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ABSTRACT: Poly(4-vinylpyridine) grafts to single-walled carbon nanotubes (SWNT) during in situ free
radical polymerization of 4-vinylpyridine. After removal of catalyst particles and unattached polymer by
centrifugation and ultrafiltration, the SWNT—PVP contains about 63 wt % SWNT by TGA. SWNT—-PVP
solutions in DMF, methanol, and 2-propanol are stable for at least 8 months. Atomic force microscopy
images show individual tubes. Raman spectra are consistent with debundled SWNT having PVP covalently
attached. Near-infrared (NIR) spectra show band gap electronic transitions of SWNT. Layer by layer
deposition of alternating thin films of SWNT—PVP and poly(acrylic acid) (PAA) adds a constant amount
of SWNT—PVP in each bilayer. FTIR spectra of the films show hydrogen bonding between the PVP and

the PAA.

Introduction

Carbon nanotubes are under intensive investigation
for nanostructures because they are metallic or semi-
conducting, exhibit ballistic transport, and have ex-
tremely high thermal conductivity and mechanical
strength.! These properties will be exploited in many
new polymer composites. Solution processing of polymer
composites of single-walled carbon nanotubes (SWNT)
requires dispersion of the inherently insoluble SWNT
and the polymer into a solvent. One method to increase
greatly the solubility of SWNT is chemical functionali-
zation.2 8 Numerous species have been added to the
sidewalls of SWNT including fluorine,® aryl radicals,°
aryl cations,!! hydrogen,!? nitrenes,!314 carbenes,!3:15
radicals, and 1,3-dipoles.%16:17 However, the electronic
properties of SWNT are altered by heavy sidewall
functionalization. Compared with small molecule ad-
ducts of SWNT, grafted polymers improve solubility
with much less alteration of the electronic structure of
SWNT because the long polymer chains provide many
sites for solvation even with a low degree of function-
alization.!8:19 Furthermore, covalent attachment of poly-
mers helps to disperse SWNT into small bundles and
individual tubes.

Previously we dispersed SWNT into water by in situ
free radical polymerization of sodium 4-styrenesulfonate
(NaSS) in the presence of SWNT to give aqueous
solutions of SWNT that are stable for at least 1 year.1?
The proposed mechanism for the process is as follows.
(1) The propagating poly(4-styrenesulfonate) (PSS) mac-
roradicals add to the outermost layer of the bundles of
SWNT. (2) Strong van der Waals attraction of the PSS
to the SWNT overcomes the intertube van der Waals
attractions and breaks the bundles apart. (3) The ionic
functional groups of the PSS enable the SWNT—-PSS
to dissolve in water. Removal of catalyst residues and
amorphous carbon by centrifugation and removal of
unattached PSS by either ultrafiltration or ultracen-
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trifugation give a stable aqueous solution with a 55/45
weight ratio of SWNT/PSS. Multiwall carbon nanotubes
(MWNT) were functionalized also with polystyrene
using similar procedure.2’

Now we report the grafting of poly(4-vinylpyridine)
(PVP) to SWNT by in situ free radical polymerization
in DMF. The process requires no pretreatment of SWNT
and works well with as-received HiPco SWNT. Debun-
dling and functionalization of SWNT are achieved in one
step. The dispersion of SWNT—PVP contains individual
tubes and forms alternating multilayer thin films with
poly(acrylic acid) (PAA).

Experimental Section

Materials. SWNT (BuckyPearls, HiPco batch P0205) were
used as received from Carbon Nanotechnologies Inc., Houston,
TX. 4-Vinylpyridine (Aldrich, 95%) was vacuum-distilled twice
before use. Azobis(isobutyronitrile) (AIBN) was crystallized
from methanol. PAA (M,, = 100 000) and branched poly-
(ethylenimine) (PEI) (M, = 70 000) were used as received from
Aldrich. All other reagents and solvents were used as received
from Aldrich or Acros Chemicals. Water was triply deionized
with a Barnstead E-pure system to conductivity less than 1 x
107¢ ohm™! em™.

Instruments and Measurements. The separations of
SWNT-PVP from the impurities were performed with a IEC
centrifuge Size 2, Model EXD instrument at 6000g and by
ultrafiltration through a 0.2 yum PTFE membrane. Water bath
sonication was performed with a FS30 (Fisher Scientific)
sonicator. Thermogravimetric analyses were performed with
a Shimadzu TGA50/50H instrument. Raman spectra were
recorded on a Jovin Yvon-Horiba Lab Raman spectrometer
equipped with a CCD detector and 514 nm laser excitation.
Near-IR spectra were recorded on Bruker Equinox 55 FTIR/
FTNIR instrument. The samples for Raman and near-IR
measurements were dip-coated from a dilute DMF solution of
SWNT—-PVP onto a glass coverslip and air-dried. Atomic force
micrographs were obtained using a Multimode Nanoscope I1Ia
SPM (Digital Instruments, St. Barbara, CA) operating in the
tapping mode under ambient conditions using Si cantilevers
with a spring constant of about 20 N/m and a resonance
frequency of about 265 kHz. The set-point amplitude ratio was
maintained at 0.9 to minimize sample deformation by the tip.
The samples for AFM measurements were dip-coated from
dilute solutions in DMF onto a freshly cleaved mica surface
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and air-dried. Mid-IR spectra of a film of five bilayers of
(SWNT—-PVP/PAA) on a CaF; plate were recorded on a Perkin-
Elmer 2000 FTIR instrument. Transmission UV—vis spectra
were recorded from thin films coated on quartz on a Hewlett-
Packard 8453A diode array spectrophotometer. 'H NMR
spectra were recorded at 300 MHz on a Varian Gemini
spectrometer.

Polymerization and Purification. A 50 mL dried Schlenk
flask was charged with a magnetic stirrer, 25 mg of SWNT,
and 35 mL of DMF. After stirring for 6 h at room temperature,
40 mg of AIBN and 5.0 g of 4-VP were added, and the mixture
was degassed by four freeze—pump—thaw cycles. The flask was
placed in a thermostated oil bath at 65 °C under stirring. After
48 h the mixture was cooled to room temperature, diluted to
300 mL with fresh DMF, bath sonicated for 1 h, and centri-
fuged for 6 h. After removal of the homogeneous black
supernatant, the black sediment (mainly carbon-coated iron
particles and unreacted large SWNT bundles) was redispersed
in DMF by stirring and centrifuged for 3 h, and the superna-
tant was collected. The centrifugation procedure was repeated
two times.

The combined black solution was vacuum-filtered through
a 0.2 yum PTFE membrane and washed 10 times with 40 mL
of DMF for each time. All of the solid was dissolved in 100
mL of DMF, and 30 mL of the solution was dried to obtain 8.1
mg of solid. The 'H NMR spectrum of SWNT—PVP showed
broad signals at 1.0—2.5, 6.2—7.2, and 7.7—8.7 ppm. The 'H
NMR spectrum of PVP from the ultrafiltrate showed narrower
signals from PVP and signals from a trace of monomeric
4-vinylpyridine.

In a control experiment, 5 mg of pristine SWNT, 1.0 g of
PVP (recovered from the filtrate of the grafted SWNT—-PVP),
and 7 mL of DMF were stirred for 48 h at 65 °C, diluted to 60
mL with DMF, and sonicated for 1 h. The SWNT precipitated,
leaving a slightly gray DMF solution.

(SWNT-PVP/PAA), Multilayer Films. A 1.0 x 0.5 cm?
quartz wafer was cleaned with 30% H:Os and concentrated
sulfuric acid (3:7 in volume) at 100 °C for 30 min and rinsed
10 times with water. The wafer was immersed in an aqueous
PEI solution (1 mg/mL) for 10 min, rinsed by dipping three
times into water for 1 min, immersed in solution of PAA in
methanol (1.0 mg/mL) for 5 min, and rinsed by dipping three
times into methanol for 1 min. Bilayers of (SWNT—PVP/PAA)
were coated by alternately dipping into a methanol solution
of SWNT—PVP (0.5 mg/mL) for 20 min, rinsing with methanol
three times, dipping into the PAA solution for 5 min, and
rinsing three times with methanol. PVP/PAA multilayer films
were fabricated from methanol solutions of PVP (1.0 mg/mL)
and PAA (1.0 mg/mL) by the same procedure.

Results and Discussion

The grafting of PVP to SWNT was carried out by
dispersing the SWNT in a DMF solution of 4-vinylpy-
ridine and polymerizing with AIBN as a radical initiator
as shown in Scheme 1. The procedure was similar to
that used for grafting of PSS to SWNT in water.1* DMF
is a good solvent for the dispersion of SWNT.21.22
Residual catalyst and excess unbound PVP were re-
moved by gentle centrifugation and ultrafiltration. The
mat of SWNT—PVP that was collected by ultrafiltration
was dissolved by stirring or water bath sonication in
DMF, methanol, and 2-propanol to give 0.27 mg mL™!
solutions that were stable for at least 8 months. In a
control experiment, stirring for 48 h at 65 °C with PVP
in DMF failed to disperse the pristine SWNT, which
indicates that the stable SWNT solution is not due to
adsorption of PVP.

TGA of the SWNT—-PVP gave 39% weight loss in a
nitrogen atmosphere at 600 °C (Figure 1a-1), indicating
that the composite contained 39% PVP. In a control
experiment all of the bulk PVP was lost at <450 °C in
nitrogen as shown in Figure 1a-3. To test for possible
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formation of stable carbonaceous product from PVP and
SWNT during the pyrolysis of SWNT—-PVP, a 30/70
weight ratio of pristine SWNT and the PVP that was
recovered from the ultrafiltrate of the grafted SWNT—
PVP was ground with a mortar and pestle. The weight
loss during TGA of the ground mixture matched well
with the theoretical value as shown in Figure 1la-2,
which supports the conclusion that the entire PVP
component in SWNT/PVP was lost during TGA. By TGA
in air, both SWNT and PVP were lost from the com-
posite at 600 °C to leave less than 1 wt % of catalyst
residue (Figure 1b-1,3). About 18% of iron oxide (pre-
sumed to be FeyO3) was left from the pristine SWNT
(Figure 1b-2), which is consistent with the metal
impurity (Fe, 13%) in pristine SWNT provided by the
manufacturer. Therefore, the composite contains SWNT
and PVP, with a 61/39 weight ratio and <1 wt % of
catalyst. Moreover, the procedure recovered 68% of the
original carbon material in the form of both individual
and bundles of SWNT—PVP. Purifications of HiPco
SWNT by dispersal with a variety of surfactants and
polymers by high shear mixing, sonication, and ultra-
centrifugation recovered from the supernatant less than
10% of the original carbon that was highly enriched in
individual SWNT.23 The much larger amounts recovered
after polymer grafting are due to redispersion of the mat
of solid carbon material from ultrafiltration with the
supernatant.
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Figure 1. (a) TGA thermograms of SWNT-PVP (1), a
mixture of SWNT and PVP in a 30/70 weight ratio (2), and
PVP (3) in a nitrogen atmosphere. (b) TGA thermograms of
pristine SWNT (1), SWNT-PVP (2), and PVP (3) in air.
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Figure 2. AFM height images of SWNT—PVP on a mica
surface.

The distribution of diameters and lengths of the
functionalized SWNT were determined by tapping mode
AFM. The images in Figure 2 show individual SWNT
and bundles of tubes. The contour lengths range from
several hundred nanometers to several micrometers.
The heights of tubes range from 0.8 to 3.2 nm with an
average of 1.5 nm from 30 measurements of different
tubes and of the same tube at different positions. The
diameters of individual pristine HiPco SWNT range
from 0.6 to 1.3 nm.?* Since the PVP chains thicken the
contour of SWNT in AFM images, the 1.5 nm height of
the SWNT—PVP is consistent with single tubes. Some
long single tubes had different heights at different
locations on the tube, indicating that not all of the tube
surfaces were covered by PVP or that what appeared
to be one tube was actually overlapping tubes.

Figure 3 shows the Raman spectra of both pristine
SWNT and SWNT—-PVP composite from 514 nm laser
excitation. The spectrum of pristine SWNT has peaks
from the radial breathing modes (RBM) at 150—320
cm~!, the G-band at 1500—1600 cm™!, and a very weak
disorder peak (the D-band) at 1300—1400 cm™!, which
is attributed to scattering from sp3 carbon defects in the
side walls of the SWNT. An inverse relation between
the RBM peak frequencies and the diameters of the
nanotubes is well established.?5:26 Although the reso-
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Figure 3. Raman spectra of solid SWNT—PVP and pristine
SWNT from 514 nm laser excitation.
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Figure 4. Transmission near-infrared spectra of films of
pristine SWNT (a) and SWNT—PVP (b).

nance Raman spectrum from excitation at a single
wavelength does not detect all types of tubes in the
sample, and 514 nm excitation detects mainly metallic
SWNT, several peaks in the RBM region indicate a
distribution of nanotube diameters. The SWNT—-PVP
shows basically the same Raman spectral pattern as
pristine SWNT. Compared with the spectrum of pristine
SWNT, the D-band in SWNT—PVP is enhanced. Since
the adsorption of surfactants and polymers has little
effect on the D-band, the Raman results support co-
valent functionalization of the nanotube sidewalls. In
the RBM region of the spectrum of SWNT—-PVP (Figure
3 inset), the peaks are shifted to higher frequency by
5—8 cm ™! relative to those of pristine SWNT, indicating
that the grafting of PVP had little effect on the distribu-
tion of diameters of the SWNT detected. An upshift of
about 3 em™! also occurred in the G-band. The peak
ratios in the G-band also changed. This upshift has been
attributed to debundling.2%-28

Chemical functionalization of the nanotube surface
alters the electronic structure. The low-energy, inter-
band, electronic transitions of SWNT appear in the
near-infrared spectrum. In Figure 4, the near-IR spec-
trum of SWNT—PVP still shows the interband transi-
tions, but with an average shift to lower wavelength by
21 nm due to alteration of the m-electron system.
Therefore, the near-IR spectrum supports a low density
of PVP chains added to the SWNT side walls, which
agrees with the Raman and TGA results. Heavy func-
tionalization of SWNT leaves no discernible peaks in
the near-IR spectrum.1%:11

Layer by Layer Thin Films. Incorporation of SWNT
should enhance the electrical conductivity and the
mechanical strength of thin polymer films. Multilayer
films of SWNT—-PVP/PAA and PVP/PAA were fabri-
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Figure 5. Transmission UV—vis absorption spectra of SWNT—

PVP/PAA (a) and PVP/PAA (b) multilayer films with different
numbers of bilayers.

cated using methanol solutions for LBL deposition on
a quartz substrate.?? Robust LBL films of PVP and PAA
have been fabricated before based on hydrogen bonding
between pyridine and carboxylic acid groups.’° The
thickness of the bilayers can be adjusted by changing
the concentrations and the molecular weights of both
polymers. Figure 5a shows the UV-—vis absorption
spectra of the SWNT—PVP multilayer film with differ-
ent numbers of bilayers. Using absorption at 256 nm to
measure PVP and absorption at 350 nm to measure
SWNT, the linear increases of absorbance with number
of bilayers deposited indicate uniform thicknesses of the
bilayers of both SWNT—PVP/PAA and PVP/PAA (insets
of Figure 5a,b). The absorbance of PVP at 256 nm in
the SWNT—-PVP/PAA films is slightly weaker than that
in the PVP/PAA films having the same number of
bilayers because the concentration of SWNT—PVP (0.5
mg/mL) used for depositions was lower than that of PVP
(1.0 mg/mL).

The AFM image in Figure 6 of a SWNT—-PVP/PAA
multilayer film on a silicon wafer shows SWNT several
hundred nanometers to several micrometers in length
and a relatively smooth polymer surface. The SWNT on
the surface of a film having PAA as the last layer
deposited indicate mixing of the PVP and PAA in the
film.

The driving force for the LBL film fabrication was
identified by mid-IR spectroscopy. Figure 7a shows the
spectra of pure PVP, SWNT—-PVP, and PAA on CaF,
plates. The spectra of PVP and SWNT—PVP are basi-
cally the same due to strong absorption by PVP and
weak absorption of SWNT. The broad peak at 1708 cm ™!
in the spectrum of PAA alone (Figure 7a) is due to
hydrogen-bonded carboxylic acid groups. Figure 7b
shows the IR spectra of five bilayer (SWNT—PVP/PAA);
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Figure 7. Transmission FTIR spectra of (a) cast films of pure
PVP (1), SWNT-PVP (2), pure PAA (3) and (b) (SWNT—-PVP/
PAA); (1) and (PVP/PAA); (2) multilayer films on a CaF'; plate.

and (PVP/PAA); films. The carbonyl stretching vibration
of the SWNT—PVP/PAA film at 1718 cm~! shows that
the carboxylic acid groups are in a less associated state
than in PAA alone. The bands due to pyridine groups
in SWNT—PVP shifted from 1415, 1556, and 1597 cm™~!
to 1417, 1559, and 1602 cm ™! after assembly with PAA,
indicating interaction between PAA and PVP.303! Fur-
thermore, the O—H stretching vibrations at 2500 and
1945 cm ! indicate a strong hydrogen bonding between
the carboxylic acid of PAA and the pyridine groups of
PVP.30-32 Thus, hydrogen bonding is the driving force
for the SWNT—-PVP/PAA film construction. The PVP/
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PAA film has basically the same IR spectrum as the
SWNT—-PVP/PAA film. Thus, the PVP adheres strongly
to PAA in the films by hydrogen bonding both in the
presence and in the absence of SWNT.

In conclusion, chemical functionalization by in situ
polymerization of 4-vinylpyridine is an effective method
for solubilization of HiPco SWNT and for removal of
catalyst impurities. Raman and near-IR spectra, and
the 61/39 SWNT/PVP composition of the material,
support grafting of the polymer to the sidewalls of the
SWNT. The SWNT—PVP dissolves well in good solvents
for PVP. Alternating layers of SWNT—PVP and PAA
in LBL films adhere strongly by hydrogen bonding.
Thicker films will be prepared to determine the effect
of SWNT on the electrical conductivity and the mechan-
ical strength.
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