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Abstract: We investigate the use of Terahertz (THz) Time Domain
Spectroscopy (TDS) as a tool for the measurement of the index dispersion
of multi-walled carbon nanotubes (MWCNT) in polypropylene (PP) based
composites. Samples containing 0.5% by volume concentration of non-
functionalized and functionalized carbon nanotubes are prepared by melt
compounding technology. Results indicate that the THz response of the
investigated nanocomposites is strongly dependent on the kind of nanotube
functionalization, which in turn impacts on the level of dispersion inside the
polymer matrix. We show that specific dielectric parameters such as the
refractive index and the absorption coefficient measured by THz
spectroscopy can be both correlated to the index of dispersion as estimated
using conventional optical microscopy.
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1. Introduction

Polymer nanocomposites (PNCs), widely cited in the literature since the early '90s, still attract
a remarkable interest from the academic and industrial research. PNCs in fact display unique
functional properties that can be acquired with relatively small amounts of fillers in
comparison with traditional microcomposites. Nevertheless, the diffusion of materials
containing nanofillers remains very limited, mainly because of technological difficulties to
reproduce at an industrial level a filler dispersion similar to that obtained on a laboratory
scale. This drawback is essentially related to interactions among the dispersed particles that
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reduce the specific surface area of the interface. The problem has been addressed by various
approaches, and a variety of solutions to prevent particle aggregation have been proposed,
including the use of auxiliaries such as surfactants [1] and plasticizers [2] or chemical
functionalization of the filler-matrix interface [3]. Among nanofillers, carbon nanotubes
(CNTs) are extremely promising since they combine extremely high stiffness, large electrical
and thermal conductivity, together with high aspect ratios which may give rise to new
materials with interesting potential uses in different industrial fields such as electronic and car
industries. As far as photonic applications are concerned, CNTs in a solid composite represent
an attractive material due to their nonlinear optical properties, such as large saturable
absorption [4] and high third order nonlinearity [5]. In the past few years, there have been
plenty of reports on the fabrication of CNT based compounds from which complex nonlinear
optical devices (such as fibers for wavelength conversion [6], or waveguides [7] and saturable
absorbers [8] for passive mode locking in solid-state lasers) can be realized.

Carbon nanotubes are mainly produced by chemical vapor deposition (CVD) and are
generally available as highly entangled and agglomerated structures [9]. They are very
difficult to disperse in polymer resins, especially using the melt compounding technology.
This is a very attractive mixing process from both industrial and safety point of view, with
respect to other ones such as in situ polymerization, solvent mixing and so on. In this regard,
many studies have been carried out to investigate the mechanisms of dispersion of CNTs in
both thermoplastic and thermosetting polymer matrices [10, 11]. In general, for PNCs the
influence of process conditions, filler content, matrix viscosity, interfacial nature and aspect
ratio on the so-called percolation thresholds and ultimate properties have been extensively
considered [12]. Qualitative information about agglomerates formed during inappropriate
mixing is generally drawn from rheological measurements [13], microscopic observations or
using X-rays diffraction tests [14]. These analyses are intrinsically limited and do not allow a
complete characterization of the complex three-dimensional structures of the CNT aggregates.

Previous investigations have clearly evidenced that, despite the outstanding potential of
carbon nanotubes, there are still many difficulties related to their dispersion. Conventional
processing technologies cause random disposition as well as poor alignment of the nanofillers
in the hosting matrix. Significant ultimate functional benefits can be only achieved by
inserting adequate CNT contents, usually above the so-called theoretical percolation threshold
[15]. In [16], Russo et al. reported that a relevant increase of the thermal conductivity of
polypropylene is verified above a threshold of 0.5% in volume (1% by weight) of carbon
nanotubes. The number nicely matches the electrical percolation threshold (ranging from 0.1
to 3% by weight CNT [17]), although an exact value cannot be given in this case since it is
very much dependent on the kind of carbon nanotubes, viscosity and wettability of the hosting
matrix polymer, and degree of dispersion. Many studies are currently attempting to
quantitatively estimate the index of dispersion D as a function of filler content and typology
[18]. However, these analytical approaches are usually difficult and time consuming to be
applied systematically, besides being mostly off-line.

Terahertz Time Domain Spectroscopy has been widely employed as a characterization
tool for a wide variety of materials, including ceramics, semiconductors and superconductors,
and polymeric compounds. TDS being a coherent technique, refraction and absorption as a
function of frequency can be directly derived from a comparison of the phase and amplitude
spectrum of the pulses transmitted through the samples relatively to the reference pulse. On
the contrary, non-coherent spectroscopy systems such as Fourier Transform-Infrared
Spectroscopy (FTIR) don't enable direct calculation of material parameters, and Kramers-
Kronig algorithm must be used to retrieve refractive index information. As far as polymers are
concerned, THz-TDS has been recently used for morphological studies [19], to monitor glass
transitions [20] and compounding processes [21], for quality control [22], or simply for
material characterization [23, 24]. More specific studies have been focused on the properties
of polymeric compounds containing different types of additives. In [25], Peters et al
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investigated the concentration of multi-walled carbon nanotubes embedded in a resin matrix,
showing that inhomogeneities can be detected using THz imaging. In [26], Wietzke et al.
drew the same conclusion analyzing different additives and compounds. In [27], Krumbholtz
et al. found that in polymer-based compounds containing wooden fibers THz spectroscopy
measurements allows discriminating among samples with different degree of dispersion. In all
cases, the importance of a fast, reliable and non-destructive method to detect the level of
sample homogeneity and nanofillers dispersion in polymeric composites was clearly pointed
out.

The main aim and the interest of the present work is to show that THz-TDS can be
exploited also to correlate the optically determined index D with specific spectroscopic
parameters, refractive index n and absorption coefficient a, as derived by the high frequency
measurements. Nanocomposites based on polypropylene and containing multi-walled carbon
nanotubes for concentrations above the so-called theoretical percolation threshold (0.5% in
vol.) and different surface features have been prepared. Samples have been systematically
analyzed with both the conventional optical microscopy and time domain spectroscopy
approach. Results and considerations presented in our work allow to appreciate the versatility
of this alternative technique, already widely validated for other applications, to acquire fast
information on the quality of polymer nanocomposites suitable for the development of optical
devices.

2. Experimental methods
2.1 Materials and sample preparation

A commercial polypropylene resin Monsten MA524 (MFI 24.0 g/10min @230 °C, 2.16 Kg),
supplied by UNIPETROL RPA, was modified by inclusion of MWCNTSs (average length < 1
um, average diameter: 9.5 nm, true density: 1.94 g/ml), supplied by Nanocyl S.A. Three types
of thin multi-wall carbon nanotubes were produced via the catalytic CVD process and then
purified to greater than 95% carbon to produce the 3150 grade (bulk density 100 g/1). This
grade is then functionalized with carboxyl (-COOH) and amino (-NH;) groups to produce the
3151 (bulk density 250 g/1) and 3152 (bulk density 150 g/1) grades respectively.

The nanocomposites were prepared by melt blending the PP matrix, as received from the
manufacturer, with carbon nanotubes in a Brabender mixer Plastograph ECbatch, setting a
rotation speed of 60 rpm and a temperature of 190 °C. For each batch, 45 g of polypropylene
resin was fed into the mixing chamber and processed for 2 minutes to melt the whole
polymer. At this point, MWCNTs with a concentration of 0.5% by volume were added with
continuous mixing for additional 5 minutes. A systematic evaluation of the content of filler by
thermo-gravimetric analysis confirmed a remarkable agreement between the nominal and
effective values. Samples were obtained by compression molding with a Lab Tech
Engineering hydraulic press, setting a pressure of 70 bar and a temperature of 210 °C.

2.2 Optical microscopy

For each nanocomposite, 10 slices with an average thickness of about 7 microns were
obtained by using a Leica CM1850 microtome at room temperature and analyzed by optical
microscope Olympus BXS53. Slices were taken from different regions of the same
compression molded sample in order to check the achieved level of uniformity in terms of
MWCNT agglomerate size distribution. For each slice, the dispersion index D of the
nanofillers was evaluated according to the following equation [28]:

D=(1—_ /1/7%]0100% (1)

where A4 and A, represent the area occupied by agglomerates and the total investigated area,
respectively; V' is the carbon nanotube volume fraction, and f'is a factor related to the density
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of MWCNT agglomerates and measured according to the procedure reported in [29]. In
particular, for each observed section, a particle analysis was performed using the Java-based
free software Image] (National Institutes of Health, United States) and neglecting
agglomerates with diameters smaller than 5 pm.

2.3 Terahertz spectroscopy

A customised THz-TDS system (EKSPLA, Lithuania), based on a 1064 nm fiber laser with
120 fs pulse width and 60 MHz repetition rate, is used for the measurements. In the standard
setup, the laser output is split in 2 beams. Pump beam generates an electromagnetic (e.m.)
transient (THz pulse, =ps) through the excitation of a low-temperature grown GaBiAs—based
photoconductive antenna (PCA) emitter, whereas the probe beam is used to detect the THz
pulse using a similar PCA receiver. A mechanical optical line is used to control the delay
between probe and pump beams. This method of detection provides the waveform, that is the
electric field amplitude of the THz pulse as a function of the timing difference. Two hyper-
hemispherical high resistivity silicon lenses collect and focus emitted and detected radiation
from PCAs. Measurements are carried out on freestanding samples placed along the beam
path in the focus of two off-axis parabolic mirrors. The spot diameter is about 2 mm.
Thickness of bulk samples for the THz measurements has been set to a minimum (1.4 mm), in
the attempt to enhance as much as possible the THz transmission band [30]. All
measurements are performed in a nitrogen-controlled atmosphere, to reduce or eliminate in
the frequency spectra the water absorption lines caused by signal transmission in air. By using
TDS we can compare the dielectric properties of polypropylene-based composites loaded
using MWCNTs in the frequency band 0.3 — 1.4 THz and with a maximum dynamic range of
about 60 dB, strongly dependent on the transmittance properties of each sample.

3. Results and discussion

Image analysis, carried out on several slices of material for each sample, shows that a
satisfactory MWCNT aggregate size distribution is always achieved under the applied
processing conditions. Figure 1 displays the representative light microscopy images of
polypropylene compounds containing 0.5% in volume for each kind of carbon nanotubes
herein considered: non-functionalized, functionalized with amino groups (-NH,),
functionalized with carboxyl groups (-COOH).

Optical micrographs highlight the diverse typology of agglomerate dispersion in the
samples under investigation. These differences are clearly reflected in the dispersion index
calculated according to Eq. (1) and reported in Table 1 for each system.

(a) (b) @

Fig. 1. Optical micrographs illustrating the state of agglomerate dispersion of nanocomposites
with different type of MWCNTSs: non-functionalized (a), functionalized with amino groups (b)
and functionalized with carboxyl groups (c).
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Table 1. Packing density f and dispersion index D for the nanocomposites with different

type of MWCNTs.
Nanocyl 3150 Nanocyl 3151 Nanocyl 3152
Functionalization None -COOH -NH,
Packing density f* 0.025 0.029 0.025
Dispersion index D (%) 60 86 86

* Determined as reported by Pegel [29]

In particular, evaluations highlight that the worst dispersion index D occurs in presence of
non-functionalized carbon nanotubes, whereas for both types of surface modified nanotubes
the same parameter increases and reaches a similar value.

The number of agglomerates, instead, vary from 60 counts/mm? for compounds filled with
carboxyl-modified carbon nanotubes up to 320 and 470 counts/mm” for systems containing
the same amount of amino-modified and pristine carbon nanotubes, respectively. In other
words, although the dispersion of carbon nanotubes seems to be favored at the same extent in
presence of the two considered surface modified carbon nanotubes, the type of functional
group apparently influence the number of remaining MWCNT agglomerates and their size
distribution. This is presumably related to expected differences in terms of filler-matrix
interactions and steric hindrance of functional groups present on the surface of the filler. Such
a conjecture has been further supported by the software-based image analysis, which allows
obtaining the size distribution of detected aggregates for each type of MWCNT (Figs. 2(a)—
2(c)). Graphs highlight that non-functionalized MWCNTSs give rise to a higher number of
agglomerates with an average size (equivalent diameter) larger than functionalized ones,
reducing the dispersion index of melted compounds.
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Fig. 2. Size distribution of MWCNT agglomerates in nanocomposites with different
functionalized filler: non-functionalized (a), functionalized with amino groups (b), and
functionalized with carboxyl groups (c).

A terahertz pulse is measured without any sample placed in the beam path, and used as a
reference. This makes unnecessary complicate and laborious calibrations of the measuring
system. The hosting polypropylene resin, being a non-polar polymer, in absence of any filler
is almost transparent to the electromagnetic radiation in the THz band [31] and can be easily
characterized using the TDS in the overall frequency range of operation (0.5 — 3 THz). The
insertion of conductive MWCNTs in this resin increases THz absorption, with a strong
reduction of the Signal-to-Noise Ratio (SNR), making possible reliable measurements up to
1.4 THz only.

Figure 3 shows the measurement of the reference signal (black solid line) compared with
the same signal (vertically shifted, for the sake of clarity) passing respectively through the
polypropylene matrix only and through samples containing both non- and functionalized
MWCNTs. Actually, the THz pulse transmitted from the sample fabricated using the neat PP
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resin doesn’t show a noticeable change in the signal intensity and shape with respect to the
reference. Polymer nanocomposites instead show a significant reduction in signal amplitude
relatively to the reference waveform, due to the absorption and reflection mechanisms
produced by the presence of CNT fillers. Furthermore, for all samples the observed time delay
is caused from the higher refractive index they have in comparison with air (nitrogen).

0.30 r . . . T .

T v T
—— PP/MWCNT-COOH |
—— PP/MWCNT-NH2

0.25 |- —— PP/MWCNT .

I —PP
0.20 N

reference

amplitude (mV)

time (ps)

Fig. 3. THz reference signal vs time (black line) compared with the PP matrix only (red line),
and with the nanocomposites loaded with MWCNTSs, non-functionalized (green line) and
functionalized with NH, (cyan line) and COOH (blue line) respectively. For the sake of clarity,
signals are vertically shifted by a constant value (0.05 arb. u.)

Related frequency spectra in Fig. 4 using Fast Fourier Transform (FFT) confirm that the
different degree of MWCNT functionalization clearly produces a relevant change in the
sample behavior. In all samples, THz transmission strongly decreases with frequency. In
polymer nanocomposites the normalized signal transmission is also strongly reduced, and this
is more and more evident increasing the THz frequency. On the contrary, data for the sample
based on the pure polypropylene are remarkably similar to the behavior shown by the
reference signal (not displayed here), confirming the high transparency of the PP matrix. The
worst case results to be for the sample having carbon nanotubes that are not functionalized at
all, where the power absorption is order of magnitude larger than for the other samples.

To be more quantitative, we can compare the refractive index » and absorption coefficient
o of the polypropylene sample only with nanocomposites containing MWCNTs, in order to
understand if the THz technique can detect and diversify the different typology of carbon
nanotubes and relate it to the dispersion index. Results on both n and a vs frequency show that
the polymer matrix acts almost as an “invisible” background medium, allowing to easily
characterize the embedded MWCNTs only. For the data analysis we use commercial
software, TeraLyzer' ", where a proprietary iterative algorithm [32] is exploited to extract
with high accuracy the material parameters from the frequency spectrum. We compare the
sample pulse (sample in the THz beam) with the reference pulse (empty THz-TDS system).
The measured transfer function is the ratio of the corresponding Fourier spectra. For the
parameters evaluation, the software minimizes the difference between the measured and the
theoretical transfer functions. In our case, the optimum thickness best fitting the data is 1.40 +
0.05 mm, perfectly matching the measured sample thickness.
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Fig. 4. Transmitted signal calculated from FFT for the neat PP matrix (black line) and for the
nanocomposites loaded with MWCNTs, non-functionalized (blue line) and functionalized with
NH, (cyan line) and COOH (red line) respectively.

Figure 5 displays the refractive index of the nanocomposites containing MWCNTSs with
different functionalization as a function of frequency. At the highest frequencies (above 1
THz), the small SNR value makes difficult spectrum analysis, rendering data comparison less
reliable. The corresponding behavior for the polypropylene matrix is shown for comparison.

87T T T T T T 1

e PP/MWCNT- COOH
@ PP/MWCNT- NH2
@ PP/MWCNT

1.7

1.6

1.5

refractive index n

14 -

03 04 05 06 07 08 09 10 11 12 13 14
frequency (THz)

Fig. 5. Refractive index n as a function of frequency for the neat PP matrix and for the
nanocomposites loaded with MWCNTs having different functionalization.

One can see that the n value for the sample loaded with MWCNTSs that are not
functionalized is always higher than in the case of functionalized samples at every
investigated frequency. The smallest values are found for the neat polymer matrix. In this last
case, as expected, the refractive index of the sample is nearly constant in the overall range
because of its non-polar nature and the absence of any resonant behavior in this frequency

#235154 Received 24 Feb 2015; revised 8 May 2015; accepted 19 May 2015; published 6 Jul 2015
©2015 OSA 13 Jul 2015 | Vol. 23, No. 14 | DOI:10.1364/0OE.23.018181 | OPTICS EXPRESS 18189



band [19]. On the other hand, » in nanocomposites slightly decreases with frequency, this
behavior being more evident for the non-functionalized sample.
The frequency behavior of the absorption coefficient is displayed in Fig. 6.

—
80 commms PP/MWCNT-COOH
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[ emmmPP/MWCNT
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(o2}
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3 8
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frequency (THz)

Fig. 6. Absorption coefficient o as a function of frequency for the neat PP matrix and for the
nanocomposites loaded with MWCNTSs having different functionalization.

In nanocomposites, a always increases as a function of frequency with a linear or sub-
linear term. This is in agreement with previous findings [25]. In terms of absolute values, the
insertion of carbon nanotubes in the polymer matrix produces a significant rise of the
absorbed and scattered energy inside each nanocomposite, which is however strongly
dependent on the different degree of MWCNTs functionalization. The lowest a values are
observed for the sample functionalized with carboxyl groups (-COOH), which shows a level
of signal attenuation fairly close to the sample without any filler content. The largest increase
instead is observed in the case of the sample containing non-functionalized MWCNTs, where
the absorption coefficient more than doubles. Here a well correlates with n too, since the
refractive index is always higher than in functionalized samples, indicating an increased
interaction between the medium and the THz wave. The level of absorption for the
nanocomposite functionalized with amino groups (-NH,) lies somehow in between the two
previous cases.

We speculate that several mechanisms can be responsible for the observed behaviors:

- the high number of agglomerates which are present in nanocomposites containing both
non-functionalized and amino modified MWCNTs, giving rise to a larger Rayleigh
scattering (nicely scaling with frequency) in those samples;

- the oxidation treatment of the MWCNTSs that usually removes other carbon impurities,
generally improving the filler conductivity. This might partially account for the
lower level of absorption observed in samples filled with carboxyl modified
MWCNTs with respect to ones containing amino modified MWCNTs [26];

- the MWCNTs functionalization itself, leading to a higher degree of dispersion in the
polymer and consequently to a smaller number of agglomerates having dimensions
comparable with the wavelength (see Fig. 2). This in turn might reduce the number
of significant scattering sources in the frequency region under investigation for the
same level of nanofiller content.
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The correlation between the dispersion estimated using optical microscopy and the THz
wave interaction can be seen in Figs. 7(a) and 7(b), where D is reported as a function of the
refractive index and the absorption coefficient respectively. Data are shown at the operational
frequency of 0.5 THz since the SNR value is the highest, however a similar behavior is
observed in the full range of investigation.
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Fig. 7. Plot of the degree of dispersion D as estimated using optical microscopy vs (a) n and (b)
a values measured through THz spectroscopy for the nanocomposites loaded with MWCNTSs
having different functionalization: pristine (full circle), with amino groups (full triangle), with
carboxyl groups (full square). The frequency of investigation is 0.5 THz. The dashed curves
represent a guide-to-the-eye only.

Functionalized samples with the largest D values show the smallest n and a values, that is
the smallest interaction between the medium and the transmitted e.m. wave. Our
understanding is therefore that samples where CNTs are well dispersed, namely with a
homogeneous distribution of the nanofillers, can be easily distinguished by poorly dispersed

samples simply looking at their electromagnetic response in the THz region. On the other
hand, since polymeric compounds loaded with CNTs having no functionalization at all show

#235154 Received 24 Feb 2015; revised 8 May 2015; accepted 19 May 2015; published 6 Jul 2015
©2015 OSA 13 Jul 2015 | Vol. 23, No. 14 | DOI:10.1364/OE.23.018181 | OPTICS EXPRESS 18191



the highest level of signal absorption, this behavior can be used as a “rule of thumb” and a
practical route towards the development of recently proposed carbon based nanocomposites
for the electromagnetic interference shielding of THz waves [33].

4. Conclusions

The aim of the present paper was to compare the dispersion index of MWCNTSs in the
polymer matrix, as evaluated through the optical method, with the analysis carried out using
high frequency measurements, in order to understand how different numbers of agglomerates
can modify the material dielectric parameters, and to validate the THz Time Domain
Spectroscopy as an alternative and reliable non destructive method to measure the
homogeneity of filler dispersion.

Polypropylene based composites containing 0.5% by volume of MWCNTSs have been
prepared by melt compounding and analyzed to estimate their actual level of filler dispersion.
In particular, three types of commercial multi walled carbon nanotubes with the same aspect
ratio and different surface features has been included in the melt under the same processing
condition.

Results confirm that chemical features of the interface play a key role on the achieved
filler dispersion. In our case, analytical data show a relevant improvement of the dispersion
index in presence of functionalized carbon nanotubes with respect to samples containing non-
functionalized ones. As displayed in Fig. 2, the density of agglomerates decreases as a
function of CNT functionalization. Poorly dispersed nanotubes in the polymer matrix shows
on average both the highest number and the largest size of agglomerates, producing therefore
more scattering and therefore an increased interaction between the nanocomposite medium
and the e.m. wave. This translates in increased » and o values in the THz region.

Thus, one can conclude that the study of the e.m. interaction between a THz wave and a
PP matrix loaded with different types of multi-walled carbon nanotubes can be used as a
reliable and powerful tool to estimate the level of nanofillers dispersion inside the polymeric
compound. Work is in progress to verify if analogous considerations can be also extended to
nanocomposites containing filler with different aspect ratios and shapes and over a different
range of filler contents even below the theoretical percolation threshold.
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