
size is much smaller than that in the SWNTs/PI/CE composite,
indicating much improved SWNT dispersion. By comparison,
SWNTs/PI-BDA/CE composite show uniform dispersion of
SWNTs throughout the matrix, and no obvious SWNT aggre-
gates were observed (Figure 6D). It is interesting that SWNTs/
PI-GNE and SWNT's/PI-BDA have similar dispersion in DMF,
but the dispersion of SWNTSs/PI-BDA in CE was much better
than that of SWNTs/PI-GNE. In fact, the observation of a
significant degree of SWNT aggregation in SWNTs/PI-GNE/
CE composite is quite similar to the results reported by Delozier
et al,” who found that rigid polyimides grafted with alkyl side
chains were good at dispersing SWNTs in DMAc but less
effective in distributing SWNTs in polyimide composite films,
especially at high CNT loading. The mechanical properties of
their resultant SWNT/polyimide composites thus improved
only very slightly. Comparing PI-BDA and PI-GNE, we attribute
their different ability to disperse SWNTs in CE matrix to the

dx.doi.org/10.1021/am2002229 |ACS Appl. Mater. Interfaces 2011, 3, 1702-1712
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(a) Pl

(b) PI-GNE

(c) PI-BDA

Figure 5. Snapshots of the complex of a (10, 10) SWNT and (a) P, (b) PI-GNE, (c) PI-BDA. All structures are taken at the end of one trajectory (60 ns).

Figure 6. Optical micrographs of (A) SWNTs/CE, (B) SWNTs/Pl/
CE, (C) SWNTs/PI-GNE/CE, and (D) SWNTs/PI-BDA/CE compo-
sites with 1 wt % SWNT loading. Scale bars are 50 ym.

different structures of their side chains. The structure of PI-BDA side
chain is more similar to that of CE monomer than is that of PI-GNE.
This compatibility between the side-chain of PI-BDA and CE matrix
reduces the likelihood of SWNT aggregation during film prepara-
tion. Because reduced aggregation and improved dispersion is
expected to correlate with reinforcement efficacy of the filler, side-
chain compatibility with the matrix is an important consideration in
the design of effective SWNT-functionalizing materials.

The fracture surfaces of composite films after tensile testing
were characterized with FE-SEM. In SWNTs(1 wt %)/CE nano-
composites, SWNTs are observed as agglomerated ropes divided
by regions containing no SWNTs (Figure 7A1). Many nano-
tubes have been pulled out (Figure 7A2), leaving holes between
nanotubes and CE matrix (indicated by arrows in Figure 7A3),
which indicates weak interfacial bonding between SWNT's and
CE matrix. PI functionalized SWNTs (Figure 7B1—B3) are also
dispersed as aggregates in the CE matrix, and many of the tubes
are found to be pulled out. However, the aggregate size is much
smaller and the nanotube/matrix adhesion seems stronger when
compared with SWNTs/CE. The fracture surface of SWNTs
(1wt %)/PI-GNE/CE composite films (Figure 7C1—C3) show
much better SWNT dispersion in CE matrix compared to SWNTSs/
CE and SWNT's/PI/CE. But there is still some degree of SWNT's
sliding and pulling out of the surface, although other SWNT's are
found to have broken at the surface. Figure 7C3 clearly shows
some big SWNT bundles pulled out (indicated by arrows). In

SWNTs(1 wt %)/PI-BDA/CE composites (Figure 7D1—D3),
SWNT's are homogeneously dispersed on the fracture surface and
most of them are broken or only slightly pulled out from the surface.
Figure 7D3 shows the diffuse character of the edges of the
functionalized SWNTSs, and some nanotubes with the exposed
break end smaller than the end embedded in matrix (indicated by
arrows). These suggest that the SWNTs are covered with a polymer
shell and tightly embedded in the matrix, which would predict
effective load transfer from matrix to SWNTs. All these fracture
surface characteristics are in accordance with the mechanical proper-
ties of the corresponding composites, discussed below.

Raman spectroscopy has been used to study the interactions
between carbon nanotubes and molecules based on the changes
in the position of spectral features due to mechanical modes of
the SWNTs.* Figure 8 shows the Raman spectra of SWNTSs, and
SWNTs/PI, SWNTs/CE, SWNTs/PI-GNE/CE, and SWNTs/
PI-BDA/CE composite films. The peaks at around 1330 and
1590 cm ™" correspond to the defects- and disorder-induced modes
(D band) and the in-plane E,, zone-center mode (G band),
respectively. As compared to pristine SWNTs, no significant
increase in the D/G (defect/graphite) ratio was observed in the
spectra of SWNTs/PI, SWNTs/PI-GNE and SWNTs/PI-BDA,
indicating that few defects were introduced into the SWNT's and
the nanotube length was well preserved. This is expected since
the dispersants interact noncovalently with the SWNTSs and the
sonication applied for composite preparation was not very
severe. The intact SWNT surfaces and long length contributes
to the mechanical properties of the nanotube-reinforced compo-
sites. The G bands of SWNTs/CE (1588 cm™ '), SWNTs/PI/CE
(1590 cm "), SWNTs/PI-GNE/CE (1591 cm™ "), and SWNTs/
PI-BDA/CE (1592 cm™ ') composites were respectively up-
shifted by 3, 5, 6, and 7 cm ™' from the G band of neat SWNTs
(1585 cm™ ). The 3 cm™ ' upshift of G band in SWNTs/CE
composites is due to the interaction between SWNTs and CE
matrix which contains a large amount of triazine and benzene
rings.w’31 The 2—4 cm ! higher upshifts in the SWNTs/PI/CE,
SWNTs/PI-GNE/CE, and SWNTSs/PI-BDA/CE composites com-
pared to SWNT's/CE suggest that the electronic environment of the
SWNT surfaces was changed by the polymeric dispersants. Aro-
matic compounds have been reported to interact with the graphitic
sidewalls of CNTs via 7r-stacking.*** The upshifts of G-band
observed here clearly indicate the 77— interaction between the
SWNTs and the dispersants.'”*> PI-BDA functionalized SWNTs
were upshifted more than SWNT's/PI and SWNT's/PI-GNE, which
may be attributed to their better dispersion resulting a greater degree
of contact of SWNT sidewall with dispersant.

We believe that the stronger nanotube/matrix interfacial bonding
in SWNTs/PI/CE, SWNTs/PI-GNE/CE and SWNTs/PI-BDA/CE
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Figure 7. FE-SEM images of fracture surfaces of (A1—A3) SWNTs/CE, (B2—B3) SWNTs/PI/CE, (C1—C3) SWNTs/PI-GNE/CE, and (D1-D3)
SWNTSs/PI-BDA/CE composites. The SWNT loading in these composites is 1 wt %.

composites than in SWNTs/CE composite is due to polymeric
dispersant adsorbed on nanotube surface, which not only improves
the compatibility between nanotube and matrix but also reacts with
CE matrix. The covalent reaction is realized via the reaction between
—OH group on dispersants and —OCN group on CE matrix, which
has been proved in our previous study.”® The stronger interfacial
bonding in SWNTs/PI-BDA/CE than in SWNTs/PI/CE and
SWNTs/PI-GNE/CE can be attributed to the better dispersion
of SWNTs/PI-BDA, which brings more dispersant-clad nanotube
surfaces into contact with the surrounding CE matrix.

Mechanical Properties of Composite Films. The tensile
properties, including Young’s modulus (E), tensile strength (0),
elongation at break (&), and toughness (T) of neat CE, SWNTs/
CE, SWNTs/PI/CE, SWNTs/PI-GNE/CE and SWNTs/PI-BDA/
CE composites with different SWNT loadings are summarized in
Table 1 and Figure 9. Figure 9A shows representative tensile stress
versus strain curves of neat CE and composites with SWNT loading
of 1 wt %. The Young’s modulus, tensile strength, elongation at
break and toughness of the neat CE are 3.08 £ 0.14 GPa, 101.1 +
6.0 MPa 4.0 + 0.3% and 2.1 & 0.2 MJ m ™, respectively.

Figure 9B shows that for all four kinds of nanotubes, the
Young’s modulus (E) increases as the nanotube loading increases
from 0 to S wt %, but the degree of improvement differs
significantly for the different reinforcement materials. Compared
with neat CE (E = 3.08 & 0.14 GPa), the highest increase in E is
about 7% (to 3.29 £ 0.11 GPa), 13% (to 3.48 & 0.12 GPa), 24%
(to 3.81 £ 0.15 GPa) and 41% (to 4.33 £ 0.14 GPa),
respectively, for SWNTs/CE, SWNTs/PI/CE, SWNTs/PI-
GNE/CE and SWNTs/PI-BDA/CE composites with 5 wt %
of nanotubes. As shown in Figure 9C—E, SWNTs without dis-
persant lead to continuous decrease in 0, € and T as the nanotube
loading increases from 0 to 5 wt %. For SWNT's/P1/CE composite,
a 0.2 wt % loading of SWNT's/PI gives the highest values of g, &
and T, i.e., 0=108.3 £ 7.7 MPa, e =43 £ 0.3%,and T=2.4 +
0.3 MJ m >, corresponding to 7%, 8% and 14% improvements
over neat CE, respectively. Further increase of nanotube loading
impairs tensile properties. With SWNTs/PI-GNE as reinforce-
ment, the composites exhibit an increase in 0 at low CNT loadings
and a decrease at high CNT loadings. The SWNTs(1 wt %)/PI-
GNE/CE composite has the highest strength of 122.3 £ 5.6 MPa,
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corresponding to a 21% increase over neat CE. The ¢ and T
increase initially at SWNT loading of 0.2 wt % but decrease
continuously at higher SWNT loadings. The highest values of ¢
and T are 4.9 £ 0.2% and 3.1 £ 0.1 MJ m ">, respectively, 23%
and 48% above that of neat CE. The SWNTs/PI-DBA/CE
composite films exhibit similar increasing trends with SWNT
loading of 0, € and T to those of SWNTs/PI-GNE/CE composite,
but SWNTs/PI-BDA is more effective in mechanical reinforce-
ment. The increase of 0 continues up to 2 wt % of nanotube
loading, the highest tensile strength at 2 wt % of nanotube is
148.1 £ 7.6 MPa, 46% above neat CE. The highest increase in € is
43% (from 4.0 £ 0.3 to 5.7 & 0.3%) achieved at SWNT loading
of 0.5 wt %, whereas the highest increase in T'is 90% (from 2.1
0.2 to 4.0 = 0.4 MJ m~>) observed at SWNT loading of 1 wt %.
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Figure 8. Raman spectra of (a) SWNTs, (b) SWNTs/CE, (c) SWNTs/
PI/CE, (d) SWNTs/PI-GNE/CE, and (e) SWNTs/PI-BDA/CE com-
posites. The SWNT loading is 5 wt %.

The tensile reinforcement efficacy of fillers can be quantitatively
estimated from the variation rate of Young’s modulus and tensile
strength with weight fraction (dE/dWyr and do/dWyr).'*?¥%*
Our SWNTs(1 wt %)/PI-BDA/CE composite possesses a dE/
dWyr value of 70 GPa and a do/dWyr value of 3540 MPa.
These values compare favorably with results of CNT/thermo-
setting composites reported recently (dE/dWyr and do/dWyr
are 22—63 GPa and 140—2300 MPa, respectively),4'6’35_38
which were calculated and listed in our previous study.'® Our
measurements on the tensile properties of dispersant/CE com-
posites (without SWNTs) show that 1 or S wt % of dispersant has
negligible effect on the tensile properties of the resulting CE
composites (see the Supporting Information). So we conclude
that the effect of these dispersant-functionalized SWNTs on
tensile properties of CE can be mainly attributed to the SWNTs.

The poor reinforcement effect of SWNTs and SWNTs/PI is
obviously due to the large SWNT aggregates and the weak
interfacial adhesion between nanotubes and CE matrix, which
have been discussed previously. The use of PI-GNE or PI-BDA
functionalized SWNTs effectively enhances the mechanical
properties of CE matrix. The superior reinforcement of CE
matrix with SWNTs/PI-BDA as compared to that of SWNTs/
PI-GNE is attributable to their better dispersion in CE matrix and
stronger SWNT-CE interfacial interaction (and, consequently,
more effective load transfer), as demonstrated by FE-SEM
images of the fracture surface of composites (Figure 7) and
Raman spectra (Figure 8). Our SWNTs/PI/CE, SWNTs/PI-
GNE/CE, and SWNTs/PI-BDA/CE composites show increase
of ¢ at relatively low CNT loadings, which is possibly due to the
particular high aspect ratio and highly flexible elastic behavior of
SWNTs during loading. In addition, the entangled SWNT's in
matrix can be further stretched.>® The increase of ¢ is helpful for
improving the fracture toughness of composite, especially if the
tensile modulus also increases. Both SWNTs/PI-GNE/CE and

Table 1. Mechanical Properties of Neat CE and CE Nanocomposites

sample E (GPa)
neat CE 3.08+0.14
SWNTSs(0.2 wt %)/CE 3.1240.09
SWNTs(0.5 wt %)/CE 3.1840.17
SWNTs(1 wt %)/CE 32540.11
SWNTs(2 wt %)/CE 3274013
SWNTSs(S wt %)/CE 329+0.11
SWNTs(0.2 wt %)/P1/CE 3.18+£0.04
SWNTs(0.5 wt %)/P1/CE 3.3340.16
SWNTs(1 wt %)/PI/CE 3.37 £0.10
SWNTSs(2 wt %)/PI/CE 3414023
SWNTSs(5 wt %)/PI/CE 3.48+0.12
SWNTs(0.2 wt %)/PI-GNE/CE 3.30+0.13
SWNTs(0.5 wt %)/PI-GNE/CE 3.40£0.16
SWNTs(1 wt %)/PI-GNE/CE 3.48£0.05
SWNTs(2 wt %)/PI-GNE/CE 3.67+0.10
SWNTs(S wt %)/PI-GNE/CE 3.81+0.15
SWNTSs(0.2 wt %)/PI-BDA/CE 3.35+0.10
SWNTSs(0.5 wt %)/PI-BDA/CE 3.54+0.06
SWNTs(1 wt %)/PI-BDA/CE 3.78£0.12
SWNTs(2 wt %)/PI-BDA/CE 4.0540.07
SWNTs(S wt %)/PI-BDA/CE 4334+ 0.14

? Calculated from the area under the stress—strain curve.

o (MPa) £ (%) T (MJ m—>)
101.1+ 6.0 40+03 21402
90.3+638 34403 16403
751+£78 31402 13402
662 +7.4 26405 09+03
487443 21402 0.640.1
40.6+£82 1.8+04 04402
108.34+7.7 43403 24403
93.545.5 36405 19402
88.4+9.1 32402 1.5+0.1
73.6+ 6.3 28405 12402
643+£89 22406 0.840.2
117.8 £ 4.8 49402 31401
1202463 44403 29403
122345.6 3.8402 26402
117.5+52 3.6+03 24402
110.746.8 3.0+06 19+03
123.045.7 52402 35402
1282+3.8 57403 39403
136.5+5.4 52403 40404
148.1 7.6 42404 36402
1294+ 8.6 3.6+04 26+03
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Figure 9. (A) Representative stress—strain curves of neat CE, SWNTs(1 wt %)/CE, SWNTs(1 wt %)/PI/CE, SWNTs(1 wt %)/PI-GNE/CE, and
SWNTs(1 wt %)/PI-BDA/CE composites. Effect of SWNT content on (B) Young’s modulus, (C) tensile strength, (D) elongation at break, and (E)
toughness of SWNTs/CE, SWNTs/PI/CE, SWNTs/PI-GNE/CE, and SWNTs/PI- BDA/CE composites.

SWNTs/PI-BDA/CE composites show significantly increased
toughness as compared with neat CE. This can be attributed to
the homogeneous SWNT dispersion, which brings more dis-
persant-clad nanotube surface into contact with the CE matrix,
and the strong nanotube/matrix interfacial bonding, both of
which would resist the propagation of cracks during deformation,
leading to increased fracture toughness.”” Increased toughness
for CE composite is very useful because the application of CE is
sometimes limited by its brittle nature. Decrease in o at high
nanotube loadings is observed in our composites, which in fact is
widely reported for other nanotube/polymer composites.'®***!
This may be due to poor wetting of CNTs at high nanotube
loading, which leads to weak interfacial bonding. For our thermo-
setting matrix, another reason may be that CNT's may inadvertently
affect the curing of thermosets and alter the network of cured matrix,
especially near the interface between CNTs and matrix.*

We compare our experimental results with the values predicted
from established models. Young’s modulus data can be analyzed using

the Halpin— Tsai model.”*** For randomly distributed SWNTSs in

a polymer matrix, the modified Halpin—T'sai equation is written as:
3142(/de)y Ve S 14 2n:V5

EC — Ep - ( / )”L e Uk (2)

8 1— ﬂLVf 81— 77TVf

2 —1

i
e =< —— (4)
+2
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where E, Eg; and Ep are the tensile moduli of the composite,
nanotube, and polymer matrix, respectively, If is the average
SWNT length, d; is the average SWNT or SWNT bundle
diameter, and V¢ is the SWNT volume fraction. The SWNT
mass fractions can be converted into volume fraction using the

relation
1 Ps <1 — mf)
—=[Z)(—)+1 5
|4 <Pp) mg (5)

where V;is the SWNT volume fraction, my is the SWNT mass
fraction in polymer matrix and pf and pp are the densities of
CNTs and polymer matrix, res3pective1y. On the basis of the
numerical values pr=1.5gcm >, pp=12¢g cm 3, Ig/d¢ = 1000,
Ep = 3.08 GPa and E; = 640 GPa,** the predicted moduli are 3.44
GPa, 3.97 GPa, 4.86 GPa, 6.66 GPa, and 12.10 GPa for
composites with SWNT loadings of 0.2, 0.5, 1, 2, and S wt %,
respectively. At low SWNT loading (i.e., 0.2 wt %), our experi-
mental results (3.30 and 3.35 GPa for SWNTs(0.2 wt %)/PI-
GNE/CE and SWNTs(0.2 wt %)/PI-BDA/CE composites,
respectively) are very close to the predicted modulus (3.44 GPa),
suggesting excellent SWNTSs dispersion in the case of low
nanotube loading. As the SWNT loading increases, the experi-
mental modulus data diverge from the predicted values.

The tensile strength of CE composites reinforced with
SWNTs can be predicted by a standard equation o¢ = o¢V; +
Om(1 — Vp),* where 0, 05, 0p are the composite, the nanotube,
and the polymer matrix strengths, respectively. V¢ is the volume
fraction of SWNTs. Using this equation with o; = 30.0 GPa,*
Om = 101.1 MPa, the tensile strength of CE composites re-
inforced with SWNTs is calculated to be 148.9, 220.8, 340.8,
581.4, and 1309.1 MPa for CE composites with SWNT loadings
0f0.2,0.5, 1,2, and S wt %, respectively. Our experimental results
are lower than the predicted values, and the difference becomes
larger as the SWNT loading increases.

Possible reasons for the lower experimental results than
theoretical values may include the inevitable nanotube bundling,
relatively weak nanotube/matrix interfacial bonding for nonco-
valently functionalized SWNTs, SWNT-induced impairment of
the network of cured CE, some void defects in composites, and
so on. We believe that better mechanical improvements can be
achieved by optimizing these factors.

B CONCLUSIONS

We have successfully synthesized three kinds of polymer, PI,
PI-GNE and PI-BDA, all of which noncovalently react with
SWNTs via m— interaction. PI-GNE and PI-BDA have similar
high efficacy at dispersing SWNTs into individual tubes in DMF,
while PI is less effective. Computer simulation and Raman
spectra indicate the presence of 71— interaction between
SWNTs and polymeric dispersants. Carbon nanotube-reinforced
CE composites were prepared by solution casting method, using
SWNTs, PI, PI-GNE and PI-BDA functionalized SWNTs as
fillers. SWNTSs/PI-BDA better disperse in CE matrix and have
stronger interfacial adhesion with CE than do SWNTs, SWNTs/
PI and SWNTSs/PI-GNE, which is due to the fact that the side
chain BDA is more compatible with CE matrix and has stronger
covalent bonding with CE. This makes SWNTs/PI-BDA the
most effective at improving the mechanical properties of CE
matrix. 2 wt% of SWNTs/PI-BDA increased the tensile modulus,
strength and toughness of composite by 32, 47 and 71%, respectively.

The experimental modulus and strength were lower than theo-
retical predicted values, especially at high nanotube loadings,
which may be due to inevitable SWNT bundling, relatively weak
SWNT-CE interfacial bonding and SWNT-induced impairment
of the cured CE network. This study suggests that the side-chain
structure of dispersant can greatly affect its ability to disperse
SWNTs in polymer matrix and to improve the SWNT/polymer
interfacial strength, both of which are important for effective
mechanical reinforcement.
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