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Abstract

Particle spatial dispersion is a crucial characteristic of polymer composite materials and this property is recognized as especially important in
nanocomposite materials due to the general tendency of nanoparticles to aggregate under processing conditions. We introduce dispersion metrics
along with a specified dispersion scale over which material homogeneity is measured and consider how the dispersion metrics correlate quantita-
tively with the variation of basic nanocomposite properties. We then address the general problem of quantifying nanoparticle spatial dispersion in
model nanocomposites of single-walled carbon nanotubes (SWNTs) dispersed in poly(methyl methacrylate) (PMMA) at a fixed SWNT concentra-
tion of 0.5% using a ‘coagulation’ fabrication method. Two methods are utilized to measure dispersion, UV—vis spectroscopy and optical confocal
microscopy. Quantitative spatial dispersion levels were obtained through image analysis to obtain a ‘relative dispersion index’ (RDI) representing
the uniformity of the dispersion of SWNTs in the samples and through absorbance. We find that the storage modulus, electrical conductivity, and
flammability property of the nanocomposites correlate well with the RDI. For the nanocomposites containing the same amount of SWNTs, the
relationships between the quantified dispersion levels and physical properties show about four orders of magnitude variation in storage modulus,
almost eight orders of magnitude variation in electric conductivity, and about 70% reduction in peak mass loss rate at the highest dispersion level
used in this study. The observation of such a profound effect of SWNT dispersion indicates the need for objective dispersion metrics for correlating
and understanding how the properties of nanocomposites are determined by the concentration, shape and size of the nanotubes.

Published by Elsevier Ltd.
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1. Introduction and their potential use in greatly enhancing the physical prop-
erties of polymer nanocomposites [2—6], as summarized in

Since the discovery of carbon nanotubes (CNTs) by lijima  recent review articles [7,8]. The outstanding properties are in
[1], extensive studies have been conducted exploring their  part attributed to their extremely high aspect ratio (length-to-
unique electronic, thermal, optical, and mechanical properties outer diameter ratio) of up to 1000. It is often stated that the
full realization of the reinforcement potential of CNTs re-
quires good spatial dispersion of the CNTs in the polymer

*This was carried out by the National Institute of Standards and Technology and efficient interfacial stress transfer between the CNTSs

(NIST), an agency of the US Government and is not subject to copyright in the

Us and the polymer matrix [7]. To address this general problem,
* Corresponding author. we must first define some objective method defining what
E-mail address: takashi.kashiwagi @nist.gov (T. Kashiwagi). ‘good dispersion’ means. In particular, we need some kind
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of dispersion metric to evaluate the role of dispersion on nano-
composite properties.

In attempts to achieve well-dispersed CNTs in a polymer,
functionalization of the CNT walls [9,10], use of surfactants
[11], controlled duration of sonication of mixtures of CNTs
in various solvents [12—16], in situ polymerization under son-
ication [17], in situ bulk polymerization [18], high speed me-
chanical stirring [19,20], and compounding using a twin screw
extruder [21,22] have been used. The dispersion of the CNTs
in the polymer was mainly determined by taking images using
transmission electron microscopy (TEM), scanning electron
microscopy (SEM), or optical microscopy. Most studies pro-
vide only a qualitative measure of dispersion of the CNTs,
without a specification of the length scale over which these
characterizations are made along with the scale over which
this metrics applied. A quantitative measure of spatial disper-
sion of nanoparticles is critically needed to understand the
relationship between the original sample characterization
and the physical properties of nanocomposites [23]. Further
improvement in the physical properties of nanocomposite
could be achieved from such a relationship [24].

To develop such a quantitative relationship, papers describ-
ing quantitative characterizations of the dispersion of nanopar-
ticles have been recently published. Four different methods
using small-angle neutron scattering, near-infrared fluores-
cence measurement, optical absorption spectroscopy, and
resonant Raman scattering were applied to determine the dis-
persion of DNA-wrapped single-walled carbon nanotubes
(SWNTs) in poly(acrylic acid) [25]. The morphology of dis-
persed SWNT was determined by light scattering [12] and
the length and the diameter of multi-walled carbon nanotubes
(MWNTs) suspended in an aqueous solution were determined
by analysis of the images taken by field emission gun scanning
microscope [15]. The dispersion level of SWNTs in poly-
(methyl methacrylate) (PMMA) was characterized by produc-
ing a Raman map over a 40 pm x 40 pm domain by measuring
Raman scattering intensity [13]. A value of the mean standard
deviation (SD) of the Raman scattering intensity over the map
was used as a quantitative dispersion index of the SWNTs in
the PMMA. (A small value of standard deviation in the inten-
sity represents good dispersion.) A similar approach measur-
ing intensity variation of a fluorescence signal from Nile
blue dye distributed in polystyrene of PS/MWNT nanocompo-
sites using a laser scanning confocal microscope was reported
for determining the quantitative level of dispersion over a large
domain size of about 150 um2 [26]. An extensive image anal-
ysis of TEM images of PMMA/montmorillonite and PMMA/
bentonite nanocomposites was conducted to determine quanti-
tative degree of exfoliation of the clay particles [27]. The dis-
persion of SWNT in surfactants was determined by optical
absorption spectroscopy but the relation with physical proper-
ties was not obtained [28]. Other detailed, statistical analyses
of the dispersion of montmorillonites in polyvinylchloride [29]
and of carbon blacks (CB) in polyamide 6 [30] over a 5 pm X
5 pm domain were conducted by the quantitative image
analysis of the SEM images utilizing the quadrat method of
Morishita [31]. The dispersion pattern of CBs, including

small and large aggregates, was estimated by the analysis and
Morishita’s index was introduced as a quantitative measure
of the dispersion of CBs.

Although many quantitative physical properties of CNT
nanocomposites have been previously subjected to experimen-
tal investigation, the dispersion characteristic of nanocom-
posites has not been measured, except in the few cases
discussed above where some limited quantification is consid-
ered. The objective of this study is to determine the quantita-
tive relationship between quantitative dispersion levels and the
physical properties of CNT nanocomposites. And, more gener-
ally, to establish a sound approach to this problem when the
spatial scales of dispersion are prescribed in the measurements
of dispersion determined. In this study, multiple dispersion
levels of PMMA/SWNT nanocomposites are prepared using
the coagulation method, which is chosen since it can lead to
highly variable status of particle dispersion. The level of dis-
persion of SWNTs in PMMA for each nanocomposite is quan-
titatively determined by two different methodologies. Physical
properties such as viscoelastic properties, electrical conductiv-
ity, and flammability properties are then measured for each
nanocomposite and the relationships between the physical
properties and the measures of dispersion determined. This
approach allows for a more rational comparison of the
reinforcement performance of polymer by different types of
nanoparticles with the measured dispersion indices of the
nanoparticles.

2. Experimental section
2.1. Sample preparation

The matrix polymer used in this paper is poly(methyl
methacrylate) (PMMA) (Polysciences,] M,,: 100,000 g/mol).
SWNTs for the nanocomposites, synthesized by the high-
pressure carbon monoxide method (HiPCo) [32], were pro-
vided by Carbon Nanotechnologies Inc. and Foster Miller
Co. The metal residue in the SWNTs is less than 13 mass%.
The coagulation method was used to produce the PMMA/
SWNT nanocomposites [33]. In the coagulation method, di-
methylformamide (DMF) was chosen to dissolve the PMMA
and to permit dispersion of the SWNTs by bath sonication
for 24 h. To obtain good nanotube dispersion, the nanotube
concentration in DMF is critical. We can observe nanotube ag-
glomerates by the naked eye at a concentration higher than
0.4 mg/ml, while the 0.2 mg/ml suspension is visually homo-
geneous. Therefore, we can control the nanotube dispersion
in the nanocomposites by changing the nanotube concentra-
tion in DMF, assuming that the state of nanotube dispersion
is comparable in DMF before coagulation and in the polymer
matrix after coagulation suspension [13]. Concentrations of
0.05 mg/ml, 0.1 mg/ml, 0.2 mg/ml, 0.4 mg/ml, 0.8 mg/ml,

! Certain commercial equipments, instruments, materials, services or com-
panies are identified in this paper in order to specify adequately the experimen-
tal procedure. This in no way implies endorsement or recommendation by
NIST.
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and 1.2 mg/ml were used to make nanocomposites with vari-
ous levels of dispersion. The concentration of SWNTs in
PMMA was 0.5 mass% for all samples. All samples for the
physical measurement were compression molded at 200 °C
under a pressure of about 1.4 MPa for a duration of 15 min.

2.2. Development of an objective dispersion metric

Two different methodologies were used to characterize the
quantitative dispersion level of SWNTs in PMMA. One was to
take images of a thin film of each PMMA/SWNT sample us-
ing confocal microscopy which allows a large observation do-
main size of about 100 pm compared to much smaller domain
size of about 1 pm by TEM or SEM. The other method was
absorption measurement on a thin film of the sample using
UV—vis and near-infrared spectroscopy. Its observation size
of about 3 mm x 10 mm x 200 um thickness was much larger
than that achieved by confocal microscopy. All films were
made by compression molding. A small amount of sample
was placed between thin Kapton films which covered two
mechanically buffed brass plates. A 200 pm thick shim plate
(with a round hole in the center) was inserted between the
two plates to produce a uniform film.

A laser scanning confocal microscope (Model LSMS510,
Carl Zeiss Inc.) was used to image the SWNTs in the
PMMA matrix. The confocal microscope utilizes coherent la-
ser light and collects reflected light exclusively from a single
plane with a thickness of about 100 nm (a pinhole sits conju-
gated to the focal plane and rejects light out of the focal
plane). However, the smooth front surface was required to de-
fine the surface location. A red laser (A = 633 nm) was used as
the coherent light and images were taken at 100x magnifica-
tion with an Epiplan-Neofluar 100x/1.30 oil-pool objective.
An LP385 (Rapp OptoElectronic) filter was used to limit the
lower spectra of reflected light. One hundred two-dimensional
images (optical slices with 1024 pixels x 1024 pixels), with
scan size 92.1 x 92.1 pm, were taken at a spacing of 100 nm
by moving the focal plane.

Several different spatial statistical analyses were conducted
with our sample of 100 images. As a first assay of distance
from uniformity, the standard Xz statistic [34]

Observed — Uniform]?
X2 = Ecells[ ]

(1)

Uniform
was computed for each sample across a range of cubic cell
sizes, ranging from the size of 0.46 pm x 0.46 pm x 0.50 pm
to about 9.2 um x 9.6 um x 10 pm. The cubic cell gridding
scheme was consistently applied, for all samples, to the obser-
vation domain consisting of 100 slices of a 1024 x 1024 pixel
image. Initial computations were done in the gray scale pre-
sented by the data. Ultimately, however, comparison to an
estimated background and recoding of pixels as ‘‘nanotube
present” or ‘“nanotube not present” (1 or 0) was employed
to the computation of this and other statistics. In each case,
for each density and cube size, the expected ‘“Uniform” den-
sity cell content was computed as the total number of pixels

with nanotube present divided by the total number of cubes
scanned. Portions of the solid rectangle of data being binned
and scanned that did not fall within the binning scheme,
boundary areas, were excluded from the counting.

Another, more direct, approach to quantify the degree of
non-conformance of the distribution of carbon nanotubes in
the PMMA matrix to a uniform distribution is to compute
a distance between the empirical and ideal (uniform) distribu-
tions. The ideal is derived directly from the masses of mate-
rials used in the preparation of the composite. The empirical
is computed by tallying nanotubes present in a volume parti-
tion of composite material. The variational distance is com-
monly employed in mathematical statistics, for example in
determining rates of convergence of one distribution to an-
other. Among multiple equivalent definitions

152
d=3 > "|P(UNIF = k) — P(EMPIR = k)| (2)

k=0

is the simplest to apply [35]. Domain by domain, one evaluates
the difference between the uniform-predicted probability of
occurrence of a nanotube and the observed probability. One
sums the absolute values of all such differences and divides
by two. The functional described by the formula is a true dis-
tance, symmetric in its two arguments, and satisfying the tri-
angle inequality. The factor % ensures that the distance takes
values between 0 and 1.

We prefer to work here in terms of a linearly transformed
variational distance, which we term ‘relative dispersion index’,

RDI = 100 x (1 —d) (3)

Relative dispersion of 100 connotes perfect conformance to
uniform, with successively lower values, down to zero, indi-
cating less and less conformity.

UV—vis and near-infrared absorption measurements were
performed on PMMA/SWNT composites over the wavelength
range of 190—2750 nm, using a Perkin Elmer Lambda 950
UV—vis-NIR spectrophotometer in transmission mode. The
recorded spectra were corrected for the instrument background
and dark current, as well as for absorbance of the PMMA
polymer. The polymer signal was subtracted using the
Beer—Lambert law,2

A = ¢(c, dispersion) x C x L (4)

in which A = In(ly/I) is the absorbance, C the concentration, L
the path length, and ¢ is a parameter that depends on the con-
centration and dispersion of the SWNTs. Subtraction was per-
formed by matching the absorbance of a pure PMMA blank
and the PMMA components of the PMMA/SWNT composites
over the 2700—1800 nm wavelength range. In particular, the

2 Homogeneity of the sample is assumed in the Beer—Lambert law. In this
instance, however, the composites are inhomogeneous, any extinction coeffi-
cient calculated should not be viewed as intrinsic to the SWNTSs, but rather
as a function of the processing variables that led to the observed dispersion
of the SWNTSs within the polymer.
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magnitude of the PMMA blank subtraction was set by the
elimination of a spectral feature at 2245 nm due solely to
the polymer matrix. (Since absorbance has a linear relation
to the film thickness, the difference in thickness between
PMMA and PMMA/SWNTs is corrected by subtracting the
spectral feature at 2245 nm. No actual thickness measurement
was conducted. We estimate accuracy of +2% for this proce-
dure.) For PMMA in this situation ¢ and C are constants.

2.3. Property measurements

Thermal gravimetric analyses (TGA) were conducted using
a TA Instruments TGA Q 500 and a platinum pan at 5 °C/min
from 90 °C to 500 °C in nitrogen (flow rate of 60 cm3/min).
The standard uncertainty of the sample mass measurement
is £1%.

Viscoelastic measurements were performed on a Rheomet-
ric solid analyzer (RSAII) in oscillatory shear with a sandwich
fixture. Frequency sweep with the sample size of 12.5 mm x
16 mm x 0.5 mm was performed at 200 °C with a strain of
0.5%. Results were reproducible after one frequency sweep,
indicating that there was no degradation of the sample or
additional nanotube alignment during the measurement.

Electrical conductivities of the nanocomposites were mea-
sured at room temperature. A thin film, typically about 100 pm
thickness, was made by compression molding at 200 °C under
the pressure of 1.4 MPa for the duration of 15 min. Gold elec-
trodes with a thickness of 0.1 um were prepared by sputtering
in argon. We used a parallel plate electrode configuration
where the diameter of the top electrode was 10.0 mm while
the diameter of the bottom electrode was about 13 mm. The
conductivity was obtained from the complex impedance mea-
surements (impedance magnitude Z* and the corresponding
phase angle ¢), which were carried out in a frequency range
of 40—50 MHz through a four-terminal technique using an
Agilent 4294A Precision Impedance Analyzer. The output
AC voltage was 0.5 V. The complex electrical conductivity
o* was obtained from the measured complex impedance Z*
normalized by the geometry of the test sample o* = t/(Z*a),
where ¢ is the specimen thickness and a is the area of the top
electrode. The combined relative experimental uncertainty of
the measured complex conductivity magnitude was within
8%, while the relative experimental uncertainty of the dielec-
tric phase angle measurements was about 1%.

A radiant gasification apparatus, similar to a cone calorim-
eter, was designed and constructed at NIST to study the gasi-
fication processes of samples by measuring mass loss rate and
temperatures of the sample exposed to a fire-like heat flux in
a nitrogen atmosphere (no burning). A disc shaped sample
was mounted horizontally and its top surface was exposed to
a well-characterized thermal radiant flux from an electrical
heating element. The weight of the sample was continuously
measured by a sensitive weight device and mass loss rate
was calculated by taking the time derivative of the weight.
The observed mass loss rate in this device correlates well
with heat release rate (a direct measure of the size of a fire)
of polymer/CNT nanocomposites [22,36] and polymer/clay

nanocomposites [37]. The apparatus consists of a stainless-
steel cylindrical chamber that is 1.70 m tall and 0.61 m in di-
ameter. In order to maintain a negligible background heat flux,
the interior walls of the chamber are painted black and the
chamber walls are water-cooled to 25 °C. All experiments
were conducted at an incident radiant flux of 50 kW/m?. The
unique nature of this device is twofold: (1) observation and re-
sults obtained from it are based solely on the condensed phase
processes due to the absence of any gas phase oxidation reac-
tions and processes; (2) it enables visual observation of gasifi-
cation behavior of a sample using a video camera under
a radiant flux similar to that of a fire without any interference
from a flame. A more detailed discussion of the apparatus is
given in our previous study [38]. The standard uncertainty of
the measured mass loss rate is =10%.

3. Results

3.1. Application of dispersion metric to model PMMA/
SWNT nanocomposites

Three-dimensional reconstructions of the confocal micros-
copy images of each sample with the concentration of SWNT
in DMF at 0.2 mg/ml, 0.4 mg/ml, 0.8 mg/ml, and 1.2 mg/ml
are shown in Fig. 1. These images show SWNT bundles and
agglomerates. Transparent areas correspond to PMMA. The
image of 1.2 mg/ml shows numerous, large agglomerates,
but such agglomerates are hardly seen in the images of
0.2 mg/ml and 0.4 mg/ml.

Quantitative spatial uniformity of SWNT in PMMA was de-
termined by calculating the variational distance described in
the previous section. Domain by domain, one evaluates the
difference between the uniform-predicted probability of occur-
rence of a nanotube and the observed probability. The ideal
uniform distance of SWNT bundle was calculated from an es-
timated total number of SWNT bundles in the observation area
of the confocal microscopy. The average size of SWNT bun-
dles was about 7 nm in diameter and 310 nm in length [13]
and it was assumed that the bundle size was same for all sam-
ples. With 0.5 wt% of SWNT in the observation area of
92 um x 92 pm X 10 pm, there were about 2 x 107 SWNT
bundles. The variational distance was calculated by Eq. (2)
and subsequently relative dispersion index, RDI, representing
the quantitative uniformity of the dispersion of SWNT bundles
within the nanocomposite was calculated by Eq. (3). RDI
varies from 100% for a perfect uniform distribution to a poor-
est value of 0%. The RDI values of the six samples are shown
in Fig. 2 as a function of the domain size. Here, one domain
size (92 um divided by 1092 and 10 pm divided by 100) is
about 90 nm X 90 nm x 100 nm. All RDI values increase
gradually with the domain size. The highest RDI is about
85% for 0.4 mg/ml and the lowest is about 15% for 1.2 mg/ml.

The corresponding values of x> were calculated for the six
samples as an additional indication of quantitative uniformity
of the dispersion of SWNT bundles within the nanocomposite.
The results are shown in Fig. 3. A lower value of x” indicates
better uniformity. The trend of the three different levels of the
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Fig. 1. Three-dimensional images constructed from confocal microscopy images of the PMMA/SWNT (0.5%) nanocomposite samples prepared with various
SWNT concentrations in DMF: (a) 0.2 mg/ml, (b) 0.4 mg/ml, (c) 0.8 mg/ml, and (d) 1.2 mg/ml. The size of the observation domain is 23 pm x 23 um x 9.2 um

depth.

uniformity, best with 0.2 mg/ml and 0.4 mg/ml, middle group
of 0.05 mg/ml, 0.1 mg/ml, and 0.8 mg/ml, and the poorest
with 1.2 mg/ml, is similar to the pattern with RDI shown in
Fig. 2. However, the 0.2 mg/ml sample displays the best uni-
formity by the x” analysis compared to 0.4 mg/ml for the
RDI analysis.

The absorption spectra of the polymer/SWNT composites
vary systematically with the initial loading concentration of
the SWNTs in DMF, as shown in Fig. 4. Each absorption spec-
trum was scaled by the known path length through the sample to
a constant thickness equal to that of the PMMA blank. Compos-
ite films cast from the most dilute suspensions (0.1 mg/ml and
0.2 mg/ml) show higher total absorption and sharper definition
of the SWNT van-Hove transitions than the films cast from
higher concentrated suspensions (0.8 mg/ml and 1.2 mg/ml).

In a poorly dispersed film containing large aggregates, a large
fraction of the total nanotube mass is contained within a small
volume of the composite. This leaves regions of low nanotube
content, in which a large fraction of the photons are transmitted.
Due to the logarithmic relation between the total transmitted
light over the transmission area and the measured absorption
given by Eq. (5), a few regions of high transmittance will
dominate the observed absorbance.

A= —log,, / Td(area) (5)

area

This effect is illustrated schematically in Fig. 5(a). Due to the
logarithmic scaling, nanotubes within aggregates tend not
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Fig. 2. Relative dispersion indices (RDI) of SWNT in PMMA/SWNT (0.5%)
nanocomposites prepared with various concentrations of SWNT in DMF (mg/
ml) vs the domain size.

to contribute as significantly to the measured spectrum. A
larger absorbance for a constant film thickness and nanotube
concentration is thus indicative of a better uniformity of
SWNT dispersion within the nanocomposite. The composite
films used for the UV—vis-NIR measurements are shown in
Fig. 5(b). The trend in opacity of the samples seen in this fig-
ure is apparent in the photograph. Although some variation in
the films is apparent, this is primarily due to variations in the
local thickness of the films. Multiple spectra were recorded for
each film and most of the variation was removed by normali-
zation to the thickness of the PMMA blank. The data shown in
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Fig. 4. Scaled absorption spectra of the six PMMA/SWNT (0.5%) samples
prepared with different concentrations of SWNT in DMF.

Fig. 4 are the averages of the scaled spectra for the individual
samples.

As shown in Figs. 2 and 3, the values of RDI and x2 are not
constant and depend on multiple parameter choices. There-
fore, the values of these parameters must be specified as
RDI (spatial resolution, statistical analysis domain size, obser-
vation image size, and a number of observations at selected lo-
cations in a sample) to carefully characterize under what
conditions these values are obtained. In this study, spatial res-
olution is 0.1 pm, statistical analysis domain size is selected at
1 um® corresponding to the domain (cell) size of 12 in the two
figures, observation image size is 92 pm x 92 pm x 10 pm,
and the number of observations in a physical measurement
sample is 1 (only one location).

The calculated values of scaled absorbance at 275 nm, RDI
(0.1 pm, 1 pm?®, 84,640 pm®, 1) and ¥* (0.1 pm, 1 pm?,
84,640 umB, 1) with respect to SWNT concentrations in
DMF are listed in Table 1. It was anticipated that a lower
concentration of SWNT in DMF would lead to an improved
dispersion of SWNTs in the polymer. However, it appears
that the dispersion does not get better beyond about the
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Fig. 5. (a) The average transmittance and corresponding absorbance for three
illustrated lateral distributions of an absorbing material. The distribution af-
fects the apparent concentration calculated using the assumption of homogene-
ity implicit in Eq. (4). (b) Photograph of the PMMA/SWNT (0.5%) films used
for the absorbance measurement. The differences in opacity are due primarily
to the relative level of dispersion in each film.
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Table 1

SWNT concentration in DMF vs scaled absorbance (at 275 nm), relative
dispersion index (0.1 um, 1um3, 84,640 umS, 1) and X2 (0.1 pm, lumS,
84,640 pm’, 1)

SWNT concentration in DMF (mg/ml) Absorbance RDI (%) xz (x10%)
0.05 2.75 61 6.3

0.1 2.60 64 14

0.2 3.06 77 1.1

04 1.80 81 1.0

0.8 1.20 53 8.0

1.2 0.56 28 25

concentration of 0.2 mg/ml in DMF. This might be due to poor
interaction of the tubes with polymer chains in a large volume
of DMF at a low concentration.

The relationship between the RDI (0.1 um, 1 um3,
84,640 pm>, 1), x> (0.1 pm, 1 pm?®, 84,640 pm?, 1) value,
and the absorbance is shown in Fig. 6. The absorbance is se-
lected at 275 nm, whose value is near the largest as shown
in Fig. 5. The trend shown in Fig. 6 is not significantly mod-
ified by selecting a different domain size for determining RDI
and x? value and absorbance at a different wavelength such as
426 nm. The correlation coefficient between RDI (0.1 um,
1 um?, 84,640 pm?, 1) and ¥? (0.1 pm, 1 pm?>, 84,640 pm?, 1)
value is 0.999. This strong correlation could be due to the use
of the same images taken by confocal microscopy and the fact
that both analysis assay the uniformity of the distribution.
However, the correlation coefficient between RDI (0.1 um,
1 um3, 84,640 um3, 1) and absorbance is 0.735. This poor cor-
relation appears to be due to the RDI value of the 0.4 mg/ml
sample. Without this sample, the correlation coefficient
increases from 0.735 to 0.927. In Section 3, the relationships

3.5 T T [ Tt T T [ T T T [ T T T [ T T T 108

L R=0.735
25+ i
] J
g £
o) | - o
5 2 1105 3
2 1 =
£ e 1 &
15 i
\\_> |
1r O J
0'5 L 1 1 1 I I.I 1 I 1 1 1 I 1 1 1 I 1 1 1 104
0 20 40 60 80 100

Relative Dispersion Index (%)

Fig. 6. Relationship between relative dispersion index (0.1 pm, 1 pm?,
84,640 um3, 1), xz (0.1 pm, 1 um3, 84,640 umB, 1) with open squares, and
absorbance at 275 nm with solid circles. R is correlation coefficient.

between the dispersion levels determined by the above three
analysis and various physical properties of the nanocomposites
are obtained and compared to find which analysis best corre-
lates with the properties.

3.2. Basic PMMA/SWNT nanocomposite properties

3.2.1. Thermal stability

Derivative weight loss rates of the six samples with respect
to temperature in nitrogen are plotted in Fig. 7. The peak
weight loss rate was observed at 362 °C for pristine PMMA
(plot not shown), 364 °C for the sample with the SWNT con-
centration in DMF at 1.2 mg/ml, and at around 370 °C for all
other samples. All the curves shown in this figure are close to
each other. Thus, morphology difference in PMMA/SWNT
nanocomposites does not appear to make an appreciable dif-
ference in the thermal stability of the nanocomposites.

3.2.2. Viscoelastic properties

The storage modulus G’ provides a measure of nanocompo-
site “‘stiffness” and its frequency dependence characterizes
whether the sample is in a liquid-like or solid-like state. Com-
parison of the relationship of storage modulus as a function of
frequency among the six nanocomposite samples is shown in
Fig. 8 at 200 °C. G’ of the sample prepared at 1.2 mg/ml in
DMF is not significantly different from that of PMMA and
it shows the typical rheological response of a Newtonian liquid
behavior with G’ ~ w?* (where w is the oscillatory frequency)
at low frequencies. However, G’ increases significantly with
a decrease in SWNT concentration in DMF and the liquid-
like scaling of G’ at low frequencies disappears. G’ is about
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Fig. 7. DTG, dynamic thermogravimetric, curves of the six PMMA/SWNT
(0.5%) nanocomposites prepared by different SWNT concentrations in
DMF. TGA was conducted in nitrogen at heating rate of 5 °C/min.
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Fig. 8. Storage modulus vs frequency for the PMMA/SWNT (0.5%) nanocom-
posites prepared with various concentration of SWNT in DMF (mg/ml).

the same for the three samples based on 0.05 mg/ml, 0.1 mg/
ml, and 0.2 mg/ml in DMF and G’ becomes nearly constant
at low frequencies. This indicates a transition from a Newto-
nian liquid to an ideal Hookean solid, which accompanies
the formation of a mechanically stable network structure
[39] (‘jammed network’ or ‘dispersion gel’) [40]. The forma-
tion of such a structure has significant effects on flammability
properties [41] as shown later in this paper.

3.2.3. Electrical conductivity
The complex conductivity ¢* of our specimens can be ex-
pressed by Eq. (6):

0" =0y + jwee; (6)

where o is the direct current conductivity (DC), independent
of AC frequency f, w =2mf, & is the complex dielectric per-
mittivity of the composite material, ¢ = &y(e, — je/'), and &
is the dielectric permittivity of free space. At low frequencies
the complex admittance term, wepe;, is small and the total con-
ductivity becomes real (§ = 0; |o*| = o), independent of fre-
quency, essentially equivalent to DC conductivity. Thus in the
low frequency limit |Z*| ;) =Zo and o9 = 7- L.

Fig. 9 shows a log—log plot of complex conductivity of the
six nanocomposite samples as a function of frequency. The
plateau seen in each plot extending up to a crossover fre-
quency, f., corresponds to the DC conductivity ¢, where
2mfeeolel| = o¢. It is seen that the samples prepared with
1.2 mg/ml in DMF exhibit a purely dielectric character. The
linear frequency-dependent increase in complex conductivity
on the log—log plot corresponds to a dielectric constant of
about 4.1. Similarly, samples with 0.8 mg/ml show a dielectric
behavior at frequencies above f, = 65 Hz. However, with in-
creasing dispersion of SWNT the nanocomposites became in-
creasingly conducting while f. shifts to higher frequencies.
The conductivity ¢, increases from 107’ S/m and reaches
a peak value of about 2.8 x 107> S/m at SWNT/DMF of
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Fig. 9. Complex electrical conductivity vs frequency for the PMMA/SWNT
(0.5%) nanocomposites prepared with various concentrations of SWNT in
DMF (mg/ml).

0.2 mg/ml, while f, increases from 65 Hz to about 1.2 MHz.
The conductivity results are summarized in Table 2, which
shows significant effect of the dispersion level of SWNT on gy,

3.2 4. Flammability property

Mass loss rate curves in nitrogen atmosphere at an external
flux of 50 kW/m? are shown in Fig. 11. All samples were
tested with 4 mm thick samples except for an 8 mm thick sam-
ple prepared at 0.2 mg/ml concentration in DMF. This partic-
ular sample was tested in our previous study [36]. It is
expected that the effect of the difference between 8 mm thick-
ness and 4 mm thickness on mass loss rate curve is not signif-
icant, except to give roughly twice longer test time for the
8 mm thick sample than that for the 4 mm thick sample.
(This is the reason why the upper time scale, which applies
only to the sample prepared with 0.2 mg/ml concentration in
DMF (8 mm), is twice long as the lower time scale for all
other samples.) Lower mass loss rate implies lower heat re-
lease rate during burning and thus lower flammability.
Fig. 10 shows the significant effects of the morphology differ-
ence on mass loss rate. The mass loss rate of sample prepared
with 0.2 mg/ml concentration in DMF is roughly 1/3 of that of
pristine PMMA compared to a small reduction of only 10—
20% with samples prepared at 0.8 mg/ml and 1.2 mg/ml con-
centrations in DMF despite there being the same amount of
SWNT in all samples. The pictures of the residues collected

Table 2
Effects of SWNT concentration in DMF on electrical conductivity of PMMA/
SWNT (0.5%)

SWNT/DMF (mg/ml) oo (S/m)
0.05 28 x 1074
0.1 52x107*
0.2 2.8x107°
0.4 8.6x 107>
0.8 20x%x 1077
1.2 32x1071°
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Fig. 10. Mass loss rate curves of PMMA/SWNT (0.5%) nanocomposites pre-
pared with various concentrations of SWNT in DMF (mg/ml). All samples
were 4 mm thick except 8 mm thick for 0.2 mg/ml. Tests were conducted at
50 kW/m? in a nitrogen atmosphere.

at the end of the tests show a relatively uniform, smooth sur-
face for the sample prepared at 0.2 mg/ml concentration in
DMF compared to many large islands for the sample prepared
at 0.8 mg/ml concentration in DMF (Many cracks were
formed for 0.1 mg/ml). During the test for the latter sample,
vigorous bubbling was observed between the islands but no
bubbling was observed except in the very early stages of the
test (within first 30 s) for the sample prepared at 0.2 mg/ml
concentration in DMF. This observation and the relationship
between the formation of a uniform residue vs the formation
of islands and the mass loss rate curves are consistent with
our previous observation [36,41].

3.3. Relationship between quantitative dispersion level
and physical properties

As shown above, there are no significant effects of the dis-
persion level of SWNT in the PMMA/SWNT (0.5%) nano-
composites on thermal stability. Relationships between the
dispersion level and physical properties, such as storage mod-
ulus, electrical conductivity, and flammability properties of the
nanocomposites are obtained. Since the quantified dispersion
level by RDI is very similar to that by x> analysis, as shown
in Fig. 6, only the former analysis as well as the absorbance
is used as measures of dispersion level.

The relationships between storage modulus at 0.05 rad/s in
Fig. 8 and dispersion level quantified by RDI (0.1 pm, 1 pm?,
84,640 um3 , 1) and absorbance at wavelength 275 nm in Fig. 5
are plotted in Fig. 11. The second order polynomials fit best as
compared to a power fit or an exponential fit. Both fits show
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Fig. 11. The relationships between storage modulus of PMMA/SWNT (0.5%)
at 0.5 rad/s and quantitative dispersion levels of SWNT described with relative
dispersion index (0.1 um, 1 um3, 84,640 p.m3 , 1) (solid circles) and with absor-
bance at 275 nm (open squares). Second order polynomial fits and correlation
coefficient, R, with RDI is 0.84 and that with absorbance is 0.97.

a rapid increase in the storage modulus at low dispersion levels
followed by slow increase in storage modulus at high disper-
sion levels. The storage modulus evidently correlates with
the dispersion level determined by absorbance better than
with that measured by RDI (0.1 um, 1 pm?®, 84,640 um?, 1).
The correlation coefficient of the former is 0.97 compared to
0.84 for the latter. The figure also indicates that storage
modulus can vary about four orders of magnitude with disper-
sion level for a fixed SWNT concentration (0.5%) in the
nanocomposites.

The corresponding relationship between dispersion level
and electrical conductivity is shown in Fig. 12. Both a power
fit and an exponential fit correlate well with either RDI or ab-
sorbance. (A polynomial fit was also used but a fit with the
highest correlation coefficient was selected in this study.)
The correlation coefficient of the power fit with RDI is 0.99
and with absorbance is 0.96. The electrical conductivity varies
by roughly 10® orders with dispersion level for a fixed SWNT
concentration, an effect even more drastic than for storage
modulus. The electric conductivity increases rapidly with an
increase in the dispersion level, but the increase in electrical
conductivity with an increase in dispersion level becomes
lower when the dispersion level is relatively high.

Next, the effect of dispersion level on normalized peak
mass loss rate of the nanocomposites is shown in Fig. 13,
given recent interest in SWNT as a fire retardant additive
[36]. The abscissa of the figure is the ratio of the peak mass
loss rate of PMMA/SWNT (0.5%) nanocomposites divided
by the peak mass loss rate of PMMA measured at an external
radiant flux of 50 kW/m? in a nitrogen atmosphere. The
smaller the ratio the less flammable is the sample. The figure
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(0.5%) and electrical conductivity and quantitative dispersion levels of
SWNT described with relative dispersion index (0.1 pum, 1 um3 , 84,640 um3,
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and correlation coefficient, R, with RDI is 0.99 and that with absorbance is
0.96.

shows about an approximately 70% reduction in flammability
is achieved with the best dispersed sample tested in this study,
so that we again find a large effect of dispersion level on an
important property of these nanocomposites. Contrary to the
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Fig. 13. The relationships between the normalized peak mass loss rate of
PMMA/SWNT (0.5%) by the peak mass loss rate of PMMA and quantitative
dispersion levels of SWNT described with relative dispersion index (0.1 pm,
1 umS, 84,640 um3, 1) (solid circles) and with absorbance at 275 nm (open
squares). Second order polynomial fits and correlation coefficient, R, with
RDI is 0.96 and that with absorbance is 0.99.

above trend observed for storage modulus and electric conduc-
tivity, it appears that the peak mass loss rate is monotonically
reduced even at the high end of dispersion level (no plateau).
The second order polynomial fit correlates best as compared to
a power fit and an exponential fit. The correlation coefficient
of the fit with absorbance is 0.99 compared to 0.96 with RDI.

4. Discussion

Our measurements of SWNT nanocomposite properties
over a wide range of dispersion level indicate a profound var-
iation in the properties of the nanocomposites and the evident
need for dispersion metrics to allow some control of these
properties and some understanding of why these property
changes come about. The majority of studies show few TEM
or SEM images comprising only a few nanocomposite samples
without any analyses and assume that the dispersion levels of
all the samples are same. However, without any quantitative
analyses of spatial dispersion in all of the samples, the dis-
persion level of each sample might differ. At higher concen-
trations of nanoparticles, distances between nanoparticles
become less and nanoparticles tend to agglomerate or bundle
with each other. Thus, it tends to get more difficult to achieve
good dispersion of nanoparticles in nanocomposites at high
concentrations of nanoparticles. This might be one of the rea-
sons why the reported concentrations of nanoparticles needed
to attain percolation in electrical conductivity and in storage
modulus differ significantly among published papers.

We would like to understand better the sources of uncer-
tainty in estimation of the RDI. There are several possible rea-
sons: (1) the spatial resolution of the images taken by confocal
microscopy might not be fine enough to detect smaller bundles
of SWNTs or individual SWNTs, although their actual
amounts in the samples were not known. The analysis used
in this study might be more appropriate for larger tubes. (2)
Although the observed volume is relatively large compared
to those seen by TEM and SEM, only one location of each
sample was analyzed. The three-dimensional image of the
sample prepared at 0.4 mg/ml concentration in DMF shown
in Fig. 1(b) appears to show a more uniform distribution than
the other images. There might be larger scale non-uniformity
in some of the samples. The same analysis used in this study
might need to be applied to a number of statistically selected
locations in the sample to get an overall dispersion level. (3) In
the analysis, a threshold value (taken from the background
measurement of the confocal image of pristine PMMA) was
used to determine whether there was a tube bundle (designated
as “1”) or not (designated as “0”) in each cell of about
90 nm x 90 nm x 100 nm size. However, we did not determine
whether there was more than one tube bundle or not. The anal-
ysis clearly requires further refinement to include the relation-
ship between intensity and the number of tube bundles.

The analysis based on absorbance measurement is rela-
tively easy and does not take too much time. However, this ap-
proach may not be used for samples with higher concentration
of tubes because the absorbance becomes too high to allow ap-
plication of the Beer—Lambert law described by Eq. (4). For
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a comparison of dispersion between two different resins and/or
different nanoparticles, this approach requires multiple cali-
brations and consequently it could become more complicated.
It would appear to be most suited for comparison of the disper-
sion of the same type of nanoparticles with different sample
preparation conditions, for example different mixing times,
but keeping the same composition. Although the analysis us-
ing confocal microscopy might need further improvements
to remove the above uncertainties, it can apply to higher con-
centration samples and it might also be possible to compare
two different sample types based on different resins and/or dif-
ferent types of particles. Although a uniform distribution of
tubes in nanocomposites is one of the requirements for better
physical properties, electrical conductivity of nanocomposites
can be significantly increased with specific alignment of tubes
[42] or the formation of interconnected agglomerates [19].
Therefore, three-dimensional reconstructed images by X-ray
transmission could be used to obtain detailed morphology in-
cluding distribution, orientation, size, if the spatial resolution
of this method were to be improved [43].

5. Conclusions

Relation between our relative dispersion metric and the prop-
erties of PMMA/SWNT nanocomposites was obtained at a fixed
SWNT concentration of 0.5%. When the sample preparation
method led to large range of dispersions in the samples, the dis-
persion metric of SWNTs was determined by two different
methods, one was an absorbance measurement by UV —vis spec-
troscopy and the other was a statistical analysis of 100 images
taken by confocal microscopy. The observation domain of the
former was about 3 mm x 10 mm x 200 um thickness and
that of the latter was about 92 pm x 92 pm x 10 um thickness.
Quantitative spatial dispersion levels were obtained through im-
age analysis to obtain a ‘relative dispersion index’ representing
the uniformity of the dispersion of SWNTs in the samples and
through the absorbance. The storage modulus, electrical con-
ductivity, and flammability property (normalized peak mass
loss rate) of the PMMA/SWNT (0.5%) nanocomposites are
well correlated with respect to the quantified dispersion levels
determined by the two different analyses. The relation between
the quantified dispersion levels and physical properties shows
about four orders of magnitude variation in the storage modulus,
almost eight orders of magnitude variation in electrical conduc-
tivity, and about 70% reduction in peak mass loss rate at the
highest dispersion level used in this study. With the profound ef-
fects of dispersion of SWNTs, objective dispersion metrics in an
appropriate scale must be measured to understand how the prop-
erties of nanocomposites depend on the concentration, shape
and size of the nanotubes and the reproducibility of the proper-
ties in the preparation of samples under nominally fixed prepa-
ration conditions.
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