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Abstract

The non-isothermal crystallization behavior of three in situ polymerized, partially tethered poly(g-caprolactone) with functionalized single
walled carbon nanotube (SWNT) nanocomposites are examined using differential scanning calorimetry and corroborated using small and
wide angle X-ray scattering. While the nanotubes are strong nucleators of the crystals of poly(e-caprolactone) and dramatically accelerate the
crystallization of the polymer, they do not alter the unit-cell, the melting temperature and the fractional crystallinity of the polymer crystals.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The extraordinary mechanical, transport and optical
properties of single walled carbon nanotubes have attracted
significant interest particularly towards their use in polymer
nanocomposite materials [1]. However, one impediment for
their use in such applications is their strong affinity for one
another, making it difficult to disperse them as individual
tubes [2]. Recently, the use of covalent [3] and non-covalent
functionalization [4] and surfactant assisted solubilization
[5] has provided possible mechanisms for the dispersion of
SWNTs in polymer matrices. We have used covalently side-
walled functionalized SWNTs for compatibilization with
polystyrene matrices [6,7] and have used a similarly
functionalized SWNT material for the development of
end-tethered in situ polymerized poly(e-caprolactone)
nanocomposites [8]. In the case of the solution blended
polystyrene nanocomposites we have observed the hydro-
dynamic manifestation of effective geometrical percolation
for nanocomposites with 1.5 wt% functionalized nanotubes
[6] while for the in situ polymerized nanocomposites
the percolation threshold as observed by rheological
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measurements is lowered to below 0.35 wt% SWNTs [8].
In the case of the in situ polymerized poly(e-caprolactone)
nanocomposites the location of the percolation threshold
implies an effective anisotropy of the dispersed SWNTs to
be ~250 [8].

Previous studies of SWNTs and MWNTs dispersed in
polypropylene [9,10], SWNTs in poly(vinyl alcohol) [11]
and MWNTs in nylon-6 [12] have suggested that nanotubes
can nucleate the crystallization of the matrix polymers.
These observations are similar to those observed for layered
silicate [13,14] and POSS based semi-crystalline polymer
nanocomposites [15,16], where the increased interfacial
area alters the kinetics and energetics of nucleation and
growth, the overall crystallite fraction, and morphological
organization, and at times even the unit cell structure and
results in dramatic changes in the mechanical properties of
the nanocomposite [17]. Finally, the tethering of nylon-6
chains to the surfaces of layered silicates along with their
effective confinement between silicate sheets has shown the
stabilization of a polymorph (y-crystals as opposed to
a-crystals) normally not considered to be stable at low
temperatures [13].

In this study, we examine the influence of well-dispersed
functionalized single walled carbon nanotubes that are used
to co-initiate the polymerization of e-caprolactone on the
crystallization behavior of the matrix poly(e-caprolactone)
(PCL). The functionalization of the nanotubes were
performed on small bundles of nanotubes and result in the
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placement, on an average, of ~ 1 functional group for every
65 C units of the SWNTs as described previously [6,8,18].
The prepared nanocomposites exhibit geometrically perco-
lated filler network structures for nanotube loadings of
0.35 wt% or higher while at 0.2 wt% SWNT exhibits liquid-
like behavior implying that the effective aspect ratio of
the dispersed SWNTs are ~250 and indicating good
dispersion. We present in this paper the non-isothermal
crystallization and melting behavior as studied by differen-
tial scanning calorimetry and synchrotron based in situ
simultaneous SAXS and WAXS on non-isothermally cooled
and heated nanocomposites.

2. Experimental

The synthesis of the in situ polymerized nanocomposites
has been described previously [8] and the materials
characterization of the three nanocomposites and the
extracted polymer are detailed in Table 1. The molecular
weight and the fraction of polymer chains tethered to the
nanotubes increased with increasing amount of SWNT in
the nanocomposites. Since the molecular weight of the
samples changed for each nanocomposite, each individual
nanocomposite is compared directly to the corresponding
extracted polymer in the studies reported here.

Simultaneous small-angle (SAXS) and wide-angle
(WAXS) X-ray scattering experiments were conducted at
the advanced polymers beamline (X27C) of the national
synchrotron light source (NSLS), Brookhaven National
Laboratory (BNL). The wavelength of the incident X-rays
was 1.307 A defined by a double multi-layer monochro-
mator. Data were collected using two linear position
sensitive detectors at 190 cm (SAXS) and 20 cm (WAXS).
The scattering angle was calibrated using silver behenate
(SAXS) and quartz (WAXS) powder samples. Samples,
mounted in copper holders and encased between kapton®
windows, were heated and cooled at heating rates of
~2°C/min over a temperature range of 35-80 °C. Data
acquisition times were typically 0.5 min. The data were
corrected for indent beam fluctuations and normalized per
sample transmission.

Deconvolution of the superposition of crystalline and
amorphous peaks observed in the WAXS data was carried
out using IgorPro. A linear baseline was used and the
peak data fitted to Gaussian peaks. The analyses yielded
integrated intensities, positions, heights and widths of the

Table 1

Sample characterization

Sample SWNT M., MM, % of PCL
(Wt%) chains

tethered

NC-A/poly-A 0.35 7200 1.6 36

NC-B/poly-B 1.8 12,700 1.4 57

NC-C/poly-C 4.6 18,600 1.7 72

various reflections. The SAXS data were analyzed using the
methodology outlined by Hsiao and co-workers [19].

Bulk differential scanning calorimetry (DSC) measure-
ments were performed on a Perkin—Elmer Pyris 1 DSC
instrument with sub-ambient capability. Non-isothermal
heating and cooling calorimetric experiments on ~ 10 mg
samples were performed from a temperature of 10-90 °C at
heating and cooling rates of 5, 10, 15 and 20 °C/min.

3. Results and discussion

The heat flow DSC data for the non-isothermal crystal-
lization at different cooling rates for a typical nanocompo-
site and the corresponding nanotube-free extracted polymer
are presented in Fig. 1. The crystallization onset tempera-
ture (7,), the crystallization end temperature (7,) and the
temperature corresponding to the peak in the crystallization
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Fig. 1. Heat flow curves for the non-isothermal crystallization of (a) poly-C
and (b) NC-C at four cooling rates from DSC measurements. The data
clearly demonstrate the significant increase in the onset (7,), end (7,) and
peak (7},) crystallization temperatures for the nanocomposites as compared
to their corresponding homopolymers and summarized quantitatively in
Table 2a.
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exotherm (7},) are reported in Table 2a. There is a significant
increase in the onset, peak and end crystallization
temperatures for the three nanocomposites in comparison
to their corresponding extracted polymers. Additionally, the
difference between the polymer and the corresponding
nanocomposite increases with increasing cooling rate.
These non-isothermal crystallization results suggest that
the nanotubes act as nucleating agents for the crystallization
of poly(e-caprolactone) chains [9,13,20].

Also reported in Table 2b are the total crystallization
time (Zcrys) for the polymer and the nanocomposites. These
are calculated as

T, — T

tcrys = % (1)
where ¢ is the non-isothermal constant cooling rate. The
values of .y are reduced for the nanocomposites as
compared to their corresponding homopolymers for all
heating rates and all loadings of SWNT. The lowered value
for the f.y, implies that the time required for the
crystallization process to be completed is somewhat lower
for the nanocomposites and possibly suggests a decreasing
time for the growth of the crystals in the presence of the
SWNTs and possibly the effect of significantly increased
nucleation density in the SWNT composites.

The kinetics of non-isothermal crystallization are
interpreted using the relative crystallinity as a function of
temperature, X(7), defined as

T
J (dH/AT)dT
X(T) = )
J (dH/AT)dT
T,

where H is the heat flow, was calculated for the
non-isothermal DSC experiments. In the non-isothermal
experiments described here the temperature is directly
proportional to the cooling time (r=(7,—7)/¢) and an
equivalent time dependent fractional crystallinity, X(7), is
defined. The relative crystallinity for the polymers and their
nanocomposites are analyzed using the Avrami, Ozawa and
a mixed Ozawa—Avrami model [16].

In the Avrami model, the time dependent crystallinity is

Table 2a
Non-isothermal crystallization raw data parameters

modeled as
X)) =1 —exp(—Z1") (3a)
log(z,) = &%) (3b)

¢

where Z; and Z; are growth parameters and » is the Avrami
exponent that takes on values between 1 and 4. Plots of
log[ —In(1 —X(¢))] and log(¢) are shown in Fig. 2 for the
4.6 wt% SWNT nanocomposite and the extracted tube-free
polymer. While the dependence shown in Fig. 2 is not linear
over the entire range of crystallization time (or crystal-
linities), there is a region of crystallinity (0.35 <X(r) <0.75)
over which the modified Avrami analysis appears to be
valid. The values of n, t,,, and Z; obtained in those regions
are tabulated in Table 3. Systematically, however, we note
that the values of n and t,, for the nanocomposites are a
little lower than that of the polymer. Further, the values of Z,
(and Z,) for the nanocomposites are somewhat larger than
that for the polymers and that the differences become larger
with decreasing cooling rate. While Z, is a raw measure of
the kinetics of crystallization (i.e. rate constant), Z. attempts
to quantify the crystallization rate constant after removing
the kinetic effect of the non-isothermal cooling conditions
under which the crystallization experiments are performed.
These trends suggest that the inclusion of the nanotubes
results in accelerating the kinetics of crystallization in these
in situ polymerized nanocomposites.

The application of the Ozawa theory for non-isothermal
crystallization kinetics is performed via

—k(T)]
¢m

1—-X(T) = exp[ (4a)

log[—In(1 — X(T))] = log(k(T)) — m log(¢) (4b)

where m is the Ozawa exponent and k(7) is a measure of the
crystallization rate. The crystallization data on the basis of
the Ozawa model are plotted in Fig. 3 and consistency with
the Ozawa model (and Eq. (4b)) would require a linear
relationship between log(—In(1—X(7))) and log(¢).
Clearly, while the homopolymers obey the Ozawa relation-
ship, the nanocomposites do not follow Eq. (4) and large

Sample Cooling rate

5 °C/min 10 °C/min 15 °C/min 20 °C/min

T, (°C) T. (°C) T, (°C) T, (°C) T. (°C) T, (°C) T, (°C) T. (°C) T, (°C) T, (°C) T. (°C) T, (°C)
NC-A 42.8 35.6 39.7 41.0 33.6 37.3 39.8 314 35.6 38.9 29.5 342
Poly-A 35.4 28.2 32.6 333 24.9 29.3 31.6 224 27.3 30.6 20.4 25.8
NC-B 443 37.5 40.9 423 33.9 38.2 41.0 314 36.2 39.9 29.3 34.6
Poly-B 36.2 29.1 32.1 34.0 25.0 29.3 32.5 22.2 27.2 31.3 19.9 25.6
NC-C 45.7 38.8 42.3 44.0 35.7 39.9 43.0 334 38.2 41.9 31.6 36.8
Poly-C 32.3 24.7 28.2 29.6 20.5 24.8 28.0 17.4 22.3 26.8 15.1 20.6
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Table 2b
Crystallization time

Cooling rate ferys (Min)

(°C/min)

Poly-A NC-A Poly-B NC-B Poly-C NC-C
5 1.45 1.44 1.42 1.37 1.52 1.37
10 0.84 0.74 0.90 0.84 0.91 0.83
15 0.61 0.56 0.69 0.64 0.70 0.64
20 0.51 0.47 0.57 0.53 0.59 0.52

curvature is observed in the plots. Due to the low molecular
weight of the PCL polymers considered here, secondary
crystallization effects are less prominent and leads to the
reasonable agreement with the Ozawa model in those cases.
On the other hand, for the SWNT based nanocomposites,
the presence of well-dispersed nanotubes results in
instantaneous nucleation, rapid impingement and possibly
secondary crystallization, and causes the failure of the
Ozawa model. Since we observe a breakdown of the Ozawa
model for the nanocomposites, we do not further analyze the
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Fig. 2. Avrami analysis of the non-isothermal crystallization data for (a)
poly-C and (b) NC-C. In both cases, the data as plotted here are non-linear
demonstrating that the data cannot be fully analyzed using the Avrami
model. However, a portion of the data corresponding to 0.35 <X(r) <0.75
was utilized to obtain the parameters reported in Table 3.

data in the context of this model to extract the Ozawa
exponent or crystallization rate parameters.

Liu has proposed the use of a combined Ozawa and
Avrami model to describe the non-isothermal crystallization
[16,21], with:

log(¢) = log(F(T)) — b log(1) ®)

where F(T) is the cooling rate to reach a defined degree of
crystallization (and mathematically equal to (k(T)/Z)1/m)
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Fig. 3. Test of the Ozawa model to fit the crystallization data for (a) poly-A
and NC-A and (b) poly-C and NC-C. In both cases the Ozawa model fails
for the nanocomposites and works reasonably to represent the crystal-
lization of the relatively low molecular weight pure polymers.
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Table 3

Avrami analysis

Cooling rate
5 °C/min

Sample

20 °C/min

15 °C/min

10 °C/min

ty/2 (min)

0.23
0.23
0.26
0.28
0.25
0.30

Z.

n

t1/2 (min)

0.28
0.28
0.31
0.35
0.32
0.37

Z Z.

n

ty/2 (min)

0.37
0.39
0.41
0.46
0.41
0.47

Z Z.

n

t1/2 (min)

0.62
0.68
0.68
0.76
0.68
0.80

Z.

1.17
1.15
1.15
1.14
1.16

1.14

21.6

2.2,
2.31
23,
2.4,
23,
2.57

1.19
1.17
1.17
1.16
1.17
1.16

13.8

2.1,
2.32
235
2.4
2.4
2.56

1.23
1.18
1.19
1.17
1.20
1.17

7.6
53
5.8
4.8

2-16
2.39
2.3
2.53
2.45
2.53

1.17
1.09
1.12
1.08
1.12

1.04

22

2.10
2.38

2.4,
2.6

NC-A

174

10.6

1.6
1.8

Poly-A
NC-B

CA.

17.7

10.7

14.8

9.4
10.9

14
1.8
1.2

0

Poly-B
NC-C
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Fig. 4. Test of the Ozawa—Avrami model for the crystallization data of (a)
poly-C and (b) NC-C.

and b is the ratio of the Avrami and Ozawa exponents. The
data for both the polymers and the nanocomposites agree
reasonably well with this model as shown in Fig. 4. The
value of b and F(T) are summarized in Table 4. The F(T)
value for the nanocomposites are generally smaller than
those for the polymer and indicate that the nanocomposites
achieve a value for the fractional crystallinity faster than the
polymer, implying faster kinetics of crystallization, and
consistent with our previous observation that the nanotubes
act as nucleating agents.

An activation energy (E,) for the non-isothermal growth
of the crystals is determined using the Kissinger model as
[22]:

_ d(n(¢/Ty))
E, = RW (6)

and the values of E, are tabulated in Table 5. From the data
presented, it is clear that the presence of SWNTSs does not
lead to a substantial change in the value of E,, especially
with the value for the three nanocomposites not showing
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Table 4
Combined Avrami—Ozawa analysis
Sample X(T)>X 100

20 40 60 80

b F() b F(T) b F() b ()
NC-A 1.36 0.11 1.37 0.33 1.38 0.48 1.39 0.61
Poly-A 1.30 0.17 1.27 0.41 1.27 0.56 1.27 0.69
NC-B 1.41 0.15 1.43 0.37 1.44 0.52 1.44 0.66
Poly-B 1.28 0.28 1.32 0.43 1.35 0.61 1.40 0.72
NC-C 1.41 0.15 1.41 0.38 1.42 0.53 1.42 0.67
Poly-C 1.42 0.24 1.42 0.48 1.43 0.62 1.44 0.75

any systematic dependence with the SWNT amount. It is
suggested that the presence of SWNTs perhaps increases the
activation energy (for the transport of PCL chains to the
growing crystal) by a small amount. This would be
consistent with a weak attraction between the nanotubes
and the polymer segments as indicated by the dispersability
of the SWNTs in the monomer (g-caprolactone) [23].

On the other hand, the nucleation activity of the SWNTs
in these nanocomposites is obtained by examination of the
crystallization data using the method suggested by Dobreva,
where [24]:

B

log(¢) = C — =~
08(#) 2.303A77

(7

where AT;, is the undercooling at the peak (i.e. AT,=Ty—
T,) and B is a parameter that is related to thermodynamic
parameters as

s Vr%,
v
3kT, (AS,,)*n

®)

where V,, is the molar volume, AS,, the entropy of fusion, ¢
is the specific surface energy and w is a geometrical
constant. The nucleation activity, ¢, is given as

B
= Bﬂ 9)
Poly

with an ¢ of 0 indicating strong nucleation activity and ¢ of 1
indicating inert nanoparticle activity. The values of ¢ for the
three nanocomposites (with respect to the corresponding
nanotube extracted polymers) are 0.56, 0.47 and 0.23 for the
0.35, 1.8 and 4.6 wt% SWNT (NC-A, NC-B and NC-C)
nanocomposites, respectively. These values suggest that
with increasing SWNT concentration the nucleation activity

Table 5

Activation energy from Kissinger analysis

Sample E, (kJ/mol)
NC-A 207.5
Poly-A 160.5
NC-B 182.3
Poly-B 166.7
NC-C 211.0
Poly-C 138.7

afforded, in such non-isothermal measurements, by the
SWNTs increases. This trend in e is consistent with
acceleration in the crystallization kinetics noted previously
(for e.g. the increased value of Z, for the nanocomposites in
the Avrami model and the smaller value of F(7) for the
nanocomposites in the combined Ozawa—Avrami model).
The results of the melting behavior following each of the
non-isothermal crystallization experiments are summarized
in Fig. 5 and Table 6. The melting temperatures for the
nanocomposites are typically higher as compared to their
respective unfilled polymers at all heating rates. The slight
increase in the melting point might result from the superior
thermal conductivity or the inherent attraction between the
polymer and the SWNTs leading to a stabilization of the
crystalline phase. Further the extent of crystallinity (and
reported as f.), obtained assuming that 100% crystalline
PCL has an enthalpy of melting of 139.3 J/g [25], are
roughly similar for the polymers and the nanocomposites
with the values of f, decreasing with increasing matrix
molecular weight of the polymer. We suggest that while the
nanotubes significantly affect the nucleation rate and that
the spherulite sizes are significantly reduced due to the
high density of nucleation sites, the lamellar thickness is

0.70 . . : :
0.65 | [
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[
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0.35 I L L L
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Fig. 5. Fractional crystallinity obtained by the measurement of the melting
enthalpy after the non-isothermal crystallization experiments and
normalized by the value for pure fully crystallized PCL. The data indicate
no substantial change in the fractional crystallinity amongst the different
nanocomposites and their respective extracted homopolymers.
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Table 6
Melting characteristics following non-isothermal crystallization

Sample Cooling rate (°C/min)

5 10 15 20

T (°C) fe T (°C) fe T (°C) fe T (°C) fe
NC-A 54.9 0.59 55.1 0.60 55.6 0.57 56.5 0.57
Poly-A 53.0 0.56 54.3 0.55 54.7 0.58 55.1 0.52
NC-B 56.8 0.49 57.5 0.49 57.8 0.52 58.4 0.48
Poly-B 54.2 0.49 55.9 0.52 56.4 0.53 56.9 0.56
NC-C 57.5 0.49 57.8 0.49 58.6 0.48 59.3 0.48
Poly-C 55.3 0.48 55.1 0.48 55.2 0.51 55.5 0.51

largely unaffected (as proven below from X-ray measure-
ments) and thus leads to largely unchanged values of f, and
T, We anticipate that if we go to still higher values of
nanotube concentration, the nucleation density and the
effective confinement of the polymer crystals should lead to
a decrease in f, and Ty,.

While the non-isothermal crystallization experiments
and the subsequent melting experiments provide us a
macroscopic measure of the kinetics and extent of crystal-
lization, they do not lend any insight into the molecular
level and supermolecular organization of the polymers in
the nanocomposites systems. To address this we performed
simultaneous SAXS and WAXS measurements on samples
heated and cooled non-isothermally at a heating/cooling rate
of 2°C/min were conducted. Some representative time/
temperature data during the cooling experiments for both
the SAXS and WAXS measurements are presented in Fig. 6.
While in the WAXS data the peaks corresponding to the
different crystallographic planes are readily observed as
peaks riding on top of the amorphous halo, the SAXS data
demonstrate the development of dramatically increased low
angle scattering. The peaks in the WAXS data are consistent
with the previously established crystallographic data for
PCL and suggest that the addition of the nanotubes does not
alter the unit cell structure of PCL. We note in this context
that some of the chains of the PCL are tethered to the
nanotube bundles with a maximum density of grafting that
is evaluated as being approximately one polymer chain
every five exposed carbon atoms of the SWNT bundles.
Additionally the fractional crystallinity, f., was obtained as
a function of temperature from the WAXS data as

Acrys

f = -7
¢ Acrys + Aamor

(10)
and shown in Fig. 7 as a function of temperature. Similarly,
from the SAXS data an invariant was calculated as

0= L (@) — Inen(@)1g)dg (11)

and the changes in Q during the non-isothermal crystal-
lization are reported in Fig. 8. The SAXS and WAXS data
indicate that the time dependent non-isothermal crystal-
lization behavior for the three nanocomposites is similar,

and these results are similar to those observed previously
using the DSC measurements.

In addition, from the SAXS measurements we estimate
the long spacing L, for the non-isothermal crystallization
experiments by fitting the small angle peak data to a

(a) T T T T T T T
| NC-A
8 f Cool @ 2 °C/min |
g T e ]
@
5 Temp (in °C)
e}
5 O 70.8
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= A 458 1
& 445
B 43.8
0.02 0.04 0.06 0.08 0.10
q (A"
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- -©-70.8
L 2 °C/min 5473 i
0 A 471
c —<-44.5
>
2
T
G5

20in° (A= 1.371A)

Fig. 6. SAXS (a) and WAXS (b) snapshots during the non-isothermal
cooling experiment for the NC-A sample at select temperatures. In the
SAXS data the monotonic data of the melt-state (amorphous) leads to the
development of a low-angle peak. On the other hand, in the WAXS data
the broad amorphous halo from the melt state demonstrates the
development of sharp diffraction peaks corresponding the PCL crystal.
We note that the peak assignments are consistent with the previous
assignment of PCL crystal peaks.



C.A. Mitchell, R. Krishnamoorti / Polymer 46 (2005) 8796—-8804 8803

60 T T T T
iy DJJg
. S0p se,ee, ”ﬁ%]] . ]
7)) * %% oo )
Do 40 [ o O ]
< Y
= [}
—  30F cCooling < o ]
o
=) @ 2 °C/min 0%
¢ 20 | * ° ]
w ® NC-A v 8
10+ oNC-B oo
* NC-
0 1 1 1 g| bt
25 30 35 40 45 50
T (°C)

Fig. 7. The fractional crystallinity obtained from WAXS data using Eq. (10)
for the non-isothermal cooling experiments for the three nanocomposites.

Gaussian model and the peak value assigned as g*, with

2
L=—2 (12)

*
The temperature dependence of L, during the non-
isothermal crystallization experiments for the three nano-
composites is shown in Fig. 9. These data indicate that L,
decreases with decreasing temperature and consistent with
previous data for other crystalline polymers and their
nanocomposites. Additionally, the data for NC-B and NC-C
are similar and appear to suggest that the addition of the
carbon nanotubes to the polymer does not significantly
decrease the thickness of the lamellae and is consistent with
the observed independence of fractional crystallinity and
melting temperature with nanotube addition noted earlier.
Finally, the non-isothermal melting following the
crystallization measurements were followed using SAXS
and WAXS measurements and the fractional crystallinity
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Fig. 8. The invariant calculated using Eq. (11) for the non-isothermal
cooling SAXS data for the three nanocomposites. The results from the
invariant analysis are similar to that obtained from the WAXS
measurements.
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Fig. 9. The long spacing, Ly, obtained from the SAXS data reveals that the
three nanocomposites are quite similar to each other.
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Fig. 10. The fractional crystallinity, f; (a) and the invariant, Q; (b) as a
function of temperature during the heating following the non-isothermal
crystallization measurements. The data suggests that the three samples are
quite similar and that the melting character is essentially identical for the
three nanocomposites.



8804 C.A. Mitchell, R. Krishnamoorti / Polymer 46 (2005) 87968804

(f.) and the invariant (Q) are shown in Fig. 10. These results
are consistent with the DSC results presented earlier that
indicate that the melting characteristics of the three nano-
composites are virtually identical. Clearly the presence of a
considerable fraction of polymer chains tethered to the
nanotube bundle does not significantly alter the nature of the
crystalline lamellae and only appears to considerably alter
the size of the spherulites of the crystals. We anticipate
that the confinement provided by the nanotubes along with
the favorable interactions between the polymer and the
nanotubes will result in change in the crystalline structure
only at significantly higher loadings of nanotube concen-
tration due to the nanoscale diameter of the nanotubes and
the one-dimensionality of the nanotubes.

4. Concluding remarks

The non-isothermal crystallization of poly(e-caprolac-
tone) polymerized in the presence of functionalized single
walled carbon nanotubes indicates that the nanotubes are
efficient nucleators of PCL. However, these dispersed and
functionalized nanotubes (and tethering of some of the
chains to the SWNTSs) do not lead to a change in the unit
cell, melting point and the fractional crystallinity over the
range of SWNT concentrations studied. Interestingly, we
find that all three nanocomposites, with SWNT loadings
varying from 0.35 to 4.6 wt% are not significantly different
and the nucleation activity associated with the nanotubes
only increasing weakly with nanotube concentration. We
are currently examining the consequences of the dispersed
nanotube bundles on the isothermal crystallization proper-
ties of PCL as well as structurally via Raman and atomic
force microscopy methods.
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