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Abstract Activated anionic ring-opening polymerization
of e-caprolactam (ECL) was carried out for the first time in
the presence of [6,6]-phenyl-Cg;-butyric acid methyl ester
(PCBM) to prepare polyamide 6 (PA6)-based composites
comprising up to 3 wt% of this fullerene derivative. This
in situ polymerization process produced high molecular
weight composites containing 52-80 % of gel fraction at
PCBM concentration >0.5 wt%. Spectral, thermo-
mechanical, synchrotron X-ray, and scanning electron
microscopy data were used to elucidate the structure and
morphology of the PA6/PCBM composites. A mechanism
of the chemical structure evolution was proposed starting
with incipient complexation between ECL and PCBM, via
subsequent chemical linking of ECL moieties on the Cgg
spheroid and final formation of star-burst and cross-linked
morphologies. PCBM amounts of 0.1 wt% and more
decreased the volume resistivity from 10'> Q cm (neat
PA6) to 10°-10” Q cm, thus opening the way for new
applications of anionic PA6.
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Introduction

Buckminsterfullerene Cgy and its functionalized deriva-
tives have attracted considerable attention due to their
large number of potential applications in organic photo-
voltaics [1], organic field effect transistors [2], quantum
information processing [3], as antioxidants and biophar-
maceuticals [4], and in water purification systems [5].
Polymer composites suitable for preparation of electronic
and optical materials with appropriate photoinduced
electron transfer or photoexcitation properties may be
based on conjugated polymer matrices modified by ful-
lerene compounds [6, 7]. Conventional polymers such as
polyethylene [8, 9] and polystyrene [10—13] have also
been tested as matrices for fullerenes. These studies have
shown that pristine Cg( has low compatibility to polymers
resulting in insufficient properties of the final composite.
In an attempt to improve the compatibility of Cg, efforts
have been made to functionalize the fullerene structure by
producing monosubstituted derivatives. The use of [6,6]-
phenyl-Cg;-butyric acid methyl ester (PCBM) and [5,6]-
phenyl-C61-butyric acid cholesteryl has been reported in
conjugated polymer/polystyrene or polyethylene systems
obtained by gel processing [11]. Lu et al. [8] studied
benzylaminofullerene/polyethylene solution cast systems
proving aggregation of the functionalized Cgy into
micron-sized domains.

An alternative way to increase the dispersion of min-
eral fillers in polymer composites would be to synthesize
the matrix in situ, i.e., by initially mixing the filler with
the monomer and then polymerizing this system. Because
of the low viscosity of the monomer, in situ polymeri-
zation techniques can disperse quite effectively particulate
or layered fillers in polymer matrices [14]. Activated
anionic ring-opening polymerization (AAROP) of lactams
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to n-polyamides is a good example of such in situ matrix
creation process that can be used for the preparation of
polyamide/Cg fullerene composites. Kelar [15] performed
AAROP of e-caprolactam (ECL) containing of up to
0.3 wt% of a Cgo/C7¢ mixture proving that fullerenes do
not inhibit the polymerization to polyamide 6 (PAG6).
Thermogravimetric and mechanical investigations showed
that the carbon allotrope acted as thermal stabilizer of
PAG6 and increased the stress at break and the Young’s
modulus, while elongation at break and impact strength
were decreased slightly. Zuev and Ivanova [16] studied
the effect of fulleroid fillers (Cgo, mixture of Cgo/C7 and
fulleroid soot) on the mechanical, tribological and elec-
trical properties of nanocomposites based on PA6 pre-
pared by in situ AAROP. Both tensile modulus and
strength of the polymer nanocomposites were found to
improve with up to 15 % wupon the addition of
0.001-0.1 wt% of fulleroid materials. This reinforcement
effect was attributed to the selective crystallization of
PA6 in its a-form, promoted by the fullerenes. Scratch
tests showed that the addition of the fulleroid fillers
decreases the friction coefficient of the nanocomposites to
approximately half of the value observed on neat PAG.
Electrical volume resistivity was found to decrease with
the loading of fillers being ~10" Q cm at 0.1 wt%
loading.

The effect of Cgo on the mechanical and dielectric
properties of nanocomposites based on polyamide 12
(PA12), prepared by in situ AAROP, was also studied [17,
18]. A 20 % improvement of the Young’s modulus and
tensile strength values was observed by the addition of only
0.02-0.08 wt% of Cgo. Dielectric spectroscopy results
showed that the segmental relaxation processes become
faster with the addition of Cgo. This effect was associated
with the decrease of the glass transition temperature. At the
same time, the secondary or y relaxation process of PA12/
Ceo nanocomposites slowed down.

All of the PA6-based composites prepared so far by
AAROP have been obtained only with pristine fullerenes.
To the best of our knowledge, no attempts have been
made to carry out the AAROP in the presence of func-
tionalized Cg that are easily soluble in the monomer. The
combination of more organophylic fullerene derivative
with in situ preparation of the PA6 matrix could posi-
tively influence the dispersion of the filler and, therefore,
the composite properties. The aim of this study is to
prepare PA6/PCBM composites by AAROP, to assess the
effect of PCBM constituent on the structure, morphology,
thermal, and electric properties of the composites and, on
this basis, to elucidate the mechanism of PCBM
incorporation.
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Experimental
Materials

Carbon nanoparticles of PCBM (Scheme 1, I) with greater
than 99 % purity were acquired from Solenne BV. The
ECL monomer with reduced moisture content suitable for
AAROP (AP-Nylon® caprolactam) was delivered from
Briiggemann Chemical, Germany. Before use, it was kept
under vacuum for 1 h at 23 °C. As polymerization acti-
vator, Bruggolen C20P® from Briiggemann Chemical,
Germany (C20) was used. According to the manufacturer,
it contains 80 wt% of blocked di-isocyanate in ECL. The
supposed chemical structure of C20 is presented in
Scheme 1, II. The initiator sodium dicaprolactamato-bis-
(2-methoxyethoxo)-aluminate (Dilactamate, DL,
Scheme 1, 1) was purchased from Katchem and used in
the form of 80 wt% solution in toluene.

Sample preparation by AAROP

About 0.25 mol of ECL (m.p. 69 °C) were molten in a
250 mL flask at 110 °C under nitrogen flux, and then the
desired amounts of PCBM were added at once. The mixture
was energetically stirred at the same temperature until
complete dissolution of the functionalized fullerene which
took up to 5 min. Then, the catalytic system comprising DL
and C20 was added. Upon homogenization, the reactive
mixture was rapidly transferred into glass test tubes with
diameters of ca. § mm. They were placed into an oven heated
at 170 °C. After 30 min, the temperature was gradually
decreased to 30 °C. All samples thus prepared are shaped as
cylindrical bars. The degree of monomer conversion
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determined by Soxhlet extraction to constant weight with
methanol was in the 97-99 % range. Only extracted samples
were subjected to further characterization.

Characterization techniques

The average viscosimetric molecular weight M, was
determined by intrinsic viscosity measurements in 97 %
sulfuric acid at a concentration of 0.2 g/dL. with a sus-
pended level Ubbelohde viscometer thermostated at 23 °C
using the Mark—-Houwink equation with K = 10~ and
o = 0.7 [19].

Differential thermal analysis was made in a 200 F3
calorimeter of Netzsch at a heating rate of 10 °C/min under
N, purge from —20 to 300 °C. Two heating and cooling
scans cycles were run with each sample, the sample
weights being in the 5-10 mg range. Thermogravimetric
measurements were carried out using a TA Q500 thermo-
balance. The instrument was calibrated with indium and
aluminum standards. Samples of ~20 mg were placed in
platinum crucibles and heated from 30 to 600 °C using a
heating ramp of 10 °C/min under air flow of 50 mL/min.

Dynamic mechanical thermal analysis (DMTA) mea-
surements were performed in tension mode on rectangular
shaped bars. The sample free length was 10 mm on which
oscillating strain of 20 pm and a constant strain frequency
of 1 Hz were applied. The sample was heated at 2 °C/min,
from —100 to 180 °C, with the sample oven being con-
tinuously purged with nitrogen gas.

Diffuse reflectance infrared Fourier-transform spectros-
copy (DRIFTS) was performed in a Perkin—Elmer Spec-
trum 100 apparatus using the respective attachment at a
resolution of 2 cm™' accumulating 16 spectra for better
signal-to-noise ratio.

For scanning electron microscopy (SEM) characteriza-
tion, the samples were cryofractured, and the sections
produced were coated with 8-nm-thick Au-Pd alloy
(80-20 wt%) using a high-resolution sputter coater
(208HR Cressington Company), coupled to a high-resolu-
tion thickness controller (MTM-20 Cressington). Morpho-
logical analysis of the fractured sections was performed in
an ultra-high resolution field emission gun scanning elec-
tron microscope NOVA 200 Nano (FEI Company). Sec-
ondary electron images were obtained with an acceleration
voltage of 5 kV.

For the volume resistivity measurements, disks with a
thickness of 2 mm were cut from the initial PA6 bars,
cleaned with isopropanol, and blown with dry nitrogen.
Aluminum electrical contacts were deposited on them
using a thermal evaporator operating at ~ 10° torr.
Deposition rate was kept at ca. 0.3 nm/s so as to ensure a
good contact between the metal and the sample, and to
avoid foliation of the metal. The relation between the

amount of PCBM and the resistivity of the samples was
determined using a semiconductor characterization system
Keythley 4200-SCS with Janis ST-500 cryogenic probe
station measuring the current as a function of the applied
voltage.

The wide-angle X-ray scattering patterns (WAXS) in
this study were registered at the Soft Condensed Matter
Beamline (A2) of HASYLAB, Hamburg, Germany using
synchrotron radiation with a wavelength fixed to 0.15 nm.
The sample-to-detector distance was set at 90 mm, and the
diffraction patterns being registered by means of a MAR-
CCD two-dimensional detector of Rayonix. The samples
were studied in transmission mode with an exposure time
of 25 s. A sample holder with incorporated heaters and
cooling with compressed air was used allowing for con-
trolled heating—cooling cycles in the 30-300 °C range. An
Imago multichannel processor and program controller of
JUMO GmbH (Germany) were used to regulate the sample
temperature. The difference between the read-out and real
temperature was found to be 3—4 °C at the heating rate of
20 °C/min applied in this study. Corrections for back-
ground scattering, irradiated volume, and beam intensity
were performed for each two-dimensional pattern. For
further data processing, a commercial software package
was used [20] to apply peak fitting in the linear WAXS
patterns obtained after integration between scattering
angles 20 of three and 40°.

Results and discussion
Synthesis of the PA6/PCBM materials

The chemistry of the AAROP of ECL is well known since the
early 1970s [21]. As seen from Scheme 1, the activator C20
contains two preformed imide links C(O)-N-C(O), in the
presence of which polymerization starts directly with the
propagation stage [22]. After some optimization experi-
ments, the AAROP temperature was set at 170 °C, which
produced neat PA6 with 97-99 % degree of ECL conversion
within polymerization times of 15-20 min. The intrinsic
viscosity [n] of the anionic homo-PA6 polymerized under
the optimized conditions was 2.9 dL/g corresponding to
M, = 85,000. More information about the polymerization of
ECL at similar conditions can be found elsewhere [14].

In the presence of PCBM, the AAROP of ECL showed
some peculiarities. In the stage of ECL/PCBM homoge-
nization at 110 °C, the color of the system changed rapidly
from colorless to dark red or chestnut brown, depending on
the PCBM concentration. Addition of initiator DL resulted
in a dark green color which did not change upon addition of
the C20 activator. The final polymerizate was dark brown-
to-black.
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Fig. 1 UV/Vis curves in acetone of ECL, PCBM, and the acetone-
soluble fractions of their mixtures with the components of the
AAROP catalytic system. / ECL, 2 PCBM, 3 ECL+PCBM, 4
ECL+PCBM+DL, 5 ECL+PCBM+DL+C20

The changes of color in the stage of homogenization can
be explained with the formation of anion-radical com-
plexes and zwitter ions between the PCBM electron-defi-
cient Cgo benzene rings and the nucleophilic -NH- groups
originating from ECL. The formation of green solutions
(fast process) that turn chestnut brown (slow process) was
observed previously in solid Cg¢q reacting with neat amines
[23]. Careful monitoring of these reactions with ESR and
UV/Vis spectroscopy showed that the first step is a single-
electron transfer from the amine to Cgy to give the Cgo
radical anion. The next step is a radical recombination and
the formation of zwitter ions [24].

In this work, we attempted to study the ECL/PCBM
interactions with UV/Vis spectroscopy. Figure 1 shows the
absorption curves in acetone of neat ECL, neat PCBM, and
the three samples comprising ECL+PCBM, ECL+
PCBM+DL, and ECL4+PCBM+DL+C20. The latter were
obtained by removing aliquot amounts from the AAROP
reaction mixture at 110 °C, cooling and dissolving each of
them in 10 mL of acetone.

As seen from Fig. 1, the UV/Vis (curve 3) of
ECL+-PCBM is not a superposition of the ECL and PCBM
curves. Curve 3 contains a weaker peak centered at 250 nm
characteristic of PCBM, but the other PCBM peak at
360 nm is missing. The narrow peak at 337 nm of the ECL
sample most probably due to a H-bond formation with the
acetone C=0 group is also missing. Instead, a massive
band centered above 800 nm appears in curve 3. The
addition of the DL anion (curve 4) changes the UV/Vis
absorption of the reaction mixture. Apparently, after C20 is
added (curve 5), AAROP starts rapidly forming acetone-
insoluble PA6. These observations are consistent with the
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Fig. 2 Synchrotron WAXS patterns of ECL, PCBM, and their
mixtures with the polymerization catalytic system components before
AAROP. Mixtures obtained at 100 °C, patterns at 30 °C. Dashed
lines mark the angular position the new crystalline peaks appearing
due to ECL-PCBM complexation

supposition for electron interactions among ECL, PCBM,
and DL before AAROP similar to those observed previ-
ously in Cgp/amine mixtures. A possible mechanism of this
interaction will be presented further in the text.

More insight into the ECL-PCBM interaction was
obtained from the synchrotron WAXS patterns of the
AAROP reaction mixture before and after the polymeri-
zation. Figure 2 shows clearly that the simple mixing of
ECL with PCBM at 110 °C followed by cooling to 30 °C
results in three new crystalline reflections centered at 14.4,
16.7, and 24.7° 20, while the crystalline peak of neat
PCBM at 19.8° almost completely disappears. The three
new reflections intensify as the components of the catalytic
system DL and C20 are added. This formation of crystal-
line planes not present in the initial compounds is in
agreement with the supposed ECL-PCBM-DL complexa-
tion before AAROP.

This complexation process, however, does not disturb
the polymerization to proceed at high rate. Within 30 min,
the AAROP was completed with 97-99 % conversion to
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Fig. 3 DRIFTS spectra of / neat anionic PA6, 2 PA6 with 1 wt%
PCBM, 3 PA6 with 3 wt% PCBM, 4 neat PCBM

high molecular weight of the PA6 matrix. The composites
with low percentage of PCBM (0.05 and 0.1 wt%) showed
M, values around 90,000, which is close to that of the neat
PA6 with M, = 85,000. The M, for the samples with
0.5-3.0 % PCBM was not determined due to the formation
of 52-80 % gel fraction. Apparently, crosslinking of the
PAG6 chains occurs, involving their random grafting on
fullerene spheroids as pointed out by Prato [25].

The supposition of grafting of PA6 chains on fullerene
spheroid requires that more fullerene compound will be
accumulated in the gel fraction as its concentration in the
PA6/PCBM composite grows. Figure 3 gives evidence for
such accumulation based on diffuse reflectance FTIR. It
shows that neat PA6 (curve 1) shows no peak between
1750 and 1700 cm™', whereas PCBM (curve 4) has a
strong band centered at 1738 cm™' for its ester carbonyl
group. The gel fractions of the composites with 1 and 3 %
of PCBM (curves 2 and 3) display weak but observable
shoulders in this area being slightly better expressed in the
latter case. This finding is in good agreement with the
random grafting of PA6 on the Cgq spheroid of PCBM.

X-ray structural studies of the PA6 matrix

Previous studies have shown that the crystalline structure
of PAG is quite sensitive to the presence of inorganic fillers.
Figure 4a shows the evolution of the synchrotron WAXS
profiles of PA6/PCBM composites comprising up to
1.0 wt% PCBM. The patterns were taken at 30 °C using
samples whose AAROP was performed at identical con-
ditions. To enable quantification of the overall degree of

crystallinity X, and the content of the a- and y-PA6 poly-
morphs, separation of the crystalline and amorphous scat-
tering of the WAXS curves was performed by peak fitting
[26]. Figure 4b shows an example of this deconvolution
procedure applied to the composite containing 1 wt% of
PCBM. The three shaded peaks are the strongest PCBM
crystalline reflections that had to be considered for best fit.
The numerical data extracted from the WAXS patterns for
all as-prepared PA6/PCBM composites in Fig. 4a are pre-
sented in Table 1. Since AAROP is carried out at 170 °C,
i.e., below the melting temperature of the forming PAG6, it
is accompanied by intensive crystallization of polymer
chains that have reached a certain critical length. Com-
paring the WAXS profiles in Fig. 4a and considering their
deconvolution in Fig. 4b, it can be concluded that PCBM
composites and the neat PA6 matrix contain predominantly
the monoclinic o-PA6 polymorph with its two peaks of
2(200) and «(002)/(202) crystalline planes. This is the
polymorph that formed first in PA6/clay composites pre-
pared by AAROP [14]. The two less intensive reflections in
Fig. 4b centered around 22.5° and that at 11.5° 20 are of
the y-PA6 phase considered to have pseudo-orthorhombic
or pseudo-hexagonal lattice. The presence of PCBM does
not change significantly X, which is in the 40-45 % range
(Table 1). PCBM loads of >0.5 % result in PA6 matrices
being almost two times richer in o-PA6 than the neat
matrix. This means that the observed complexation at the
stage of ECL-PCBM pre-polymerization and the intensive
crosslinking during the AAROP have created conditions
favoring the formation of the thermodynamically more
stable o-PA6 form. The shift of the two «-PA6 reflections
toward lower 26 values in all PCBM composites in Fig. 4a
is an indication of expansion of the unit-cell dimensions.

Annealing of the as-prepared composites below the
melting point of the PA6 matrix (e.g., between 160 and
200 °C) results in approximation of the two a-reflections,
i.e., the presence of PCBM does not impede the «-to-y form
transition characteristic for PA6. Cooling the samples to
30 °C restores the initial WAXS profiles in Fig. 4a. How-
ever, if the PA6 matrix is melted at 260 °C and then
gradually cooled to 30 °C, the evolution of the crystalline
structure built in the presence of PCBM is different (Fig. 5;
Table 2).

As seen in Fig. 5, within the 200-170 °C range, the
matrix material displays a single crystalline reflection
corresponding to y-PA6. At 150 °C, incipient reflections
typical of the a-PA6 phase appear and at 30 °C consider-
able amounts of both o and y polymorphs coexist, the
former being still predominant. It should be noted that
clay-reinforced PA6 composites prepared by AAROP after
similar recrystallization showed predominant formation of
y-PA6 crystals [14]. This change in the crystallization
behavior agrees with the presence of a network structure in
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Fig. 4 Evolution of the synchrotron WAXS patterns of PA6 composites: a as a function of the amount of PCBM in wt%, b example of
deconvolution of the sample containing 1 % PCBM, b-axis is the chain axis. For more details, see the text. The shaded peaks are of PCBM
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Fig. 5 Dynamic recrystallization of PA6 with 1 wt% of PCBM as
revealed by WAXS. The sample is melted at 260 °C and then cooled
to 30 °C taking patterns at the indicated temperatures in °C

@ Springer

Table 1 Influence of the PCBM content on the crystalline structure
of PA6 matrix in as-prepared composites

PCBM content (wt%) At 30 °C

X (%) o (%) 7 (%) afy

— 41.7 31.3 154 2.03
0.1 46.0 325 13.5 241
0.5 47.1 38.1 9.0 4.23
1.0 46.0 36.7 9.3 3.95

Table 2 Influence of the PCBM content on the crystalline structure
of PA6 matrix after melting and recrystallization

PCBM (wt%) At 30 °C after melting at 260 °C

Xe (%) o (%) 7 (%) oly
— 49.1 339 152 2.23
0.1 49.7 35.7 14.0 2.55
0.5 50.0 37.0 13.0 2.84
1.0 49.8 36.0 13.8 2.61

the PA6/PCBM systems. Apparently, this network is pre-
served after matrix melting at 260 °C and upon recrystal-
lization favors such conformations of the PA6 chains that
impede the formation of the y-polymorph.

Thermal properties

The structural investigations made by WAXS correlate
with the DSC data. During the first heating scans of the as-
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Fig. 6 DSC scans with PA6/PCBM samples with various amounts of
fullerene filler in wt%. a First scan, b second scan

prepared composites, most of them display only one
melting peak at about 223-225 °C (Fig. 6a) suggesting that
the crystalline structure of PA6 matrix is built up essen-
tially by the higher melting o-type crystals. A small
shoulder at about 215 °C corresponding to the y-form was
detected by DSC only in the sample containing 0.5 %
PCBM. During the second heating, all samples show a
single melting peak at 214-216 °C (Fig. 6b; Table 3). This
shift of the melting endotherms to low temperatures can be
explained with the high cooling rate after the first DSC

Table 3 Influence of the PCBM content on the melting temperatures
and overall crystallinity index X,

PCBM (wt%) First heating Second heating

T (°O) Xe (%) T (°O) Xe (%)

0 223 43.5 216 19.3
0.05 223 45.8 215 19.2
0.1 223 35.5 215 20.5
0.5 215; 225 40.9 215 19.1
1 223 44.5 216 19.4
3 224 38.0 214 17.0

so: T Vm\\\ PCBM

= \
£ . \
2 \

20 X

10 PAg~ *

© 100 150 200 250 0 30 40 420 50 50 60
Temperature (‘C)

50 100 150 200 250 300 350 400 450 500 550 600
Temperature, °C

Fig. 7 Derivatized and original (insef) TGA curves of PA6/PCBM
composites with filler concentrations in the 0-3 wt% range obtained
in air atmosphere

scan resulting in imperfect crystals of both «-and y-PA6.
For this reason the crystallinity indices X. determined in
the second heating scan are significantly lower than those
of the as-prepared composite samples. Interestingly, the
two peaks at 275 and 300 °C of PCBM do not appear in the
composite with 3 % of this filler in either first or second
heating scans. This is one more proof for the involvement
of PCBM in unable to melt cross-linked structures.

The PA6/PCBM composites were further studied by
TGA. Figure 7 displays the derivatized weight retention
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Table 4 Data from the thermo-oxidative degradation of PAG/PCBM
composites

PCBM Temp. of 5 % Residue at Intervals of
content loss (°C) 500 °C (%) degradation and their
(Wt%) TMWL (°C)

I I m 1v
— 306 4.9 320 377 429 483
0.05 310 4.5 325 395 430 486
0.1 321 5.5 327 383 432 491
0.5 307 6.4 332 373 438 500
1.0 300 8 334 393 438 505
3.0 280 11.5 333 404 440 506
100 460 84.5 - — - —

curves and its inset displays the respective integral curves
obtained in air atmosphere, i.e., under conditions favoring
the thermo-oxidative degradation. The original TGA
curves (Fig. 7, inset) and the numerical data extracted from
them (Table 4, columns 1-3) show that as a result of
thermo-oxidative degradation, the pure PCBM produced
5 % weight loss at 460 °C and the neat PA6 at 306 °C. In
the PA6/PCBM composites with 1 and 3 % PCBM, the
same loss was registered at 300 and 280 °C, respectively.
Such unexpected decrease was not reported for PA6/Cgq
systems. It can be explained with the presence of ester
groups in PCBM molecule, whose reaction with the amide
group of the PA6 matrix at temperatures close to 300 °C
could catalyze its incipient degradation. Increasing the
PCBM content from 0.05 to 3 %, the residue at 500 °C
grew from 4.5 to 11.5 %. At weight losses close to 80 %,
the slopes of all integral curves change, suggesting the

presence in all composites of a PA6 fraction being more
resistant to degradation.

A more rigorous analysis of the thermo-oxidation
behavior is possible on the basis of the derivatized TGA
curves. Leaving out of account the process at 250 °C that
can be related to degradation of small amounts of oligo-
meric products, the curves in Fig. 7 can be divided into
four characteristic intervals. Table 4, columns -1V, sum-
marizes the temperatures of the maximum weight losses
(TMWL) in each interval. In all of the samples, TMWL
increase with the increase of PCBM content. The highest
growth is registered in the fourth temperature interval,
where the temperatures vary in the 480-510 °C range.

The TGA results of this study are in good agreement
with the previously reported stabilizing effect of fullerenes
against thermo-oxidative degradation of polymers [27-29].
As the temperature increases, the decomposition of PA6
passes through the formation of hydroperoxide moieties at
the methylene group directly bonded to the amide N atom
[30]. Subsequently, a number of alkyl- and oxygen-con-
taining radicals are formed propagating the degradation
process. According to Troitzkii et al. [31], fullerene and its
derivatives can react with such radicals forming more
stable compounds thus retarding the thermo-oxidation.

In order to analyze the influence of PCBM on the
molecular structure and relaxation processes in PAG6,
DMTA measurements were performed. Data of storage
modulus (E’) and loss tangent (tan &) versus temperature
are shown in Fig. 8 for the matrix PA6 (curves 1 and 3) and
the composite containing 3 wt% of PCBM (curves 2 and
4). The two E’ curves indicate high material stiffness at low
temperatures, which decreases considerably just before the
appearance of certain relaxation processes. The magnitude

Fig. 8 Temperature Modulus, Pa
dependence of the storage ] ]
modulus E' and loss tangent tan 3,00E+010 - - 0,25
d for neat PA6 (1 and 3), PA6
with 3 wt% of PCBM (2 and 4) E
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of E' is higher for the composite than for the unmodified
PAG6 only up to 0 °C. Above this temperature, the stiffer
material is the neat PA6 matrix. This behavior is different
as compared to that of PA6/CNT [32] or PA6/clay com-
posites [33] obtained by melt mixing, in which the com-
posite materials displayed higher E’ moduli in the whole
temperature range studied.

The neat PA6 and the composite show two loss tan o
peaks in the above temperature range (Fig. 8, curves 3 and
4) labeled as f- and o-transition. The maximum of the
higher-temperature o-relaxation is assigned to the glass
transition temperature T, of the PA6, which involves the
motion within the amorphous region and depends on the
polymer crystallinity. [34] The low-temperature § damping
peak is attributed to the motions of the PA6 carbonyl group
able to form hydrogen bonds.

Both damping tan 6 peaks of the composite are shifted
to higher temperatures with ca. 25 °C for f-transition and
about 10 °C for the a-transition. This shift is an indication
for a more limited motion in the PA6/PCBM system for
both C=0 groups and whole molecular segments resulting,
respectively, in limited capability for H-bond formation
and a higher T,,. The peak area under the tan 0 curve at the
glass transition is quantified by the energy dissipated dur-
ing the dynamic experiment and gives information about
the viscous parts of the composites [35]. The intensity
reduction of the tan d in the area of T, for the PAG/PCBM
composite reflects high volume of constrained PA6 chains
in this system, most probably resulting from extensive
interaction with the PCBM. This can be considered as an
additional and independent indication in favor of the
grafting of PA6 on the Cgy spheroid resulting in the for-
mation of cross-linked network structures.

Morphology by SEM

The surface topography by SEM of neat anionic PA6 and
of the PA6/PCBM composite containing 3 wt% of fuller-
ene derivative produced via in situ AAROP of ECL is

Fig. 9 SEM microphotographs
of samples prepared by in situ
AAROP of ECL. a Neat PA6,
b PA6-based composite with

3 wt% of PCBM
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Fig. 10 Volume resistivity p [Q cm] of in situ PA6/PCBM compos-
ites as a function of the fullerene compound concentration

shown in Fig. 9. As expected, the micrograph of the
cryofractured neat anionic PA6 (Fig. 9a) did not show any
specific morphology at micro- and nanometer length scale.
The sample with relatively high amount of PCBM
(Fig. 10b) displayed quite interesting surface topology. It
included finely dispersed spherical particles with average
diameters in the 20-30 nm range co-existing with bigger,
cauliflower-like aggregates with sizes slightly below 1 pum.
No voids or visible cracks are observed at the interface
between the matrix and the spherical nanoparticles, or
between the grains in the bigger aggregates which can be
ascribed to a good adhesion at the respective interfaces.
Both nano- and microsized morphologies must have been
formed at the stage of solid-state AAROP, since PCBM
was soluble in ECL monomer at molecular level. A pos-
sible explanation of the nanostructure observed in the PA6/
PCBM systems is given further in the text.

Volume resistivity measurements

The neat PA6, as most polymeric materials, is an inherent
insulator and can, therefore, accumulate electrical charges
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during its manufacturing, handling, or exploitation. To
mitigate electrostatic charges thus avoiding spontaneous
static discharge events, antistatic or static dissipative
materials are needed with volume resistivities in the range
of 10°-10'° Q cm [36]. A possible way to improve the
electrical conductivity of an insulator is the incorporation
of uniformly dispersed charge carriers. As indicated earlier
[16], Cgo/Cqo fulleroid soot fillers could serve as such
charge carriers in anionic PA6. In the present study, the
electrical volume resistivity p at 23 °C of in situ PA6/
PCBM composites comprising 0.05-3.0 wt% of conduc-
tive filler was measured and presented in Table 5 and
Fig. 10.

Figure 10 shows a two-step decrease of the composite
resistivity p with the increase of the PCBM concentration.
First, a steep decline from p = 3.2 x 10" t03.2 x 10° Q
cm is observed with only 0.1 wt% of the filler, usually
denoted as supralinear behavior. It is followed by a con-
stant, linear decline from 2.1 x 10° t0 7.2 x 107 Q cm for
PCBM concentrations up to 3 wt%. Similar supralinear
behavior was observed in ceramics systems [37]. Small
amounts of TiO, (less than 8 %) introduced into Ta,Os
matrices increased abruptly the dielectric constant of the
matrix. Above this concentration, the electrical and optical
properties returned to the predicted linear regime. This
behavior was related to a 4.5 % decrease of the molecular
volume and a nearly 6 % increase of the molecular polar-
izability. For the PA6/PCBM composites of the present
study, it can be assumed that PCBM acts as a joint mole-
cule within the PA6 matrix structure facilitating the elec-
tron transport between two conjugated n-bonds of two Cgq
spheroids. Apparently, this effect has a major influence on
p for low PCBM concentrations. As the percentage of the
PCBM increases above 1 wt%, the resistivity of the system
starts to be governed by the intrinsic resistivity of PCBM.
To the best of our knowledge, there are no consistent data
on the bulk resistivity of PCBM. This parameter will
strongly depend on the sample preparation conditions and
to consider them all a separate study will be necessary. At
this point, a conclusion could be made that less than 3 wt%
of PCBM can decrease the p values of a PA6/PCBM
thermoplastic composite obtained by reactive processing
by four orders of magnitude, which is sufficient to produce
static dissipative materials. It should be noted that the
abrupt initial decrease of p for PCBM content of 0.1 wt%

is not accompanied by structural changes. Above 0.5 wt%
of PCBM, however, the gradual decrease of p is accom-
panied by intensive crosslinking of the PA6/PCBM system
that could have a strong effect on the mechanical proper-
ties. Which one of the concentration ranges will be pre-
ferred will depend on the mechanical and electrical
properties required.

Mechanism of the in situ AAROP of ECL
in the presence of PCBM

The critical analysis of the experimental results allows the
supposition that the AAROP of ECL will proceed by dif-
ferent mechanisms depending on the proximity of the ful-
lerene spheroid and its m-electron conjugated system. Let
us first consider the interaction between the molten ECL
monomer and PCBM at 100 °C. Based on our UV-Vis and
X-ray studies before AAROP and having in mind previous
works on the interaction of Cg fullerenes with primary and
secondary amines [24, 25], it seems that the ECL-PCBM
interaction passes through mutual orientation of the two
molecules, subsequent formation of ion-radicals and zwit-
ter ions, finally resulting in chemical bonding of ECL to
fullerene (Scheme 2, I). It should be noted that the attached
ECL moiety loses its amidic H-atom which bonds to the
adjacent C-atom of a Cgo benzene ring. The big excess of
ECL in respect to PCBM makes probable the attachment of
several ECL fragments per fullerene spheroid as shown
schematically in structure 2. This will upset the conjuga-
tion of the PCBM spheroid causing changes of the UV/Vis
absorbance and the X-ray diffraction peaks of the low-
molecular compounds 1 and 2 that will depend on the
number of bounded ECL moieties.

The addition of DL introduces the ECL anion, the ini-
tiator of the polymerization process. This anion will attack
the carbonyl group of the lactam ring attached to Cgo and
cause its opening (Schemes 2, 3) producing another change
of the UV-Vis absorbance. Structure 3 represents a highly
reactive secondary amine anion that will easily abstract a
proton either from the NH group of the ECL monomer
(with recuperation of the initiating ECL anion) or from the
neighboring CH, group of Cg, thus restoring the initial
conjugated m-electron system before the ECL bonding.
Which of the two processes will predominate will depend
on steric factors. Thus, the stabilized structure 3 already

Table 5 Volume resistivity p of PAG/PCBM composites obtained by AAROP as a function of the PCBM concentration

PCBM content (wt%) 0 0.05
Thickness (cm) 0.35 0.36
Area (cm?) 1.33 1.33
p (Qcm) 3.19 x 10" 3.42 x 10"

0.1 0.5 1.0 3.0
0.36 0.36 0.38 0.45
1.33 1.33 1.33 1.33
3.23 x 10° 2.1 x 10° 1.17 x 10° 7.2 x 107
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Scheme 2 Suggested mechanism of ECL/PCBM interaction and PA6 grafting on PCBM spheroid
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contains the imide link O=C-N-C=0 which is activator of
AAROP and accelerates the addition of ECL monomer
units so that the grafted PA6 (gPA6) linear chain grows
from the chain end that is away from the fullerene spher-
oid. It is believed that the conditions are present for all
ECL moieties attached to the same Cg spheroid to react in
a similar way; hence, several ongoing grafted PA6 chains
will be formed producing star-burst PA6—-PCBM structures.

Away from the fullerene spheroids, the AAROP of ECL
will proceed according to a well-known scheme (Scheme 3).
First, the activator C20 (Scheme 1, II) and the initiator DL
(Scheme 1, I and III) react to form a carbanion that subse-
quently abstracts a proton from a monomer molecule to
recuperate the initiating ECL anion. The chain propagation
proceeds through an attack of the ECL anion on the activating

imide linkage found in the beginning of each chain. A new
carbanion is produced being with one ECL unit longer and the
ECL anion is restored. It should be noted that C20 comprises
two imide linkages so the chain propagation to linear PA6 will
be realized in two opposite directions simultaneously.

In this study, intensive gel fraction formation reaching
80 % of the polymer weight was registered when AAROP
was carried out in the presence of 0.5-3 wt% of PCBM. To
the best of our knowledge, such phenomenon is reported
for the first time in PA6/fullerene systems. Interestingly, no
gel fraction was produced in neat PA6 and in the com-
posites with 0.05 and 0.1 wt% of PCBM obtained at the
same AAROP conditions. This means that the chemical
crosslinking which is the typical reason for gel formation is
somehow related with the fullerene structure.

2 i 0
o c o
(0] H O
VRN 9 O ECL /N Il /
I+ 1 — (HZC)S—N—C—(CHZ)E,—N—C—R — (H20)5—N—C—(CH2)5—N—C—R +(HZC)5—N@ e
(o] (6] (o]
i : !
C 0 o) 0 o)
/ I o i e/ i 0 VRN
e (HQC)s—N—C—(CHz)S—N—C—(CH2)5—I;I—C—R — (H,C);——N—C (CHE)S—I}J—C R + (HZC)S—N@
H H

Scheme 3 AAROP of ECL away from fullerene spheroid according to Ref. [38]

Scheme 4 Supposed formation mechanism and structure of the PA6-PCBM gel fraction
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Theoretically, AAROP of ECL can result in gel fraction
formation when the polymeric carbanion (Scheme 4, struc-
ture 4), instead of abstracting a proton from ECL, reacts
with the imide linkage positioned in the beginning of
another PA6 chain. This creates a point of crosslinking and
provides another carbanion that can react similarly. The
mechanism of crosslinking in Scheme 4 will predominate if
two conditions are present: (1) low concentrations of ECL
monomer which is the main source of protons to compensate
the carbanions in the propagation step of normal AAROP
(Scheme 3), and (2) elevated concentration of imide links
found in the beginning of each PA6 macromolecule. As seen
from Scheme 2, structures 3 and 4, in the presence of
PCBM, several ECL molecules can attach to the Cg
spheroid losing their amidic protons. Structure 5 in
Scheme 4 also shows that each of the many linear PA6
branches originating from a Cg( spheroid end with an imide
linkage. This means that the exhaustion of ECL (i.e., by the
end of AAROP) and increasing the PCBM concentration
will satisfy both conditions and result in more pronounced
gel fraction formation, which is exactly what was registered
in the viscosimetric measurements of this study. Structure 5
allows the conclusion that the gel fraction should include
most of PCBM molecules, whereby each of them will be
chemically interlaced in a network thus losing the capacity
to crystallize separately. The DRIFTS, DSC, and DMTA
measurements are in agreement with such supposition. The
spherical morphologies found in the PA6/PCBM composites
in the nanometer length scale and their aggregates can also
be related to a profound chemical interaction between the
substituted fullerene spheroids and the linear PA6 chains
according to Scheme 4.

Summary

In situ preparation of PA6/PCBM composites by activated
anionic polymerization of ECL passes through a complex
interaction between the monomer and the m-electron sys-
tem of the fullerene spheroid. Based on structure investi-
gations at various stages of the process by UV/Vis, WAXS,
DRIFTS, DSC, TGA, DMTA, SEM, and viscosimetric
measurements, a mechanism of the polymerization process
was suggested that agrees with all experimental data
obtained. According to it, in the composites comprising
0.5-3.0 wt% PCBM strong crosslinking between the linear
PAG chains and the substituted Cgy moieties takes place
resulting in a unique sample morphology that comprises
nanosized spheres co-existing with micron-sized cauli-
flower-shaped aggregates built by both PCBM and PAG6.
Volume resistivity measurements indicate that PCBM
concentrations above 0.1 wt% could decrease p from
10" Q cm to 10°-10” Q cm. Controlling the PCBM

percentage and the AAROP conditions has the potential to
tailor the composite structure and properties and thus to
improve the electrical and thermal conductivity for tech-
nological applications in mitigation of spontaneous static
discharge events.
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