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ABSTRACT: A variety of measurements using a differential scanning calorimeter were used to probe how
single-walled carbon nanotubes (SWCNTs) affect polymer dynamics associated with the glass transition.
Tubes were dispersed in N,N-dimethylformamide containing dissolved polystyrene, and precipitation was
quickly forced by the addition to large amounts of water. The percolation threshold was found to be less than
0.5 wt %, indicating good dispersion of the tubes. The glass transition temperature (Tg) increased at low
nanotube fractions to a constant value about 6-7 �C higher than the Tg of pure polystyrene, and did not
change further as the nanotube amount changed from 1 to 30 wt %. The heat capacity change at the glass
transition decreased with increasing nanotube concentration, except at very high SWCNT contents (>10 wt
%), where the heat capacity change began to increase. The decrease of heat capacity at low nanotube contents
indicates that a fraction of the polymer is made immobile via the addition of SWCNTs; while the large
increase at high contents suggests that nanotubes are participating in the molecular motion that is the glass
transition. The relaxation rate as determined by the change in limiting fictive temperature with annealing time
showed the same qualitative behavior as the glass transition, a decrease in polymer mobility at very low
nanotube fractions followed by a constant value. Surprisingly, onemeasure of the activation energy increased
at low nanotube contents (<0.5 wt %) and dropped at high nanotube contents to an energy that looks to be
slightly higher than that for pure polystyrene. In other words, in the region where the formation of a
continuous network occurs the activation energy is highest.

Introduction

Single-walled carbon nanotubes (SWCNTs) are one of a
number of nanofillers currently being considered for use in
polymer composites. Nanofillers can be divided into three geo-
metric types: one-dimensional, two-dimensional, or three-dimen-
sional. A one-dimensional nanofiller has one dimension with
nanometer length-scale; an important commercial example used
in polymers is montmorillonite nanoclays. A three-dimensional
nanofiller has three dimensions with nanoscale dimensions; an
important commercial example used in polymers is alumina
nanoparticles. SWCNTs are an example of a two-dimensional
nanofiller; only the length of the tube is of non-nanoscale
dimension. In many cases, the geometry is an important reason
why a nanofiller is considered for a given application; for example
gas barriers in nanoclay-filled materials and electrical conductiv-
ity at lowvolume fractions in nanotube-filledmaterials. Thework
described in this paper explores howa two-dimensional nanofiller
changes polymer dynamics around the glass transition.

Fundamental studies of how a surface affects the chain
dynamics of polymers have been a very fertile field of investiga-
tion. The influence of a solid interface on the glass transition (Tg)
behavior of a polymer was first investigated by using thin films
cast on flat surfaces.1-4 More recently, polymers containing
particles with significant surface area/volume ratios, i.e. nano-
filled materials,5 have been used. In the latter case, simple
geometric arguments can be used to show that the average
distance between a polymer and a surface is in the tens of
nanometer range depending on dispersion and filler loading,
and hence, if dispersion is good, then using nanocomposites to

investigate how a solid surface affects the Tg is reasonable.
Both one-6-8 and three-dimensional nanofillers9-11 have been
investigated in significant detail; however a similar investigation
of a two-dimensional nanofiller has not been reported to our
knowledge, with one exception. Recently, Zhong et al.12 reported
investigations of the dependence of the relaxation times on
nanofiller loading by calculating the activation energy of enthal-
py relaxation and the width of the relaxation time distribution
using thermal analysis on graphite nanofibers. However the
amount of filler in the polymer was in all cases less than 1 wt %
and the diameters of these nanofibers were not given. The
diameter of the nanofibers studied by Zhong et al. seems to be
in the tens of nanometer range, if not the hundred of nanometer
range. If individually dispersed, the fillers used in the present
study have diameters ∼1 nm.

The effect of a solid surface on polymer dynamics depends on
the nature of the interaction between the polymer and the surface.
In the case of a favorable interaction between the surface and the
polymer, three effects might be observed in a normal differential
scanning calorimetry (DSC) heating scan of an amorphous
polymer around the Tg: (1) an increase in the glass transition
temperature; (2) a change in the temperature range overwhich the
glass transition occurs; (3) a reduction in the heat capacity
increase at Tg. The latter represents the case where the dynamics
have been altered for a fraction of the material to such an extent
so as to cause a separation between regions of the polymer in a
dynamic sense.13 This separation could cause a noticeable second
glass transition at a higher temperature, or could cause no
noticeable second glass transition if the second glass transition
is above the degradation temperature of the polymer.

Many studies involving SWCNT-polymer composites have
shown an increase14,15 as well as broadening15,16 in Tg, although*Corresponding author. E-mail: bpgrady@ou.edu.
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by nomeans are such behaviors universally observed in SWCNT-
polymer composites.17,18 Only two studies, one using covalently
bonded nanotubes and a segmented polyurethane19 and the other
poly(L-lactide),20 have reported a decrease in heat capacity jump
at the glass transition for nanotube-based composites. In this
study, a number of approaches using thermal analysis, more fully
described in the Experimental section, are used to measure
polymer dynamics around the glass transition. None of these
methods have been used on nanocomposites filled with two-
dimensional nanofillers except for the paper by Zhong et al.12

using graphitic nanofibers described earlier.

Experimental Section

Materials and Sample Preparation Method. A solution of
polystyrene (Aldrich;Mw=210000 g/mol; polydispersity=3.0) in
dimethyl formamide (DMF) and a bath-sonicated dispersion in
DMF of lightly oxidized HiPCo SWCNTs (lot #P0340) provided
byCarbonNanotechnologieswere combined, sonicated, andadded
slowly to water to precipitate the composite, and then dried.21

Composites were placed in DSC pans in the form of a thin layer of
powder as equally distributed as possible, and a 15-min premelting
step at 180 �C was used to produce good sample-pan contact.
Polystyrene was used as received; mechanical forces were used to
reducepellet sizebut theaverageparticle sizewas significantly larger
than for the composite samples. Tg was found to be a sensitive
measure of whether sample-pan contact was sufficient; in some
cases 1-2 runs were required before the Tg reached a limiting
constantvalue. Inall cases, samples sizeswerebetween2and4mg in
order tominimize thermal gradients; in the latter case, if the sample
forms a thin film (which these samples almost certainly do not), this
corresponds to a sample thickness less than 0.15 mm thick.

Low nanotubes content samples could easily be molded into
very small thin films. Electrical conductivities were tested by the
two point probe method with a specially constructed resistivity
chamber, calibrated by aKeithley 610C electrometer. The lower
limit of conductivities that could be measured with this equip-
ment was approximately 5 � 10-17 S/cm.

DSC Methods. Indium, tin, and biphenyl were used for
temperature calibration. Sapphire was used as the enthalpy
calibrant because it gave a better value for the heat capacity of
polystyrene.22 Both hermetically sealed and normal crimped
panswere usedwith sapphire and, within experimental error, the
two agreed. Calibration was made at whatever heating or cool-
ing rate required for the experiment of interest. Glass transition
measurements made during heating were used to monitor
sample degradation; small drifts (1-2 �C) upward in Tg were
taken as indications that the sample was degrading. In addition,
upward curvature in the high temperature heat capacitywas also
taken as evidence of sample degradation. Samples were remade
if any evidence of either phenomena occurred. All DSC samples
had to be remade at least once.

Glass Transition Temperature Measurement. Glass transition
temperatures (Tg) and heat capacity jump (ΔCp) at the glass
transition were measured by DSC using a 10 �C/min tempera-
ture ramp without modulation after a 60 �C/min cooling from a
fully melted sample. Standard procedures were used, including
thin samples and normal crimped aluminum pans. The heat
capacity jump was determined by the difference in y-values of
the two intersection points between the dotted lines shown in
Figure 1 and a tangent line (not shown) drawn at the inflection
point of the heat capacity change at the glass transition. The
glass transition temperature was determined as average of the
x-values of the two intersection points. Measurements during
heating were made multiple times over many months using
different samples; the largest source of error was differences
due to different samples.

The glass transition temperature was also measured during
cooling at a rate of 10 �C/min from a fully melted sample. For a
given nanotube content, the same sample was used for all

cooling measurements. Simon et al. discusses the advantages
from a thermodynamic perspective of measuring the glass
transition by cooling.23 Our position is that measuring during
heating is perfectly appropriate if cooling rates are fast enough
to prevent enthalpy relaxation being present during heating
because any undershoot can be comfortably ignored. A cooling
rate of 60 �C/min and a heating rate of 10 �C/min met this
requirement in all cases. However, to confirm the effects de-
scribed in the next section it was deemed prudent to make Tg

measurements under cooling aswell. The same procedure shown
in Figure 1 was used to calculate Tg and ΔCp. Our group was
only able to obtain one standard appropriate for calibrating
temperature upon cooling, BCH-52,24 so it was assumed that the
offset (actual temperature-measured temperature with no cali-
bration factor applied) was consistent across the entire tem-
perature range. This assumption is likely not a good one since
this offset was not constant for calibration done in heating; in
heating the offset for biphenylwas about 0.2 �Cwhile that for tin
was almost 2 �C.

Relaxation Rate and Fictive Temperature. In one set of
experiments, samples were annealed for a certain amount of
time ta and then the heat capacitymeasured after a rapid cool. In
these experiments, Tg - 20 �C was used as the annealing
temperature and samples were quickly cooled and reheated
using a 10 �C/min heating rate. The relaxation rate was mea-
sured according to6

RE ¼ -dðTf -TaÞ
dðlog taÞ ð1Þ

where RE is the relaxation rate and Tf is the fictive temperature.
The fictive temperature concept was defined by Tool25 to
describe the thermodynamic state of glasses. Essentially, the
structural relaxation that occurs in glasses must be described by
a relaxation time that depends on temperature as well as the
instantaneous glass structure (which in turn depends on the
thermal history of the sample). The fictive temperature is
essentially a temperature that accounts for this structure. The
fictive temperature is calculated using the “equal area meth-
od”26 upon heating scans as also shown in Figure 1.

Activation Energy from the Cooling Rate Dependence of the
Glass Transition Temperature. The activation energy, Δh*, is
calculated from the Tool-Narayanaswamy-Moynihan equa-
tion,25-27 which describes the dependence of relaxation time on
both the temperature and structure.Moynihan et al. proposed a

Figure 1. Equal area method used to determine limiting fictive tem-
perature (Tf spm’) aswell as to showdeterminationof recovered enthalpy
(δh).



6154 Macromolecules, Vol. 42, No. 16, 2009 Grady et al.

method to measure the activation energy using the cooling rate
dependence of the glass transition.28,29 This method involves
measuring the change in glass transition temperature as a
function of cooling rate q; where Tg is measured during heating
with the heating rate equal to the cooling rate. The activation
energy can be calculated according to the formula

Δh� ¼ -R
d½lnðqÞ�
dð1=TgÞ ð2Þ

where R is ideal gas constant. Rates between 10 and 1.25 �C/min
were used with factor of 2 steps between individual rates. To adjust
for the fact that the calibration constants for temperature depend on
the heating rate, the DSC was recalibrated at the given heating rate
for each measurement.

Activation Energy from the Cooling Rate Dependence of the
Limiting Fictive Temperature. Another method to calculate the
activation energy is from the cooling rate dependence of the
limiting fictive temperature, Tf

0. In this method, Δh* is calcu-
lated from the following:

Δh�
R

¼ -d½lnðqÞ�
dð1=Tf

0Þ ð3Þ

The experimental procedure consists of cooling the sample at
some rate q (�C/min) and then measuring the fictive tempera-
ture, in this case the limiting fictive temperature Tf

0, during a
heating scan (10 �C/min was used). With no aging time between
heating and cooling, the fictive temperature is termed the limit-
ing fictive temperature. This same expression can be modified
slightly to determine the fragility index;30 both parameters
fundamentally describe the same phenomena.Tf

0 was calculated
as described previously.

Results and Discussion

The plot of electrical conductivity vs weight fraction (Figure 2)
has the expected percolation behavior and the following equation
was used to fit the data:

σ ¼ Aðm-mcσÞβσ ð4Þ
where σ is electrical conductivity, m is SWNTsmass fraction,mcσ

is the electrical percolation threshold, βσ is the critical exponent,
and A is a scaling constant. The logarithm of this equation was
used to fit the data; however a direct nonlinear least-squares
procedure was not able to find the global minimum unless the
initial guesses were extremely close to the final answer. Instead,
values of mcσ were fixed at 0.0005 (0.05%) intervals and the best
fitA and βσwere determined for a givenmcσ. The value ofmcσ and
the associated best fit A and βσ that had the smallest sum of the

square of the errors for all (mcσ,A, βσ) was determined as the best-
fit. The values were mcσ as 0.10%, while βσ was 2.6. The former
value indicates that the dispersionwas good,while the latter value
is consistent with what others have found for similar dispersion
methods.31 The plateau conductivity is also quite low, indicating
that the tubes were of low quality with respect to electrical
conductivity.

The glass transition temperature increases slightly at low
nanotube contents, and then reaches a plateau as shown in
Figure 3 for both heating and cooling. Some of the slight
difference in values between heating and cooling could be a result
of temperature calibration errors in cooling; however some offset
is also expected due to the different measurement protocols. A
recent paper using a latex dispersion method showed that for a
material having a very low average molecular weight, Tg in-
creased from 90 to 107 �C as the nanotube content increased. Tgs
were roughly identical only above 2 wt % SWCNT content.32 A
rather large increase in Tg was also found for polystyrene melt-
mixed withMWCNTs where the starting Tg was also very low;33

a low Tg is indicative of a very low average molecular weight
polystyrene. For the latex-mixed material with a starting Tg that
has a more typical value (∼100 �C), there was a small decrease in
Tg with added nanotubes, attributed to surfactant plasticization.
When a small amount of low molecular weight material was
added, theTg did show a slight increase.32 A study using a similar
solution dispersion method as what was done for this paper
showed an increase in Tg below 1% tubes with a plateau in Tg

being reached that persisted to 3% tubes. This result is qualita-
tively similar to what is shown in Figure 3. However the
magnitude of the increase was 3 �C,34 which is about half the
increase in Tg found here. The authors also noted a substantial
broadening of the transition; such broadening was not found in
this current study. Grafting of polystyrene ontoMWCNTs led to
an extremely large increase in glass transition temperature; an

Figure 3. Glass transition temperature as a function of nanotube
content. For heating, data was collected at 10 �C/min heating rate
immediately after a 60 �C/min cool to -50 �C. For cooling, data was
collected at a 10 �C/min cooling rate. Error bars represent errors
calculated from duplicate measurements.

Figure 2. Conductivity as a function of nanotube content. Dotted line
represents best-fit according to eq 4.
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increase of ∼35 �C at 40 wt % nanotubes.35 Taken together, the
results show that the change in Tg depends on the interaction of
the polystyrene with the nanotube surface, which is dependent on
nanotube type, purification procedures and modification proce-
dures (if any) will have a great deal of impact on the observed
behavior.

The magnitude of ΔCp is proportional to the amount of
material participating in the glass transition. Figure 4 shows
the change in the specific heat capacities for the samples in this
study. The increase in Tg coupled with the lowering of the heat
capacity jump at low added nanotube contents strongly suggest
that some polymer is immobilized by the introduction of nano-
tubes, i.e., a polymer within the immediate vicinity of a nanotube
interface. The plateau in heat capacity at∼1% nanotube content
is a bit surprising, since one would expect the fraction of polymer
within a certain distance of nanotube to increase as the nanotube
fraction increases. However, dispersion changes as well as the
possibility that the average end-to-enddistance of the polystyrene
may changewith a change innanotube contentmake such a result
feasible. Also, the constancy of Tg begins at roughly the same
nanotube fraction as the constancy begins for the heat capacity
change, i.e. 1% nanotubes.

The increase of ΔCp at very high nanotube contents is inter-
esting and novel. One explanation is that nanotubes are changing
dynamics as a polymer goes through its Tg. It is been reported
that, for two-dimensional nanofillers, melt annealing or relaxa-
tion after shear can cause a substantial change in electrical
conductivity, which indicates that there must be some movement
of the filler to increase filler connectiveness.36-41 If such move-
ment can occur in the melt, it is certainly possible that such
movement can occur at the glass transition. However, this type
of movement has typically been attributed, at least in part, to
some sort of cluster formation and aggregation. If the structural
change is due only to cluster formation and aggregation then
the two phenomena, i.e. the change in electrical conductivity
with time and increase in heat capacity jump, are not related.

Further, clustering during annealing is not at all limited to two-
dimensional nanofillers; other fillers have shown similar phenom-
ena.42-44 In other words, if nanotube movement involves only
center-of-mass translation or rigid-body rotation, then it is
difficult to understand why this motion would contribute to a
change in the heat capacity, since the time and length scales of
such motions should be very long. However, if filler movement
occurs on a tens of nanometer scale and involves only a portion of
a tube, which is certainly possible for individually dispersed
SWCNTs, then a jump in heat capacity is possible.

Another possible explanation for the change in heat capacity at
high nanotube contents is that configuration changes of the
polymer cause a larger change in heat capacity difference between
the liquid and the bulk. In bulk polyacrylonitrile45 and in
solution,46 it has been shown that nanotubes can alter single-
chain configurations for chains near tubes. Perhaps at high
enough nanotube contents enough configurations can be altered
to cause an increase in heat capacity; however it is hard to
understand why there would also not be a change in glass
transition temperature. In heating, only the ΔCp at 25% nano-
tubes is statistically above that for pure polystyrene while in
cooling no values are statistically above those for pure polystyr-
ene. Hence, the increase could be formerly immobilized poly-
styrene being decoupled from the tubes; although this
explanation is unlikely since the glass transition temperature
behavior is not consistent with this phenomena. Further, what
would cause such a decoupling? An interesting question, which
our laboratory plans to explore, is whether the increase in heat
capacity at high nanotube contents also occurs for MWCNT-
filled materials; we are not aware of any studies involving
nanofillers where an increase in the heat capacity change at the
glass transition with added filler content was presented.

Figure 5 shows Tg and ΔCp for SWCNT-polystyrene compo-
sites made using a latex-dispersion method and CoMoCAT
SWCNTs. These materials contain substantial amounts of sur-
factant (roughly a 1:1 correspondence between surfactant
amount and nanotube amount); details concerning sample pre-
paration etc. are given in a previous publication.47 Tg and
ΔCp changes qualitatively match what was found for the solu-
tion-mixed materials. This graph demonstrates that the pheno-
menonof increasingΔCp at high nanotube contents is very possibly
a general phenomenon for SWCNT composites.

A number of differentmeasures of glass transition temperature
behavior are presented in this paper to build an overall picture of

Figure 4. Change in heat capacity at glass transition at the same
conditions described in Figure 3. Error bars represent errors calculated
from duplicate measurements.

Figure 5. Same plots as Figure 3 and Figure 4 except for samples
prepared from surfactant-assisted dispersion of nanotubes with dis-
persed latex (see text for further description of samples).
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how the SWCNTs affect polymer dynamics. Before describing
the results of these different analyses, it should be emphasized
that the change in the heat capacity jump indicates that the
material participating in the relaxation at the glass transition is
different for different samples. Hence, a particular thermal
measurement may be affected by some or all of the material that
is not part of the heat capacity jump, and another measurement
may not be affected at all by this material. This observation is
made because the measurements of different properties, unfortu-
nately, do not yield a consistent picture and this difference in
populations could be the source of that disagreement.

Figure 6 shows how the fictive temperature changes with
annealing time (eq 1). Only a limited number of samples are
shown in the top graph, so the reader can clearly see that the data
does not give a very straight line; the curves havemuchmore of an
s-shape. Similar data presented by Nutt et al.6 as well as that of
Simon et al.48 showed some s-shape character as well, but the
effect is more pronounced here. As the bottom plot of Figure 6
indicates, the variation in slopeswas surprisingly small given how
poor a line actually describes the data. The graph on the bottom
ofFigure 6 is essentially the exact analogue of the behavior shown
in Figure 3: a decrease in mobility followed by a plateau. In this
case, a decrease in relaxation rate represents a decrease in
mobility; while in Figure 3 an increase inTg represents a decrease
inmobility. In the paper byNutt et al.,6Tg and the relaxation rate
also trended toward decreasing mobility, although in both cases
no plateau was found up to 10 wt % clay.

Figure 7 shows the results of calculation of the activation
energy of the glass transition (eq 2). The top plot of the data
shows the raw data from which a slope is fit; nonlinearity is not
evident over the order of magnitude variation in cooling rate.
Such nonlinearity in these types of curves is expected because the
glass transition tends to followaWLF typeof relationship, not an
Arrhenius one; however nonlinearity is not very evident in a curve
for polystyrene presented elsewhere over a cooling range from 5
to 25 �C/min.49 The general shape of the curve shown in the
bottom of Figure 7 is difficult to discern because of the error; the
curve appears tobe amonotonic increase in activation energy.An
increase in activation energy is consistent with an increase in the

cooperative motion associated with the glass transition. A pre-
vious paper used this same procedure to compare a polystyrene
sample and one filled with 10% clay and found a drop in
activation energy from a starting value statistically identical the
one presented here to one 33% less; the Tg increase was about
10 �C with the addition of 10% clay.49 However, isoconversion
methods detailed in this same paper found a higher activation
energy for the nanoclay composite; the author did not explain the
source of the discrepancy.

A recent article by Simon et al.50 suggested that the use of
heating curves and isoconversion methods to find the activation
energy is flawed because of the substantial enthalpy overshoot.
This same comment is relevant to the procedure employed in this
paper, since in essence the method used evaluates Tg at ∼50%
conversion of the Cp from the solid to the liquid. Simon et al.
argue that to possibly eliminate this problem, the enthalpic
overshoot should be constant for the different rates used for a
given sample; such was not the case in our experiments since the
enthalpic overshoot increased as the rate got smaller as shown in
Table 1, although in all cases the values were rather small. Simon
asserts that the manifestation of the kinetic overshoot is that the
activation energy is too low. However, the value of the activation
energy is not of interest here, rather the change with the
introduction of nanotubes. Except for one clear outlier, the
enthalpic overshoots were fairly consistent from sample-to-sample.

Figure 6. Relaxation rate as calculated from the change in fictive
temperature with annealing time (ta); units of RE are consistent with
top plot. Data was gathered from a 10 �C/min heating scan performed
after annealing at Tg - 20 �C. (Duplicates are shown rather than error
bars because of the large machine time required for the minimum 3-5
sets of runs required for error bars).

Figure 7. Activation energy as calculated from the change of Tg with
cooling rate (eq 2). Errorbars represent the standard errors in the best fit
lines for the data represented by the top graph. In these experiments,
cooling rate=heating rate.

Table 1. Enthalpic Overshoots (J/gpolymer �C) when Heating Rate=
Cooling Ratea

sample 2.5 �C/min 1.25 �C/min

PS 0.22 0.28
0.25% SWCNT 0.11 0.23
0.50% SWCNT 0.15 0.27
0.75% SWCNT 0.18 0.25
1.0% SWCNT 0.23 0.25
3.0% SWCNT 0.23 0.31
6.0% SWCNT 0.20 0.26
10% SWCNT 0.49 0.25
15% SWCNT 0.18 0.36
20% SWCNT 0.26 0.25
25% SWCNT 0.17 0.26

aRates of 5 and 10 �C/min had uniform enthalpic overshoots of 0.
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Hence, it is reasonable to assume that the relative positions of the
values shown in the bottom of Figure 7 are not affected by this
problem.

Figure 8 shows the activation energy calculated from the
limiting fictive temperature (eq 1). For pure polystyrene, this
value is on the lower end of activation energies for the glass
transition calculated via a variety of techniques.50 However, the
difference between the activation energy calculated using this
technique and that from theTg (Figure 7) is only about 25%, very
similar to the percentage difference noted in a previous study.50

The top plot shows noticeable curvature in the raw data at>3%
nanotubes; the nature of the curvature is consistent with a higher
activation energy at higher temperatures which is not consistent
with a WLF-type description of the data.

The change in the activation energy with nanotube content is
even more surprising. When the change in the heat capacity is
falling (Figure 4) the activation energy is significantly larger than
that of pure polystyrene; when the amount of nanotubes reaches
1%, the value of the activation energy is only slightly larger than
that of pure polystyrene and may not be statistically significantly
different. In other words, during the process of formation of a
continuous network, there is a significant increase in the activa-
tion energy. The fact that there is a decrease at higher nanotube
contents is really quite surprising, and could possibly be due to
the reduction in the amount ofmaterial that is participating in the
glass transition.However, if the latter explanation is correct, then
the expectationwould be that the activation energywould change
as the ΔCp changes at very high nanotube contents, which does
not occur. At this point, the source of the unique shape of the
bottom of Figure 8 is not understood.

In a previous paper by Lu and Nutt6 with nanoclay filler, Δh*
increased monotonically with increasing nanofiller content,
which was attributed to an increase in the cooperative nature of
the glass transition. In other words, the energy barrier required to
achieve the configuration rearrangement associated with the
increase in enthalpy relaxation is higher. The magnitude of the
increase with filler content was about 50% at 10% filler content.
In the graphitic nanofiber case,12 the same type of nonmonotonic

behavior seen here was found; although as mentioned previously
theweight fractionsweremuch lower so itwas not clearwhether a
constant activation energy was found at higher weight fractions.

Conclusions

Heat capacity measurements indicate that less material parti-
cipates in the glass transition with added SWCNTs. Various
measures were used to assess the effect of nanotube addition on
the polymer mobility as measured by the behavior around the
glass transition, and in general the results showed a decrease in
mobility with the addition of nanotubes. The exact qualitative
nature of this decrease, i.e., was the decrease monotonic or was
there a plateau, differed for different measurements. This result
likely is due to how complicated the system is from a dispersion
perspective, since there is no guarantee that the dispersion is the
same for different nanotube fraction systems; and from a mobi-
lity perspective, since the results indicate a change in the amount
of material that participates in the glass transition. Perhaps the
most interesting result was that at very high nanotube fractions,
there was an increase in the heat capacity change at Tg, likely
indicative that nanotubes are participating in the molecular
motion that defines the glass transition.
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