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Abstract

Polyurethane—poly(2-hydroxyethyl methacrylate)-3-D nanodiamond (PU-PHEMA—ND) composites were studied using combined CRS/
DSC/AFM approach. The peculiar behavior and the pronounced heterogeneity of their glass transition dynamics were revealed. Two opposite
tendencies for changing dynamics by 3-D NDs, with prevailing sharp suppression of motions, and three-fold increasing elastic properties were
shown. Maximal effects were found at minimal ND content of 0.25 wt%. This was associated, besides the improved dispersion/spatial distribu-
tion of NDs, with formation of thoroughly cross-linked nanocomposite network, due to the double hybridization resulting in a low rheological

percolation threshold and the synergistic effect in dynamics.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer composites, containing small additives of nanofil-
lers, attracted great attention last decade, both in industry and
academician studies, since a considerable enhancement of me-
chanical, thermal and other properties may be attained in these
materials compared with those of virgin polymers. To date,
most studies have focused on polymer nanocomposites con-
taining 2-D silicate nanolayers [1,2] or 1-D carbon nanotubes
(CNTs) [3—5]. The key to their enhanced efficiency is achiev-
ing a good dispersion, uniform spatial distribution and align-
ment (for CNTs) of nanoparticles. In addition, the critical
role of two other points is typically emphasized, viz., (a)
a high aspect ratio (e.g., length-to-diameter for CNTs) for
a nanofiller, and (b) the necessity of a special chemical func-
tionalization of nanofiller surface to provide its covalent
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coupling with a polymer matrix. The points (a) and (b) are typ-
ically considered as the important prerequisites for attaining
the highest performance of a polymer nanocomposite, in par-
ticular a low “‘percolation rheological threshold” (distinct ef-
fect of improved rheological behavior) at nanofiller content of
less than 1 wt% [6,7]. The peculiarities of segmental dynamics
in nanocomposites are currently studied experimentally (basi-
cally for composites with 1-D and 2-D nanofillers) and dis-
cussed in the context of polymers located in confined
nanospaces and manifesting a special dynamic behavior
[5,8—20].

Among nanocarbon structures, widely utilized in recent
years as polymer nanofillers (CNTs, nanorods, nanofibers, ful-
lerenes, nanodiamonds (NDs)) [3—5,21], only NDs have been
available on a relatively large scale for last two decades [4].
There are the examples of their successful applications in
polymer nanocomposites as electronics materials [22]; mate-
rials with protonic conductivity [23] or enhanced thermal
conductivity [24]; in selective membranes, sensors, catalytic
systems, nonlinear optical materials [21,25], and as the


mailto:vbersht@polmater.ioffe.ru
http://www.elsevier.com/locate/polymer

V. Bershtein et al. | Polymer 49 (2008) 836—842 837

nanofillers increasing strength, wear and heat-ageing resis-
tance of elastomers [4,21,26,27].

In the previous work [28] we studied dynamics of PU—
PHEMA semi-IPNs using laser-interferometric creep rate
spectroscopy/differential scanning calorimetry (CRS/DSC)
analysis. These two-phase materials [29] demonstrated the pro-
nounced dynamic heterogeneity within the extraordinarily
broadened PHEMA and PU glass transitions. In fact, the united
glass transition in the temperature range from —60°C to
160 °C was observed in these networks. Such anomalous dy-
namics plus their improved biocompatibility [30] are of interest
for the development of improved biomedical, damping or
membrane materials based thereon.

In the present research we revealed a possibility of large
and specific impact of low 3-D nanofiller content, without
performing a special functionalization of its surface, on glass
transition dynamics and the elastic properties of polymer
matrix. This was shown for the nanocomposites based on
PU—PHEMA semi-IPNs doped with 3-D nanodiamonds.

2. Experimental section
2.1. Materials

The PU-PHEMA networks were prepared as described
elsewhere [28,31]. First, PU network was obtained from the
adduct of trimethylol propane and toluylene diisocyanate, and
poly(oxypropylene)glycol (PPG) with M, =2.000 g mol .
Semi-IPNs were prepared by swelling PU with 2-hydroxyethyl
methacrylate (HEMA) and its subsequent photopolymerization
(the wavelength of UV light A =340 nm). This communica-
tion shows the effects observed for the nanocomposites with
PU—PHEMA weight ratio of 83/17. The diamond powder, ob-
tained by the shock-wave method (supplied by Alit, Ukraine),
with particle sizes of 2—100 nm and specific surface area of
220 m> gfl, was introduced in the amounts of 0.25, 1 or
3 wt% into the matrix at the stage of PU synthesis. NDs
were dried for 48 h at 200 °C before using. The prepared films
with 1 mm thickness were postcured for 2 h at 100 °C and then
were held for 36 h at 80 °C in vacuum (1075 Pa).

2.2. Characterization

CRS, the high-resolution method of relaxation spectrome-
try and thermal analysis [32—34], was used here for discrete
dynamic analysis. It has earlier been applied successfully for
studying dynamic heterogeneity in different complex polymer
systems [35—38]. CRS setups and the experimental technique
have been described in detail elsewhere [32—34]. It consists of
precisely measuring creep rates at a low stress as a function of
temperature, using a laser interferometer based on the Doppler
effect. The time evolution of deformation is registered as a se-
quence of low-frequency beats in an interferogram whose beat
frequency v yields a creep rate ¢* = Av/2l,, where A = 630 nm
is a laser wavelength, and [, is an initial sample length. The
stresses were chosen as capable of inducing sufficient creep
rates to be measured, while maintaining also a high spectral

resolution, without smoothing and distortion of a spectral
contour, and preventing a premature rupture of a sample. The
interferometer was used also for determination of tensile
“modulus of elasticity” E versus T plots, obtained from the
values of 1s deformation ¢ = An/2l, where n is a number of
oscillations in an interferogram. Film samples with 1 X 5 x
50 mm® size were used. Loading of a sample, recording of
an interferogram, and unloading were performed upon every
5 °C of heating with the rate of about 1 °C/min.

Perkin—Elmer DSC-2 apparatus was used for characteriza-
tion of PHEMA glass transition in the neat PHEMA, PU—
PHEMA semi-IPNs and the nanocomposites. The second
scans were taken in order to exclude the side endothermic ef-
fect of water desorption. Deflection atomic force microscopy
(AFM) images were obtained in contact mode for estimation
of the dispersion/spatial distribution of NDs in the matrix.
Nanotop NF-206 apparatus (“Microtestmashiny”, Belarus)
was utilized.

3. Results and discussion

Fig. 1 shows the DSC curves characterizing PHEMA glass
transition in the dehydrated PHEMA, 83PU—17PHEMA net-
work and ND nanocomposites. Only small increase in T, of
PHEMA after its doping with NDs is observed. Contrarily,
the large displacement to higher temperatures, with broaden-
ing and arising two stages (Ty; =105 °C and Ty, = 163 °C),
is observed for the PHEMA glass transition in the 83PU—
17PHEMA network, despite much lower T, for the neat PU
network [28,31]. The introduction of NDs into this network re-
sults in a total suppression of the higher-temperature transition
(heat capacity ACy, step), and reduction of AC}, step, with its
shift by 15—20 °C to lower temperatures. These DSC curves
suggest dynamic heterogeneity within the broad PHEMA
glass transition in the PU-PHEMA network and substantial
modifying dynamics by 3-D ND additives. Really, the creep
rate (CR) spectra obtained were consistent with such
suppositions.

Fig. 2a shows the CR spectrum of neat PU network in the
temperature region of glass transition, between —60 °C and
50 °C. It consists of four overlapping peaks with the maxima
at about —30 °C (I), —10 °C (I), 10 °C (III), and 40 °C (V).
Peaks I—III were tentatively assigned to unfreezing different
dynamic modes within PPG crosslinks, whereas peak IV was
associated with motion of network junctions [28]. The intro-
duction of NDs into the PU network results in some redistribu-
tion of the intensities of spectral peaks; NDs affect stronger
lower-temperature peaks, suppressing to larger extent motion
of segments located at some distance from network junctions
(peaks I and II). The introduction of 17 wt% PHEMA into the
PU network leads to the pronounced suppression of PU dy-
namics (Fig. 2a). Qualitatively similar influence of NDs on
PU dynamics in the 83PU—17PHEMA networks was observed
(the spectra, obtained at 3 MPa, are not given here): basically
suppression of creep was registered at —60 °C to —40 °C but
its acceleration was observed at the temperatures of —20 °C to
20 °C for the nanocomposites with 1 or 3% NDs.
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Fig. 1. DSC curves obtained in the region of PHEMA glass transition for neat
PHEMA (1); PHEMA with 3% NDs (2); 83PU—17PHEMA semi-IPN (3), and
83PU—17PHEMA—ND nanocomposites with 0.25% (4), 1% (5), and 3 wt%
NDs (6). Scans II were taken at the heating rate of 20 °C/min, after heating
to 200 °C and subsequent cooling to —20 °C at the rate of 320 °C/min. Glass
transition temperature T, at the half-height of a heat capacity step AC,, the

”

temperatures of the glass transition onset T:g and completion Tg’, as well as
the AC;, values are indicated.

Fig. 2b shows a single glass transition peak with
Tmax = 90 °C in the spectrum of the neat PHEMA. In the spec-
trum of the PHEMA—ND composite, its shape changes but
without T, shift. In the case of the 83PU—17PHEMA net-
work, a single T, peak transforms into the complicated contour
consisting of several partly overlapping peaks, which are lo-
cated between 50—70 °C and 160 °C; creep rate sharply accel-
erates from ca. 170 °C for this network (Fig. 2c).

Fig. 2c shows that doping the 83PU—17PHEMA network
with NDs dramatically changes the relaxation picture. The
main effect is a sharp suppression of dynamics (creep rate re-
duction) over the temperature range of 90—180 °C. Conse-
quently, the suppression of creep after the introduction of
NDs is much more pronounced in the semi-IPN than that in
both pure components. The most evident, largest creep depres-
sion at 150—180 °C is observed at the minimal ND content of
0.25 wt% in the nanocomposite. The introduction of ND par-
ticles also results in some increase of creep rates at 20—80 °C,
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Fig. 2. Creep rate spectra obtained for PU, PHEMA and 83PU—17PHEMA
semi-IPN as well as for diamond nanocomposites based thereon, at tensile
stresses of 0.3 or 0.2 MPa in the temperature regions of PU (a) and PHEMA
(b, c) glass transitions. ND weight contents in the nanocomposites are
indicated.
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i.e., in the temperature region between the a- and B-transitions
of PHEMA. Thus, ND additives modify PHEMA glass transi-
tion in the PU-PHEMA networks in two opposite directions;
however, suppression of dynamics is much more pronounced.

Similarly, tensile modulus of elasticity E versus tempera-
ture plots show a large influence of small ND additives,
depending on the ND content in a nanocomposite and a
temperature region. Fig. 3 shows that the large effects of the
enhancement of rigidity, with E increasing by ca. 300%, are
observed in the temperature regions of PHEMA or PU glass
transitions. And, again, the maximal increase of a modulus
is observed at the minimal ND content of 0.25% in the nano-
composite. Moreover, the introduction of 3% NDs may result
even in a large E reduction (Fig. 3b).

We found that the aforementioned anomalies were associ-
ated with different ND dispersion/distribution in the matrix
and the effect of “double hybridization™ in the systems stud-
ied, as it is discussed below.

AFM images showed three kinds of ND dispersion/distribu-
tion in the 83PU—17PHEMA matrix: as individual nanopar-
ticles of ca.100 nm or less in size (I); their agglomerates
with the size of 0.2—0.5 pm (II), and their larger aggregates
from 0.6 um up to several micrometers in size (III) (Fig. 4).
Generally, all these dispersion states are revealed in the nano-
composites with 0.25, 1 or 3 wt% NDs, however, they contrib-
ute very differently to their structures. For the composite with
0.25% NDs, individual nanoparticles prevail and are relatively
uniformly distributed, whereas small ND aggregates are rather
sparse (Fig. 4a and b). Dispersion states II and III turned out to
be more characteristic of the nanocomposite with 1% NDs,
where individual ND particles are less discernable (Fig. 4c
and d). At last, the nanocomposite with 3% NDs was charac-
terized not only with the presence of a large quantity of ND
agglomerates II and micron aggregates III in the structure,
but also with their sharply non-uniform spatial distribution.
Thus, comparing Fig. 4e and f shows both microdomains
with high concentration of ND aggregates and microdomains
practically free from the latters. Besides, a large difference
in the ND quantities at two film surfaces was found for
the nanocomposite films with 1 or 3 wt% NDs. These
data clarify the reason for the largest effects of changing dy-
namics and modulus just in the nanocomposite with 0.25%
NDs, where relatively good dispersion and distribution of
nanofiller particles promoted their largest influence on the ma-
trix, due to a maximal interfacial area despite a minimal ND
content.

Nevertheless, the large impact of a small additive of 3-D
nanofiller, in the absence of a special functionalization of its
surface, on polymer matrix is an unexpected and remarkable
fact. Really, the calculations [4,5] assume, for 3-D nanofiller,
a totally nanoscopically-confined state of a matrix in case an
average interparticle distance, L, is close to or less than the un-
perturbed dimensions of macromolecular random coil, as esti-
mated by radius of gyration R, typically of an order of 10 nm
in size for many polymers. Meantime, L > 300—500 nm >
R, in case 1% of 3-D particles of 50—100 nm size are intro-
duced [4,5].

We tried to clarify this problem and found that the effects
obtained were associated, obviously, with formation of a spe-
cifically cross-linked structure due to ‘“‘double chemical
hybridization™.
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Fig. 3. Tensile modulus of elasticity £ versus temperature plots obtained by
using a laser interferometer for the 83PU—17PHEMA network (Ey) and its
nanocomposites (E,) in the temperature regions of PU (a) and PHEMA (b)
glass transitions. The interrupted lines indicate E,/E, ratios.
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Fig. 4. Deflection AFM images (in contact mode) of the 83PU—17PHEMA—ND nanocomposite films with 0.25 wt% (a, b), 1 wt% (c, d), and 3 wt% NDs (e, f).

First, we found by IR spectroscopy that a very small con-
centration of unreacted isocyanate groups remained in the
PU network, and it sharply decreased after swelling PU net-
work with HEMA monomer and its polymerization, i.e., in
the PU-PHEMA network [28]. There is a negligibly small
probability that totally “free”” molecules of the adduct of

trimethylol propane and toluylene diisocyanate remain in their
liquid mixture with low-molecular-weight PPG, i.e., in the
presence of a sufficient concentration of end PPG hydroxyls
and highly-reactive isocyanate groups. This allowed us to as-
sume the reaction between HEMA hydroxyls and unreacted
isocyanate groups of some of PU junctions occurs, due to
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the ““incompleteness’” of these junctions for steric reasons.
Grafting PHEMA molecules to PU network junctions, includ-
ing, perhaps, many-point covalent attaching, may create local
hindrances, impeding segmental dynamics, e.g., by preventing
conformational (T—G) transitions peculiar to glass transition
events, or due to increasing a motional event scale. This
may explain, in our opinion, anomalous dynamics in the
83PU—17PHEMA network, in particular, the displacement
of PHEMA glass transition to higher temperatures in the pres-
ence of low-T, PU network.

And, secondly, a process of “‘self-functionalization’ of ND
surface occurred during preparing these nanoparticles. As
found spectroscopically [39,40], the surface of ND particles,
obtained by a shock-wave method, is chemically-active since
it readily acquires a ‘““functional cover” (OH, COOH and other
groups) after high-temperature drying, before their introduc-
tion into the reaction mixture. Then, in view of high reactivity
of isocyanate groups towards these groups, the hybridization
reaction between isocyanate groups of adduct and a “func-
tional cover” of NDs, undoubtedly, occurs during the forma-
tion of PU network in the presence of ND particles. As
a result, double hybridization in the hybrid PU-PHEMA—
ND nanocomposites may be considered as the second impor-
tant factor for the manifestation of a strong impact of 3-D
NDs on the matrix dynamics and elastic properties.

Specific cross-linking exerted, in fact, a ‘“‘synergistic ef-
fect” on the PHEMA glass transition dynamics (Fig. 2). Re-
ally, adding NDs to the neat PHEMA modified only to small
extent its glass transition. PU-PHEMA hybridization resulted
in a large displacement of the PHEMA glass transition to
higher temperatures and arising the pronounced dynamic het-
erogeneity. At the same time, the combined influence of PU
and small ND additive on PHEMA dynamics in the 83PU—
17PHEMA—ND nanocomposite was completely non-additive,
providing the strong suppression of dynamics (creep at a small
stress) over the 90—180 °C temperature range.

Two opposite tendencies of dynamics/modulus changes in
the nanocomposites studied may be treated in terms of con-
straining dynamics, due to strong interactions between system
constituents, and, contrarily, accelerating dynamics in nano-
scale-confined geometries, due to decrease, locally, in packing
density and motional cooperativity degree Z in the presence of
nanofiller particles. We believe that the accelerating effect and
its limits can be explained in terms of the common nature of o-
and B-relaxations in flexible-chain polymers as intermolecu-
larly cooperative or quasi-independent motions, respectively,
in chain sections approximately equal in length to a Kuhn sta-
tistical segment [41—43]. Loosened molecular packing in
a complex polymer system may lead to decreasing Z that re-
sults in the displacement of T, to lower temperatures. The
physical limit for changing dynamics in the such case is
“transformation” of a-relaxation into B-relaxation, i.e., the
glass transition manifests itself as non-cooperative segmental
motion (Z = 1) in the temperature region of B-relaxation; it
may be seen, in particular, from Fig. 2c.

It should be mentioned that the complicated, two- or three-,
or even four-stage glass transition for one polymer component,

with simultaneous manifestation of both increased and de-
creased T, values, has been registered at first, probably, for
block copolymers [44,45]. A common scheme, illustrating
the possible anomalies of glass transition behavior in complex
polymer systems, was given in the review [37]. Last years, the
special glass transition dynamics has been demonstrated in
a number of experiments [§—20] modeling, basically, behavior
of polymer matrices in nanocomposites with 2-D silicate
nanolayers or 1-D carbon nanotubes.

4. Conclusion

In this research, we demonstrated a large impact of low 3-D
nanoparticles content, without performing a special function-
alization of their surface, on polymer matrix dynamics and
the elastic properties. A low rheological percolation threshold
(at 0.25 wt% nanofiller) and the synergistic effect in dynamics
were observed for the 3-D diamond-containing nanocompo-
sites based on the PU-PHEMA IPN, despite an average inter-
particle distance L >> R,. The peculiar cross-linking in the
system, due to the double covalent hybridization, made it pos-
sible to observe such an effect which is peculiar usually to
composites with 1-D or 2-D nanofillers. The nanocomposites
studied behave, to a certain extent, as ‘““‘interface controlled
materials”.
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