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ABSTRACT: Carbon nanofibers (CNFs) were covalently
functionalized with biodegradable poly(e-caprolactone)
(PCL) by in situ ring-opening polymerization (ROP) of e-cap-
rolactone in the presence of stannous octoate. Surface oxida-
tion treatment of the pristine CNFs afforded carboxylic CNFs
(CNF-COOH). Reaction of CNF-COOH with excess thionyl
chloride (SOCl,) and glycol produced hydroxyl-functional-
ized CNFs (CNF-OH). Using CNF-OH as macroinitiator,
PCL was covalently grafted from the surfaces of CNFs by
ROP, in either the presence or absence of sacrificial initiator,
butanol. The grafted PCL content was achieved as high as
64.2 wt %, and can be controlled to some extent by adjusting
the feed ratio of monomer to CNF-OH. The resulting prod-

ucts were characterized by FTIR, NMR, Raman spectroscopy,
TGA, DSC, SEM, TEM, HRTEM, and XRD. Core-shell nano-
structures were observed under HRTEM for the PCL-func-
tionalized CNFs because of the thorough grafting. The PCL-
grafted CNFs showed different melting and crystallization
behaviors from the mechanical mixture of PCL and CNEF-
OH. This approach to PCL-functionalized CNFs opens an av-
enue for the synthesis, modification, and application of CNF-
based nanomaterials and biomaterials. © 2007 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 105: 629-640, 2007
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INTRODUCTION

Carbon nanomaterials are a particularly fascinating
subclass of nanomaterials, since different conforma-
tion or morphology of nanocarbons may show
extremely different or even opposite properties from
each other. Carbon nanomaterials mainly include full-
erenes,! carbon nanotubes (CNTs),>® carbon nanofib-
ers (CNFs),* carbon nanocones® or horns,® carbon
spheres,7 and nanodiamonds.® Functionalization of
carbon nanomaterials is a powerful strategy to im-
prove their solubility or wettability, realize their
potential in a wide range of application, and prepare
novel materials with tailor-made structures and prop-
erties.”’” In this regard, functionalization of carbon
nanomaterials with polymers or biomacromolecules is
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of particular interest, because different properties of
both materials can be integrated into one hybrid
object."! For instance, different types of polymeric full-
erene derivatives, including main-chain, side-chain,
star-shaped, and fullerene-end-capped ones, have
been prepared successfully.'” Grafting polymer from
surfaces of carbon black'® or carbon spheres'* by sur-
face-initiated atom transfer radical polymerization
(ATRP) has been realized. Polymeric functionalization
of quantum-sized carbon dots for bright and colorful
photoluminescence'® and immobilization of DNA
onto the carbon nanodots'® have also been reported.
Significantly, polymer-functionalized CNTs have also
been widely addressed because of the unique proper-
ties and tremendous potential of CNTs. Up to now,
polymers made from (meth)acrylic,'"” " styrenic® and
acrylamide-type monomers,”' and polyolefin,* poly-
ether,” polyester,® polyamide,® polyimide,*® poly-
urea,” polyurethane,”® and polyaniline, etc., have
been successfully grafted from/to surfaces of CNTs
by means of controlled /living radical polymerization,
radical polymerization, anionic or cationic polymer—
ization, polycondensation, esterification, radical cou-
pling, and so forth via the so-called grafting from or
grafting to strategy. The grafting to method means
direct attachment of polymers with functional or reac-
tive groups to a substrate.’® The grafted content is of-
ten limited due to the steric hindrance effect and low
reactivity of macromolecules.> By contrast, in the
grafting from strategy, polymer brushes are grown
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from a substrate by surface-initiated in situ polymer-
ization of monomers."””'*?! This strategy makes con-
trolled/living polymerization on a substrate accessi-
ble, resulting in good controllability on the content
and structure of the grafted polymer.'” %!

Functionalization of CNFs with polymers is also of
intriguing interest to both scientists and engineers.
CNFs are considered as analogs of CNTs, and have
comparatively excellent properties of CNTs such as
high electric and thermal conductivity and strong me-
chanical strength. Therefore, CNFs can replace CNTs
in some applications such as polymer additives,* gas
storage materials,® electrode for fuel cell,®* and cata-
lyst supports.”® Accordingly functionalizing CNFs
with polymers and investigating corresponding poly-
merization principles in the presence of CNFs are of
significance. Lukehart and coworkers prepared
hydrophobic and hydrophilic polymer brushes on
surfaces of graphitic CNFs using ATRP.*® Tan and
coworkers functionalized vapor-grown CNFs with
meta-poly(ether-ketone) via in situ polycondensation
of 3-phenoxybenzoic acid in poly(phosphoric acid).*”
Hamers and coworkers covalently modified CNFs
with DNA.? Polyaniline-coated CNFs were also fabri-
cated by a technique of one-step vapor deposition po-
lymerization.” By the way, small organic molecule-
functionalized CNFs were also reported recently.*

Considering potential applications of functionalized
CNFs in bionanotechnology, herein, we graft biode-
gradable poly(e-caprolactone) (PCL)***! from surfaces
of CNFs by in situ ring-opening polymerization
(ROP). The resulting PCL-grafted CNFs can be rela-
tively well dispersed in common organic solvents,
such as tetrahydrofuran (THF) and chloroform. The
covalent grafting between PCL and CNFs was con-
firmed by the measurements of hydrogen nuclear
magnetic resonance (NMR), Fourier-transform infra-
red (FTIR), transmission electron microscopy (TEM),
scanning electron microscopy (SEM), differential scan-
ning calorimetry (DSC), and XRD.

EXPERIMENTAL
Materials

Vapor-grown CNFs were donated from Showa Denko
of Japan (150 nm in diameter and 10-20 pm in length).
The monomer, e-caprolactone (Acros, 99%), was dried
over CaH, at room temperature for 48 h and distilled
under reduced pressure. Butyl alcohol and ethylene
glycol were purchased from Zhengxin Chemical
(Shanghai, China), distilled under reduced pressure,
and stored in the presence of 4-A molecular sieves.
Stannous octoate was purchased from Sigma-Aldrich
and used as received. THF, methanol, and other or-
ganic reagents or solvents were obtained from Shang-
hai Reagent and used as received.
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Instrumentation

FTIR spectra were recorded on a PE Paragon 1000
spectrometer. 'H NMR spectra were measured with a
Varian Mercury Plus 400 MHz spectrometer, using
CDCl; as the solvent. Molecular weights were meas-
ured by gel permeation chromatography (GPC) using
PE series 200, with PS as standards and THF as the
eluent at a flow rate of 1 mL/min. Thermal gravimet-
ric analysis (TGA) was conducted on a PE TGA-7
instrument with a heating rate of 20°C/min in a nitro-
gen flow (20 mL/min). Raman spectra were recorded
on a LabRam-1B Raman spectroscope operating at a
laser wavelength of 632 nm. SEM images were
recorded using a LEO 1550VP field-emission micro-
scope. TEM analysis was performed on JEOL JEM2010
and high-resolution TEM (HRTEM) was conducted on
JEOL JEM 2100F, and they were operated at 200 kV.
Photographs of the samples in solvents were taken
using a digital camera (Sony, DSC-570). DSC was per-
formed under a nitrogen atmosphere, with heating
and cooling rates of 10°C/min using a Perkin-Elmer
Pyris-1. Wide-angle X-ray diffraction (WAXD) of com-
pressed-molded specimens was recorded on a Rigaku
X-ray diffractometer D/MAX-2200/PC, with Cu Ku
radiation (40 kV, 20 mA) at a rate of 4.0°/min over the
range of 5” < 20 < 40°.

Acid treatment of CNFs

In a typical experiment, 5 g of crude CNFs were added
into a 250 mL round-bottom flask, with 100 mL mix-
ture of concentrated sulfuric acid (98%) and nitric acid
(60%) (3:1 by volume). The mixture was sonicated in a
bath (40 Hz) for 10 min and then heated to reflux
(120°C) for 2 h. After cooling to room temperature, the
mixture was diluted with 800 mL of deionized water
and then filtered with 0.22-pm Milipore polycarbonate
membrane. The black solid was then redispersed in
water and filtered again. The dispersing and filtration
steps were repeated at least four cycles, until the pH
of the filtrate approached 7. The final black solid was
collected by centrifuging and then dried under vac-
uum for 24 h at 60°C, giving rise to 3.5 g (~ 70% of
yield) of carboxylic CNFs (CNF-COOH).

Synthesis of CNF-OH

Typically, the as-prepared CNF-COOH (2 g) was dis-
persed in SOCl, (80 mL) and stirred at 70°C for 24 h.
The residual SOCl, was removed by reduced pres-
sure, giving acyl chloride-functionalized CNFs (CNF-
COCl). Glycol (80 mL) was mixed with CNF-COCI
and the mixture was stirred at 120°C for 48 h. The
solid was collected after repeated washing and filtra-
tion with THF, using the Milipore membrane as men-
tioned earlier. After drying under vacuum over night
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TABLEI
Reaction Conditions and Selected Results for Grafting Poly(e-caprolactone) from
the Surfaces of Carbon Nanofibers (CNFs)

Sample tha Rmolb fwtC (0/0) COI’lVd (0/0) 1\/Irl,tl'\eoe ]\/In,convf Mng PDI®
PCL 13.48/0.12/- 73/1/- - 61 8327 5079 4230 1.19
CNF-PCL1 3.37/0.12/0.1 417/22.8/1 19.8 90 2086 1877 1870 5.86
CNF-PCL2 6.76/0.12/0.1 837/22.8/1 21.9 81 4187 3391 3130 4.71
CNE-PCL3 13.48/0.12/0.1 1669/22.8/1 29.5 55 8350 4592 3480 4.48
CNEF-PCL4 26.96/0.12/0.1 3338/22.8/1 32.7 42 16700 7014 6340 1.99
CNEF-PCL5 3.37/-/0.1 417/-/1 39.7 10 - - 5200 4.58
CNE-PCL6 13.48/-/0.1 1669/-/1 64.2 5 - - 8270 1.49

? The weight feed ratio of e-caprolactone/butyl alcohol/CNF-OH; for PCL, Ry is the weight feed ratio of e-caprolactone/
butyl alcohol, and for CNF-PCL5 or CNF-PCL6, R, is the weight feed ratio of e-caprolactone/CNF-OH.
"The mole feed ratio of e-caprolactone /butyl alcohol /CNF-OH.

¢ The grafted PCL weight fraction calculated from TGA data.

4 The conversion of e-caprolactone. For samples of CNF-PCL1-4, it is calculated from the weight ratio of the free PCL to
monomer; for samples of CNF-PCL5 (free PCL is 0.27 g) and CNF-PCL6 (free PCL is 0.5 g), it was calculated from the weight

ratio of (free PCL + grafted PCL)/monomer.

¢ Theoretical molecular weight, M,; iheo = Rmo1 X €-caprolactone molar mass (114.14).

f .
M, conv = M, theo X cOnversion.

& The number-average molecular weight (M,,) and polydispersity index (PDI) of the free polymer measured by GPC.

at 60°C, 1.8 g of hydroxyl functionalized CNFs (CNF-
OH) was obtained.

Synthesis of PCL-grafted CNFs

Typically (CNF-PCL3 in Table I), the as-prepared
CNF-OH (0.1 g) was added into a 25 mL round-bot-
tom flask, which was then dried under vacuum at
80°C for 2 h to remove any traces of water. The flask
was sealed with a rubber plug. Butyl alcohol (0.12 g,
1.6 mmol) and e-caprolactone (13.48 g, 0.118 mol)
were injected into the flask using degassed syringes,
respectively. The flask was evacuated and filled thrice
with high-purity nitrogen to eliminate the influence of
oxygen. Then, 4.05 mg (0.03 wt % of the g-caprolac-
tone) of stannous octoate was injected, and the mix-
ture was stirred at 120°C in an oil bath for 24 h. The
viscosity of the mixture was increased gradually, indi-
cating that polymerization occurred. After 24 h, the
mixture was too viscous to stir. After cooling to room
temperature, the mixture was dissolved in 300 mL
THEF, sonicated in a bath (40 Hz) for several minutes,
and filtered subsequently. The free PCL was obtained
from the filtrate by precipitation into methanol. The
black solid was then redispersed in THF and filtered
again. The dispersing and filtration steps were
repeated at least four cycles to remove the ungrafted
polymer in the product (no precipitation was
observed when the filtrate was added to methanol).
The final solid product of PCL-grafted CNFs (CNF-g-
PCL) was then collected by centrifuging from the THF
solution.

The same protocol was employed to prepare the
CNEF-PCL5 and CNF-PCL6 (Table I), except that no
butyl alcohol was added as a sacrificial initiator.

Also, control experiments of butanol-initiated poly-
merization of g-caprolactone in the presence of CNF-
COOH or pristine CNFs were conducted. The synthe-
sis steps and feed ratios were the same as the case
of CNF-PCL3 (Table I), except that CNF-OH was
replaced by CNF-COOH or pristine CNFs.

RESULTS AND DISCUSSION

Owing to the biodegradation and biocompatibility,
PCL is widely used in scientific research as well as in
industries such as biomedicine and environmental
friendly wrapper. PCL-functionalized surfaces or sub-
strates, such as silica (~ 30 nm) or cadmium sulfide
(~ 1.5 nm) nanopar’ficles,42 v-Fe,O3 nanoparticles,43
and starch-like polysaccharides,** etc., have been
achieved.* However, as far as we know, PCL-grafted
CNFs were not reported yet. To functionalize CNFs
with PCL and to integrate the unique properties of
both materials into one hybrid nanomaterial, beyond
all doubt, is of great interest and significance. Herein,
we focus on the synthesis and characterization of
PCL-functionalized CNFs. The mechanical, electrical,
and other properties and applications of the resulting
hybrid nanomaterials will be addressed later.

Preparation of CNF-OH macroinitiator

To graft PCL from the surfaces of CNFs by ROP via
the grafting from approach, hydroxyl-functionalized
CNFs (CNF-OH) were first synthesized as macroini-
tiators. Figure 1 shows the synthesis steps. It was
reported that oxidative acid treatment is one of the
effective methods to introduce functional groups such
as carboxyl ones on CNFs* or CNTs.'® Herein, the
mixture of concentrated H,SO, and HNO; (1 : 3 by
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Figure1 Synthesis of PCL-grafted CNFs.

volume) was used to oxidize CNFs, affording carbox-
ylic CNFs (CNF-COOH). CNF-COOH was then
reacted with excess SOCl,, resulting in acyl chloride-
functionalized CNFs (CNF-COCI). The CNF-COCI
was subsequently reacted with excess glycol, produc-
ing the macroinitiator of CNF-OH. TGA, shown in
Figure 2, indicates that the weight-loss of the pristine
CNFs is 1.0% from 240°C to 440°C and 3.2% at 800°C,
respectively. The weight loss of CNF-OH is 6.3% from
240°C to 440°C. Hence, the hydroxyl content cova-
lently anchored on CNFs is about 5.3 wt %, corre-
sponding to ~ 0.60 mmol/g of hydroxyl density of
CNF-OH. From the surface area of CNFs (~ 65 m”/g),
we calculated the average surface density of hydroxyl
to be ~ 56 hydroxyl/10 nm® As a comparison, for
hydroxyl-functionalized multiwalled carbon nano-
tubes (MWNT-OH) prepared with the similar process,
the hydroxyl density can reach ~ 1.06 mmol/g (~ 54
hydroxyl/10 nm” assuming the surface area of the
MWNTs is 120 m?/g).** This can be explained by the
fact that the surface area of CNFs is much lower than
that of MWNTs with the same mass, because of the
larger diameter.

PCL was grown from the surfaces of CNFs, with
CNF-OH as the macroinitiator by ROP of e-caprolac-
tone in bulk, in the presence of stannous octoate (Fig.
1). Different contents of PCL were covalently grafted
from the surface of CNFs by controlling the feed ratio
of monomer to the initiator. The reaction conditions
and selected results are listed in Table 1.

Two initiating manners were tried comparatively
with sole CNF-OH and a mixture of CNF-OH and
butyl alcohol as initiator. In the presence of the sacri-
ficial initiator of butyl alcohol, both CNF-OH and
butyl alcohol can initiate the ROP of e-caprolactone,

Journal of Applied Polymer Science DOI 10.1002/app

resulting in PCL-grafted CNFs and free PCL. The
free PCL can be collected and used to estimate the
molecular weight of the grafted polymer. Four
experiments with different ratios of monomer to the
coinitiator, but the same ratio of butyl alcohol to
CNF-OH, were performed. When the feed ratio of
monomer/butyl alcohol/CNF-OH was increased
from 417/22.8/1 to 3338/22.8/1, the conversion of ¢-
caprolactone monomer decreased from 90% to 42%,
most likely due to the higher viscosity in the case of
greater feed ratio when the polymerization
approaches a certain degree. The theoretical molecu-
lar weight we have designed through the feed ratio
of monomer to initiators is from 2086 to 16,700 g/

100
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Figure 2 TGA curves of pristine CNFs, CNF-OH, CNF-g-
PCL, and neat PCL.
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Figure 3 FTIR spectra of (1) pristine CNFs, (2) CNF-
COOH, (3) CNF-OH, (4) CNF-PCL5, and (5) neat PCL.

mol at a full conversion. Although the conversion of
monomer decreased with increase in the feed ratio,
the number-average molecular weight (M,) of the
free PCL calculated from the monomer conversion
still increased (Table I). GPC data confirmed our
supposition, the M, of the free PCL increased from
1870 to 6340 g/mol. Correspondingly, the weight
fraction of PCL grafted on CNFs (f, o) increased
regularly from 19.8 to 32.7 wt % (Fig. 2 and Table I),
which can be possibly attributed to the increase of
M,, of PCL grafted on the CNFs. This indicates that
the grafted polymer amount on CNFs can be con-
trolled to some extent by the feed ratio of monomer
to the coinitiator. It is noteworthy that polydispersity
index (PDI) of the free polymer in the presence of
CNF-OH (5.86-1.99) is much broader than that in the
control experiment without CNFs (1.19), and
decreases with increasing the feed ratio. Similar phe-
nomenon was also observed in the cases of CNTs.**
By comparison, for the cases of functionalized CNTs
by ATRP, PDI (1.77-3.57) increased with increasing
the feed ratio, most likely due to more polymer cou-
pling.*

For the cases without butyl alcohol, the grafted PCl
content (fi o) increased from 39.8 to 64.2 wt % when
the mass feed ratio of monomer to CNF-OH was
increased from 33.7/1 to 134.8/1 (Fig. 2 and Table I).
Although no sacrificial initiator was added to the reac-
tion system, free polymer ungrafted on CNFs was also
obtained owing to the existence of tiny amount of
water or glycol in the whole reaction system
(including some adsorbed by the CNF-OH). From the
weight of the free PCL, we calculated the mass frac-

tion of sacrificial initiators (such as H,O, etc.) in the
whole reaction system is about 0.9-1 wt % of CNF-OH
(Table I). The M,, of the free PCL was 5200 g/mol for
CNEF-PCL5 and 8270 g/mol for CNF-CPL6. Both val-
ues are not very high, mainly because the conversion
of monomer is very low (10% for CNF-PCL5 and 5%
for CNF-CPL6). Again, the M, increased and PDI
decreased with increasing the feed ratio. The compar-
ative experiments showed that higher grafting effi-
ciency can be achieved by using sole macroinitiator of
CNF-OH.

Also, to ensure the higher initiation efficiency of the
hydroxyl grafted on the surface of CNFs, butanol-initi-
ated polymerizations of e-caprolactone in the presence
of CNF-COOH or pristine CNFs with the same syn-
thesis approach and feed ratios were tried. For the
case of pristine CNFs, TGA measurements showed
that the lost weight below 500°C was lower than 1.5
wt %. For the case of CNF-COOH, the lost weight
below 500°C was 15.5 wt %, because the carboxyl
groups on the CNFs can also initiate the ROP of e-cap-
rolactone. While for the case of CNF-OH, the grafted
content of PCL can achieve as high as 29.5 wt % (see
CNF-CPL3 in Table I).

FTIR and NMR spectra

The chemical structure of the resulting PCL-grafted
CNFs was analyzed by FTIR and NMR. Figure 3
shows the FTIR spectra of samples. The pristine CNFs
show a peak at 1634 cm ™! corresponding to the sp”
C=C stretching vibration. A small peak at 1715 cm
associated with C=O stretching vibration was
observed for the CNF-COOH and CNF-OH, indicat-
ing the existence of carboxyl and ester groups on

CNF%‘\C:HZCHZCHZCHZCHZO{—H
e d ¢ b a n

cocl, a e

ppm
Figure4 'HNMR spectrum of CNF-PCL4 (in CDCl5).
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Figure 5 Raman spectra of (1) pristine CNFs, (2) CNF-
PCL1, (3) CNF-PCL5, (4) CNF-PCL6, and (5) neat PCL.

CNF-COOH and CNF-OH, respectively. A strong car-
bonyl peak at 1725 cm ™" and two peaks at 2926 and
2866 cm ' assigned to the sp® C—H stretching of PCL
can be clearly observed for the PCL-grafted CNFs.
These peaks are comparative with those of neat PCL.

Figure 4 displays the '"H NMR spectra of the PCL-
grafted CNFs. The proton peaks of the grafted PCL
chains are found at ¢ 1.38 ppm (—OCCH,CH,CH,
CHzO—), 1.65 pPpm (—OCCHzCHzCH2CH2 CHZO_),
2.3 ppm (—OCCH,—), and 4.1 ppm (—CH,0O—), res-
pectively.

Raman spectra

It was shown that Raman spectrometer is also a
powerful tool to characterize functionalized graphitic
carbon materials.***” Normally, a shoulder peak asso-
ciated with covalently functionalized carbon materials
can be observed beside G band (graphite mode).***
In this article, Raman spectroscopy of the pristine and
functionalized CNFs were also measured, as shown in
Figure 5. The pristine CNFs display a weak D band
(defect-induced mode) at 1328 cm ™! and a strong G
band at 1569 cm ™. The peak at 1328 cm ™" is probably
due to the sp® hybridized carbon atoms located at
open end and defects of CNFs.*” The D to G band in-
tensity ratio (Ip/Ig) for CNF-COOH (0.75) or CNF-OH
(0.78) is much higher than that of pristine CNFs (0.23),
implying the increase of defects after surface modifi-
cation of CNFs. Similar to the phenomenon for the
functionalized CNTs reported before,24’27 a shoulder
peak beside G band also appeared at ~ 1615 cm ™" for
the functionalized CNFs. Hence, this shoulder peak is
assigned to D' band. Clearly, the intensity of D’ band
increases with increasing the content of PCL grafted

Journal of Applied Polymer Science DOI 10.1002/app
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on the surfaces of CNFs. In addition, the D, G, and D’
bands shift to higher wavenumber by about 3-
10 ecm™ ! after functionalization. In Figure 5, strong
Raman signals for the neat PCL are distinctly ob-
served. However, such signals of neat PCL cannot be
detected for the PCL-grafted CNFs. This is likely
attributed because the covalently grafted PCL layer on
the surface of CNFs is transparent and ultrathin.””

From the data and results of TGA, FTIR, NMR, and
Raman spectra aforementioned, we can conclude that
the surface-initiated ROP of e-caprolactone has been
successfully carried out, and PCL has been covalently
grafted onto the surfaces of CNFs.

Dispersibility of PCL-grafted CNFs

The functionalized CNFs showed better dispersibility,
wettability, or solubility than the pristine CNFs. The
pristine CNFs are not wettable in polar solvent such
as water (partially precipitate on the bottom and
mostly float at the interface between water and air),
while CNF-COOH and CNF-OH can be well wettable
and partially dispersible in water because of the intro-
duction of polar groups to the surfaces of CNFs, as
shown in Figure 6(a). The dispersibility and solubility
of PCL-grafted CNFs are greatly enhanced in solvent
of low boiling point such as chloroform and THF. Fig-
ure 6(b) shows photographs of the same amount of
CNFs and CNF-g-PCL (3 mg) dispersed in 10 mL of
THF. The pristine CNFs can be slightly dispersed in
THF after 5 min of sonication in a bath (40 Hz), but
precipitated soon, and the two phases of CNFs and
solvent can be observed clearly after a few hours. For
the PCL-grafted CNFs, almost homogeneous phase
was formed when the sample was dispersed in THF
and can stay for several days. These tests also con-
firmed the covalent functionalization of CNFs.

SEM observation

The morphologies and structures of the functionalized
CNFs were characterized by SEM. The representative

Figure 6 (a) Photographs of pristine CNFs (right), CNF-
COOH (middle), and CNF-OH (left) placed in H,O for 10 h.
(b) Photographs of pristine CNFs (right) and CNF-PCL3
(left) placed in THF for 24 h.
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Figure 7 Representative SEM image of (a) pristine CNFs, (b) CNF-PCL1, (c) CNF-PCL2, (d) CNF-PCL3, (e) CNF-PCL5, and

(f) CNF-PCL6.

SEM images are shown in Figure 7. For the pristine
CNFs [Fig. 7(a)], individually separated straight and
smooth rods, with a diameter of 100-200 nm, are
observed. Almost every pristine CNF displays a pro-
tuberance at the end, which is resulted from the cata-
lyst inducing growth of pristine CNFs. For the PCL-
grafted CNFs [Fig. 7(b—f)], at least four distinct charac-

ters can be found when compared with the pristine
CNFs: (1) the surface is much rougher, (2) the diame-
ter is obviously bigger, or the rods become thicker, (3)
individually separated rods are much less observed,
and (4) the terminal protuberance cannot be observed
any more. With increase of the grafted-polymer con-
tent, the rod-like CNFs become more illegible, because
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Figure 8 Representative TEM images of pristine CNFs (a,b), CNF-PCL4 (c—e), and CNF-PCL6 (f-h).

the polymer phase goes into more continuous and
PCL makes more CNFs in clusters. This result is in ac-
cordance with that of the TGA data described earlier
that the weight loss of PCL-grafted CNFs is from
19.8% to 64.2%. The SEM observations further proved
the success of grafting PCL from surfaces of CNFs.

TEM observation

TEM, especially HRTEM, is a very useful tool to char-
acterize core-shell structure and the thickness of poly-
mer layer grafted on the surface of CNFs. Figure 8
shows the representative images of pristine CNFs and

Journal of Applied Polymer Science DOI 10.1002/app

CNF-g-PCL. For the pristine CNFs, the surface is
smooth, and only one phase of carbon is observed or
no core-shell structure can be found [Fig. 8(a,b)]. For
the PCL-grafted CNFs, two phases are observed with
different image contrast [Fig. 8(c-h)]. The outer layer
with lower gray is assigned to the polymer phase.
From the different degree of gray, we can see clearly
the core—shell structure for the polymer-coated CNFs.
This indicates that the surface grafting of polymer is
quite thorough. Similar core-shell structures were
observed on the polymer-grafted CNTs prepared by
the grafting from approach.?**® On the other hand, it
is found that the thickness of the outer polymer layer
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Figure 9 (a) DSC melting thermograms of (1) CNF-PCL1, (2) CNF-PCL2, (3) CNF-PCL3, (4) CNF-PCL4, (5) CNF-PCLS5, (6)
CNF-PCL6, and (7) neat PCL. (b) DSC crystallization thermograms of (1) CNF-PCL1, (2) CNF-PCL2, (3) CNF-PCL3, (4) CNF-
PCL4, (5) CNF-PCL5, (6) CNF-PCL6, and (7) neat PCL. (c) DSC melting thermograms of (1) CNF-PCL1, (2) the mixture of 19.8
wt % PCL and CNF-OH (1), CNF-CPLS6, (3) the mixture of 64.2 wt % PCL and CNF-OH (2’), and neat PCL. (d) DSC melting
thermograms of (1) free PCL1 (collected from the filtrate of CNF-PCL1), (2) free PCL2 (collected from the filtrate of CNF-

PCL2), and (3) neat PCL.

is not the same as each other. As shown in Figure 8(d),
the functionalized fiber of CNF-PCL4 has ~ 8 nm
thickness of polymer layer; other two fibers of CNF-
PCL4 display more than 15 nm thickness of polymer
layer, as shown in Figure 8(e). The same instance is
observed in the sample of CNF-PCL6. In Figure 8(f,g),
the thickness of the polymer layer is ~ 9-11 nm; about
20 nm thickness of polymer layer is observed in Figure
8(h). The same phenomenon was found by other
researchers for the graphitic CNFs functionalized by
ATRP.*® This could be caused by the following three
factors: (1) the random or uneven distribution of ini-
tiating sites that are mainly localized at the defects of
CNPFs, (2) broad PDI of the grafted polymer, and (3)
the different conformation and conglomeration of
polymer chains on the nanosurfaces.

Crystallization and melting behaviors of the
PCL-grafted CNFs measured by DSC

It is known that PCL is a crystalline polymer. Is it still
crystalline and what are the crystallization features
when PCL is tethered on a solid surface? To answer
the questions and reveal more evidences for the cova-
lent grafting, we measured the thermal properties of
the PCL-grafted CNFs using DSC.

The melting temperature (T,,) of CNF-¢g-PCL and
neat PCL can be obtained from DSC thermogram
shown in Figure 9(a). The neat PCL (M, = 4230 g/
mol) displays a narrow endothermic melting peak at
55°C. Interestingly, for the samples of CNF-¢g-PCL,
when the grafted polymer content is low, especially
for CNF-PCL1 (19.8 wt %), CNF-PCL2 (21.9 wt %), no
endothermic peak is observed. Similarly, when Scha-
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dler and coworkers modified MWNTs with epoxide-
based functional groups, no glass transition tempera-
ture (Ty) of MWNT-epoxide was observed.*® With
increase in the grafted PCL content, a broad endother-
mic melting peak appears; for the CNF-PCL6 (64.2 wt
%), a clear melting peak is observed. With respect to
the peak of the neat PCL, the melting peak of CNF-g-
PCL is much broader.

The corresponding crystallization curves of the
samples are shown in Figure 9(b). The crystallization
temperature (T,) of the neat PCL (M,, = 4230 g/mol) is
about 35°C. For CNF-¢-PCL, when the grafted poly-
mer content is low (less than 32.7%), no crystallization
peak is observed. With the rise of the PCL content,
broad crystallization peak appears; when the PCL
content reaches 64.2 wt %, distinct and broad crystalli-
zation peak at about 44°C is detected. The outcome
from the crystallization measurements is in good
agreement with that from the melting behaviors.

The disappearance or broadening of melting/crys-
tallization peak can be possibly explained by the fact
that when small amount of PCL is covalently attached
to the CNFs, the movement of short PCL chains is
greatly hindered, and ordered crystalline structure is
difficultly formed. When the polymer content rises, it
is easier to form ordered structure for longer polymer
chains. Therefore, a melting peak of PCL can be
observed. Because of the anchoring of polymer chains,
their movement is still limited, leading to imperfect
crystallization and broad melting peak as observed.

Two other possible factors associated with this phe-
nomenon are also in our consideration: (1) the disap-
pearance of the melting peak is due to the too small
amount of PCL in CNF-¢-PCL, (2) the broad melting
peak for CNF-g-PCL with high PCL content is caused
by broad PDI of PCL grafted on CNFs, since polydis-
persity of a polymer has influence on its crystallization
behavior. To eliminate the first factor, 19.8 wt % of
PCL (free polymer collected the preparation of CNF-
PCL1) was blended with CNF-OH according to the
TGA measurement data. From Figure 9(c), distinct
melting peak at 53°C is observed, although it is rela-
tively broad. When 64.2 wt % of PCL was mixed with
CNF-OH, the endothermic peak becomes narrower,
similar to the peak of the neat PCL. Obvious differen-
ces are found from the DSC measurements between
the CNF-¢-PCL and the mixtures. Therefore, the dis-
appearance of the melting peak for the CNF-¢g-PCL is
not mainly caused by the small amount of polymer
but by the covalent anchoring. Moreover, we also
measured the thermal property of the PCL with broad
PDI to investigate the possible polydispersity effect.
As shown in Figure 9(d), narrow melting peak is also
observed for the free polymer of PCL1 (collected from
the filtrate of CNF-PCL1, PDI = 5.86) or PCL2 (PDI
= 4.71), and the melting curves are quite similar to
that of the neat PCL (PDI = 1.19). Thus, we can
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Figure 10 Wide-angle X-ray diffraction (WAXD) patterns
of (1) pristine CNFs, (2) CNF-COOH, (3) CNF-OH, (4) CNF-
PCL1, (5) CNF-CPL4, (6) CNF-PCLS5, and (7) neat PCL.

conclude that the broadening effect aforementioned is
not due to the broad PDL

All of these results obtained from the DSC measure-
ments further confirmed the covalent grafting
between PCL and CNFs for the samples of CNF-g-
PCL.

Wide-angle X-ray diffraction

The crystallization properties of the neat PCL, the
PCL-grafted CNFs, and the mixtures of CNF-OH and
PCL were also examined by WAXD technique to con-
firm the DSC results. The XRD diagrams are shown in
Figure 10. The neat PCL shows two intense reflection
peaks at 26, 21.3° and 23.8°, associated with (110) and
(200) facets, respectively, which is corresponding to
orthorhombic crystalline form.*’ A characteristic crys-
tallization peak of pristine CNFs at 20 = 26.4° is
observed due to the “wall-to-wall”” d spacing of CNFs,
which is indexed to (002) diffraction plane of hexago-
nal graphite.”””® After acid treatment of CNFs, the
crystallization peak becomes broader, mainly because
partial crystal structures of CNFs are broken and the
degree of ordering becomes lower. Again, no PCL
crystallization peak is observed for the CNF-¢-PCL
when the grafted polymer content is low (19.8 wt %,
CNF-PCL1), and only a tiny peak of PCL at 20 = 21.3°
is found when PCL content reaches 32.7 wt %. With
the increase of grafted polymer content, the peak at 20
= 21.3° gets stronger and another crystallization peak
at 23.8° can be observed. Both characteristic peaks of
CNEF-¢g-PCL are broader than those of the neat PCL,
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because the presence of CNFs and lower degree of
crystallization suffered from the fixing of one macro-
molecular chain end.

Comparatively, XRD diagrams of the mixtures of
CNF-OH and PCL were also obtained (figure not
shown). It is found that both peaks at 20 (21.3° and
23.8°) can be clearly observed for the mixed sample
with 19.8 wt % of PCL. For the sample mixed with
39.7 wt % of PCL, two narrow PCL crystallization
peaks, similar to the peaks of the neat PCL, are shown.
These results are in full agreement with those of DSC
measurements described earlier. The comparative
DSC and XRD results affirmatively proved that the ab-
sence or weakening/broadening of crystallization
peak for the samples of CNF-g-PCL is not caused by
the too low fraction of PCL but by the covalent graft-
ing. This conclusion may be used to confirm the cova-
lent linkage of crystalline polymer on nanosurfaces in
reverse.

CONCLUSIONS

Functionalization of CNFs with biodegradable PCL by
surface-initiated ROP of e-caprolactone was success-
fully executed through importing hydroxy groups on
surfaces of CNFs. This grafting-from strategy makes
the content of grafted polymer controllable by adjust-
ing the feed ratio of monomer to macroinitiator (CNF-
OH). After surface functionalization, the D band of
CNFs became stronger and a shoulder peak associated
with the functionalization (D') appeared at 1615 cm ™'
in the Raman spectra. The intensity of such a shoulder
peak increased with increase in the polymer content.
The PCL Raman signals were not detected for the
samples of PCL-grafted CNFs. SEM measurements
showed that rod-like morphology became more indis-
tinct when the grafted polymer content got higher,
and continuous polymer phase embedded with CNFs
was observed when the polymer content was high
enough (>60 wt %). TEM measurements revealed the
core—shell structure of CNF-g-PCL because of thor-
ough polymer grafting. DSC and WAXD measure-
ments gave more evidences for the covalent grafting
from the obviously different results between CNF-g-
PCL and the mixtures of CNFs and PCL. When the
grafted polymer content is low, no or only small crys-
tallization peak was observed in the DSC curves and
XRD diagrams because of the fixing of one polymer
end and low degree of crystallization. The resulting
CNF-¢-PCL can be well dispersed in the low-boiling-
point organic solvents such as THF and chloroform.
Because of the biodegradation and biocompatibility of
PCL and graphitic carbon materials, the CNF-g-PCL
hybrids promise a bright application in bionanotech-
nology and composites such as tissue engineering and
three-dimensional cell culture. The relevant works are
in progress and will be reported later.

We thank Dr. Yi Zheng Jin (Cambridge University) for help-
ful contributions.
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