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ABSTRACT: Wereportasmall angle neutron scattering study of the thermodynamics of a polymer mixture
in the presence of nanoparticles, both in equilibrium and during phase separation. Neutron cloud point
measurements and random phase approximation (RPA) analysis demonstrate that 1—2 mass % of Cgg
fullerenes destabilizes a highly interacting mixture of poly(tetramethyl bisphenol A polycarbonate) and
deuterated polystyrene (TMPC/PSd). We unequivocally corroborate these findings with time-resolved
temperature jump experiments that, in identical conditions, result in phase separation for the nanocomposite
and stability for the neat polymer mixture. At lower Cgo loadings (viz. 0.2—0.5 mass %), stabilization of the
mixture is observed. The nonmonotonic variation of the spinodal temperature with fullerene addition
suggests a competitive interplay of asymmetric component interactions and nanoparticle dispersion. The
stability line shift depends critically on particle dispersion and vanishes upon nanoparticle agglomeration.

Introduction

Solid fillers are often added to polymers to reduce their cost
and improve performance. In recent years, the use of nano-
particles (NPs) as fillers has become increasingly attractive as
evidence shows that trace amounts (~0.01—1%) of molecularly
dispersed particles can dramatically enhance the electrical, optical,
permeability and mechanical properties of the polymers.' The
resulting nanocomposites find applications in diverse fields, ran-
ging from organic electronics to membranes and biomaterials. The
addition of NPs to polymer mixtures may affect the compatlblhty
of polymer mixtures, as reported experimentally’ ® and theo-
ret1cally, "as well as phase separation mechanisms and kinetics
in bulk'? and thin films."*~"* Not only do such effects have impor-
tant implications for the formulation and processing of polymer
mixtures but the interplay between the self-assembly of the various
components during phase separation may also provide novel
routes to the fabrication of functional hybrid materials.'® In spite
of the fundamental and industrial relevance of these materials,
relatively few systematic theoretical and experimental studies have
investigated the effect of NPs on the thermodynamics of polymer
mixtures. Furthermore, thermodynamic studies have previously
relied on time-resolved light scattering or cloud point measure-
ments, where the phase boundary was determined from the ob-
servation of turbidity indicating the onset of phase separation.’
Such nonequilibrium measurements, however, depend on dynamic
effects (rate, viscosity, mechanism, and separation kinetics) and
the observed cloud points generally differ, approximating the
equilibrium boundaries to varying extent. A further complication
of experimental studies of nanocomposite systems arises from a
limited (and time-varying, e.g. during thermal processing) disper-
sion of NPs in the polymer matrix. Combining small angle neutron
scattering (SANS) with light scattering and cloud point measure-
ments, Yurekli et al. have shown that the addition of layered
silicates, up to a volume fraction of 0.04, leaves the overall blend
phase boundaries essentially unchanged,’ a.lthough the kinetics
and morphology of phase separation are altered.'® Simulations
performed by Ginzburg however predict shifts in the location of
the spinodal: NPs can either promote or hinder mixing, depending
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on their size and polymer degree of polymerization, as well as thelr
absolute and relative interactions with the polymer components.'°
Polystyrene/polybutadiene mixtures, for instance, have been found
to be destabilized by the addition of fumed silica fillers, which
could be reversed upon surface-functionalization of the fillers.®
Further, nanoparticles have been reported to alter glass formation
in polymers, including the glass transition temperature, which can
increase or decrease by up to 10 s of degrees, deyendmg on
interactions, loading and dispersion in the matrix.'

In this work, based on SANS study, we report on the thermo-
dynamics of a series of lower critical solution temperature
(LCST) mixtures of poly(tetramethyl bisphenol A poly-
carbonate) and deuterated polystyrene (TMPC/PSd) containing
Buckminster fullerenes (Cgp). The phase behavior of the TMPC/
PSd system has been well characterized,” and Cg can be
molecularly dis 3]:versed in these polymers matrices at 1—2% mass
fraction.'”” %>~ Nanocomposites of TMPC/PS with Cq, are
of particular interest because fullerene- g)olymer blends have wide
applications in organic photovoltalcs % and TMPC is the only
polycarbonate miscible with PS.>” To the best of our knowledge,
this is the first study on the thermodynamics of bulk binary poly-
mer mixtures under the influence of molecularly dispersed NPs.
By probing the thermodynamics of the mixtures in equilibrium,
we eliminate kinetic effects (such as viscosity>**>* or glass transi-
tion temperature changes'’ ' induced by the nanoparticles)
which can affect the measurement of the phase behavior of the
mixtures. Our studies demonstrate that depending on its loading
and dispersion, Cg fullerenes can stabilize, destabilize or have no
effect on the thermodynamics of the near-critical, highly inter-
acting, TMPC/PSd polymer mixture.

Experimental Section

Mixtures of TMPC and PSd of near-critical composition (50/
50 mass fraction) and nanocomposites with 0.2, 0.5, 1.0, 2.0, and
4.0 mass % Cg were prepared by rapid coprecipitation.”® Cq
(MER Corp., 99+% purity) was dissolved to give a 0.1% mass
fraction toluene solution (99.84+%, GLC, Fisher Scientific),
stirred for 8 h and sonicated (CAMLAB Transsonic T570/H)
for 30 min. Separately, TMPC (Bayer, AG) and PSd (Polymer
Source) were codissolved in 10% mass fraction toluene solution
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Table 1. Characteristics of the Polymers under Study“
(M), (g/mol) (M)w (M), m (g/mol) beon (fm) v (em®/mol) a(A) R, (nm)
PSd 100300 1.09 112.2 106.54 108.9 6.7 7.8
TMPC 37450 2.24 310.4 68.07 308.0 20.1 6.0

“Weight- and number—average degrees of polymerization, (M),, and (M), [as reported by the supplier (for PSd standard) and determined by triple
detection GPC (for TMPC)]; m is the molecular weight of the monomer unit; b, is the neutron scattering length of the monomer unrts ais the polymer
segment length; > R, is the number-average radius of gyration; v are average monomer molar volumes as computed from PVT data™ for the rdnge of
temperatures tested [assummg »(PSd) ~ v(PS)]. The reference volume of the system is defined as vy = (v ps7aspc)"* and computed to be 183.1 cm?/mol.

and stirred for 8 h. The two solutions were added, sonicated for
30 min and further stirred for 36 h. The nanocomposite was then
precipitated in excess methanol (99.5+ %, GLC, Fisher Scientific)
forming fiber composites, then dried under vacuum at 100 °C for
1 day dnd 130 °C (at T, onset but below agglomeration tempera-
ture)! '8 for 2 days to ensure complete removal of solvents. The
dried samples were then hot pressed between Kapton sheets at
185 °C for at least 6 min to form 150—200 xm thick films. Neat
TMPC/PSd 50/50 mixtures were prepared by the same method
for comparison purposes. Glass transition temperatures were
determined by calorimetry (TA Instruments Q2000, 10 °C/min,
midpoint method) and found to be 140 4+ 4 °C, for the neat
TMPC/PSd mixture and nanocomposites, in line with previous
reports.'” ' The characteristics of the polymers are summarized
in Table 1. The dispersion of Cgq in the polymer mixtures was
assessed by wide-angle X-ray scattering (WAXS) using a PANa-
lytical X’Pert PRO diffractometer equipped with an X-Celerator
detector and Cu anode source (Ky: 4 = 1.54 A). Prior to an-
nealing, no crystalline peaks corresponding to Cg crystallization
are observable in the nanocomposite indicating nanoparticle dis-
persion. Cgq crystalline peaks have been reported in PS nano-
composites above 2 mass % Cgo.2**> In the current TMPC/PSd/
C60 nanocomposite, upon annealin% above the agglomeration
threshold temperature (~Ts+ 80 °C" for PS, corresponding to a
viscosity of 10°—10° Pa s, and appr0x1mately 220—235 °C for
TMPC/PS 50/50°%), Cqo peaks appear in the nanocomposites
containing >2% Cgo (Figure 1). Cg crystallization in nano-
composites upon annealing was separately determined by cross-
polarized microscopy (Olympus BX41M). To evaluate the effect
of dispersion and thermal processing in the effective interaction
parameter measured by SANS, a “poorly” dispersed 2%-Cg
composite was prepared by prolonged annealing above the ag-
glomeration threshold temperature.

A custom-made “T-jump” neutron cell,”* consisting of two
brass ovens with quartz windows and a motorized sample carrier,
was employed for both equilibrium and phase separation SANS
experiments. SANS measurements for equilibrium studies were
performed at: (a) PAXE (Laboratoire Léon Brillouin, Saclay) using
aneutron wavelength of 4 = 15 Aand sample-to-detector dlstance
Dyy =511 m, which yields a wavevector range of 0.0033 Al
q < 0.048 A_ ,and (b) D11 (Institute Laue- Langevrn Grenoble)
withA = 8Aanst 4 = 8m, yielding 0.007A™" < ¢ < 0. 063 A"

q = 4m/A sin(0)2), where 0 is the scattering angle. Neutron cloud
point and random phase approximation (RPA) measurements
were performed in situ at PAXE by loading the sample into the
preheated cell at 225 °C, and heating at a rate of 1 °C/min to 280 °C
while acquiring data every 60 s; each scan essentially averages the
scattering from the sample at AT = 1 °C intervals. These (relatively
short) scan times are chosen to allow equilibration of the spectrum
of concentration fluctuations of the specimens at the measured
temperatures and to ensure sufficient statistics while maximizing
temperature resolution. Temperature-scanning SANS is possible
because of the proximity to the phase boundaries, while still in the
mean-field region, and the strong scattering signal of the TMPC/
PSd system. To complement the neutron cloud point experiments,
isothermal RPA measurements were performed at D11; the sam-
ples were annealed in situ in the “T-jump” cell from 170 °C until up
t0 255 °C, before their scattering was acquired. In both experiments,
the centrosymmetric raw spectra were radially averaged, corrected
for empty cell scattering and calibrated with a set of secondary
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Figure 1. WAXS patterns for Cgy, PS, TMPC, TMPC/PSd 50/50, and
its nanocomposites before and after annealing. No peaks are observed
in the nanocomposites before annealing (up to 4 mass %), indicating
nanoparticle dispersion. Upon annealing at 235 °C for 15 min, clear Cy
peaks are observed in the 4 mass % nanocomposite, while 2 mass %
nanocomposites exhibit a shoulder at ¢ ~ 1.26 A~ after prolonged
annealing at 235 °C for 6 h. The inset shows the appearance of
birefringence in the 2 mass % nanocomposite under cross polarizers
after prolonged annealing, indicating the formation of phase-separated
Cgp crystallites.

standards and direct beam. The coherent scattering function was
obtained by subtraction of the appropriate volume fraction of the
calibrated spectra of the pure components, TMPC and PSd. Sample
thicknesses and uncertainty, necessary for absolute intensity cali-
bration, were determined independently with a micrometer (1 um
resolution) as well as from the specimen transmission, and trans-
mission versus thickness calibration curve. Phase separation experi-
ments were further carried out at D11 at lower wavenumbers with
A= 8AdndD _4 = 39m, providing a g-range of 0.0025 Al < q <
0.014 A™! necessary for such measurements (light scattering is
unfeasible due to the small transmission of the specimens). Samples
were first preannealed at 235 °C (below the phase boundary) and
allowed to equilibrate (for at least 120 s) before they were rapidly
quenched to 255 °C. Acquisition times of 5 s (with dead time of
250 ms) were used. Acquisition was synchronized with the final
positioning of the sample holder in the “experimental oven” and
timesettot = 0s.

Results and Discussion

Figure 2 plots the cloud point curves (viz. integrated scattering
intensities as a function of temperature) for neat TMPC/PSd and
the 1 and 2 mass % Cg, nanocomposites. The curves clearly indi-
cate an earlier onset of intensity rise from the baseline in the
nanocomposites, showing that the addition of 1—2 mass % Cg
lowers the spinodal temperature in the TMPC/PSd mixture. It is
however not trivial to locate the spinodal temperature from the
integrated intensity curves, as strong scattering from concentration



9580 Macromolecules, Vol. 43, No. 22, 2010

fluctuations in the one phase (eventually diverging at the spinodal)
precedes the onset of phase separation.®>

To examine quantitatively the phase behavior of the mixtures,
we employ the random phase approximation (RPA)* to fit the
scattering data.’? The structure factor of the mixture, S(g) is
expressed in terms of the components’ S{g) (assuming
Schultz—Zimm polydispersity>*°) and an effective dimension-
less Flory—Huggins interaction parameter 7, as®**’

1 1 1 X

5@ - 5@ TS P M)

Scattering from TMPC/PSd/2 mass % Cg, under isothermal
annealing at 220 °C (~1 h) remains unchanged within experi-
mental uncertainty, corroborating the WAXS results that full-
erenes remain dispersed in this time range; dispersed Cg
scattering is effectively matched to the deuterated component
and thus eq 1 adequately approximates the scattering of the
nanocomposite to a two-component system. In the zero-angle
limit, eq 1 yields:

L1 1L,k
S(O) B ¢1V1<N1>w * ¢2V2<N2>w Vo (2)

where (N},, is the number-average degree of polymerization
of component i, ¢; its volume fraction, and v, is a reference
molar volume, which is taken as the geometric average of the
components volume v; (v, = (v,v,)"?). The susceptlblhty yields
the second derivative of the free energy of mixing with respect to
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Figure 2. Neutron cloud point curves for TMPC/PSd 50/50, 1, and 2
mass % Cgo nanocomposites heated at 1 °C/min, obtained by mtegratmg
the scattering intensity over the wavevector range 0.0033—0.048 A~
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composition, i.e. 1/S(0) = #¥AGm/o¢* = G".>* The low-angle
(gR, < 1) scattering is described by the usual Ornstein—Zernike
Lorentzian profile

S(0)
14+&¢
Wthh is linear in the Zimm representation as 1/S(¢) = 1/S(0) +
Aq?: the spinodal temperature T's (Where G = 0) is obtained by
extrapolation of the intercept to zero from the one-phase region.

Figure 3 shows the coherent scattering intensity of the mixtures
at selected temperatures in the one-phase region obtained from
real-time temperature ramp SANS (PAXE). The lines corre-
spond to RPA fits (eq 1), with 7, as the adjustable parameter;
segment lengths determined previously®? are confirmed by equi-
librium RPA measurements and are therefore fixed in temperature-
ramp SANS to improve fitting accuracy; the insets show the
Ornstein—Zernike fits at small wavenumbers for the correspond-
ing mixtures at selected temperatures. RPA describes all scatter-
ing data in the one-phase region and, despite some scatter due to
the limited 60 s statistics, Ornstein—Zernike scattering shows
parallel lines of constant slope (constant polymer dimensions)
and positive intercept (proportional to G”). Kratky plots of
all mixtures also exhibit high-¢ asymptotes in good agreement
with previous measurements,” indicating no change in polymer
conformation within measurement uncertainty.

Figure 4a shows the G” extracted from the isothermal scatter-
ing data over the entire temperature range. G'' = (2/vo)lxs —
712(T)], where y, is the interaction parameter at the spinodal.
The extrapolation of G — 0 directly yields the spinodal tem-
perature (7). G” fits for the neat mixture are consistent with
previous data.*>>® y is generally parametrized asy = 4 + B/T: A
is associated with changes in local energetics while B represents
the entroplc contribution to y arising from changes in packing
upon mixing.*** Closer inspection of Figure 4a, however,
suggests that at higher temperatures, G'' exhibits relatively
smaller changes with 1/7, characteristic of “flat” (i.e., nearly
composition-independent) phase diagrams, as is known for
TMPC/PSd.*' Component interactions can then be empirically
written as y = A + B/T 4+ C/T* where A and B contain the
combinatorial entropic and enthalpic contributions respectively,
while the noncombinatorial entropic term C encompasses addi-
tional constraints due to monomer architecture, connectivity,
finite compressibility and any specific interactions that may cause
changes in the monomer free volume or mobility.** The accessible
RPA temperature range (AT = 60—80 °C, bound by T, and TY)
however precludes a robust determination of 4, B, and C in a
nonlinear fit. Figure 4a shows that the addition of 1—2 mass %
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Figure 3. Coherent scattering intensity for (a) TMPC/PSd 50/50 and fullerene nanocomposites with (b) 1 and (c) 2 mass % Cg at selected temperatures
in the one-phase region. The lines correspond to RPA fits (eq 1). Insets: Ornstein—Zernike fits for the corresponding mixtures at small wavenumbers.
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Figure 4. (a) G" obtained from fits to isothermal and temperature-ramp RPA scattering data. The lines indicate parabolic fits through the data points.
Inset: Extrapolation of T, based on G’ obtained from fits to real-time scattering data in the neutron cloud point experiment; the boxed region indicates
the temperature range of the neutron cloud point measurement. (b) 7 as a function of Cg loading obtained from the (M) isothermal and (blue ) real-
time measurements for the dispersed and (O) thermally annealed specimens. The dashed line is a guide to the eye.

Cgp results in a decrease of T for the TMPC/PSd mixture by
7—10 °C. Figure 4b summarizes the variation of T, with Cgq
content. The results confirm the cloud point curves (Figure 2):
namely, that the addition of 1—2 mass % Cg, lowers the T of the
TMPC/PSd 50/50 mixture. This destabilization effect depends on
the dispersion of the nanoparticles: poorly dispersed composites
do not alter T, within experimental uncertainty. Above a mis-
cibility threshold as observed for 4 mass % Cg, or after
prolonged annealing, as observed for 2 mass % Cg, (annealed
for 6 h+ above the agglomeration threshold temperature), the
neat T is recovered. We also observe an increase in the nano-
composite Tyat low loadings of 0.2 and 0.5 mass % Cg, by ~5 °C.
Nonmonotonic variations in AT} have in fact been predicted*®
and observed experimentally** in binary mixtures with diblock-
copolymers and other additives with competitive interactions.
Also, apparent stabilization and destabilization effects in pseudo-
binary mixtures can be trivially caused as the critical tempera-
ture and composition are generally simultaneously altered by the
addition of a third component. Further, the phenomenological
“Timmermans mixing rule”*~*” predicts that additives which are
equally soluble in both components of a binary mixture tend to
stabilize the mixture (i.e., enlarge the miscibility window), while
those with preferential solubility in one component tend to
destabilize it. Separate WAXS experiments of TMPC-Cg, and
PS-Cgo mixtures indicate that Cy exhibits slightly better solubil-
ity in PS than in TMPC (see Supporting Information). Such
preferential interactions could give rise to an asymmetry in binary
interactions, sometimes called the “Ay effect”.*** For nano-
particle additives, the relative affinities may further be altered upon
aggregation (as miscibility is size-dependent™ and the overall
surface area changes'’). Variation of fullerene loading and
dispersion is expected to alter the extent of enthalpic interactions
(both self- and pairwise interactions in the ternary mixture,
including m—z stacking) and entropic contributions (“entropic
surface tension” caused by chain stretching in the vicinity of the
NPs)!” within the TMPC and PSd matrices. In particular, as the
role of “entropic surface tension” increases as the NP size
increases,'’ one can envisage that “small” NPs (<R,) may
stabilize the mixture, but destabilize it at higher loading levels
(as dispersibility degrades and their effective size increases), due
to the larger entropic penalty involved. The nontrivial interplay
of competitive interactions and dispersion is thus likely respon-
sible for the nonmonotonic shifts in T observed in Figure 4(b).

To validate unequivocally our findings, real-time phase separa-
tion experiments were performed. Figure 5 shows the scattering
patterns exhibited by the unfilled TMPC/PSd 50/50 mixture and
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Figure 5. Evolution of the structure factor with time and selected two-
dimensional scattering patterns for (a) unfilled TMPC/PSd 50/50 and
(b) the +1 mass % Cgo nanocomposite when heated from the one-phase
region to 255 °C. Clear spinodal decomposition is observed in part b,
whereas part a shows no signs of phase separation on the experimental
time scale.

+1 mass % Cg, nanocomposite when heated from the one-phase
region to 255 °C. Clear spinodal decomposition was observed in
the 1% nanocomposite whereas in the unfilled mixture, no phase
separation was observed in the experimental time scale.

In summary, we report the destabilization of a near-critical
mixture of TMPC/PSd 50/50 by well-dispersed Cg fullerenes,
manifested by a 7—10 °C reduction of the spinodal temperature at
1—2 mass % loading, based on neutron scattering experiments
carried out on both sides of the phase boundary. Beyond a
miscibility and/or agglomeration threshold, the T of the neat
mixture is recovered. Loading of 0.2—0.5 mass % leads to a small
increase in Ty. The addition of a third component to a binary
polymer mixture has been known to shift both the critical
temperature and composition, depending on interaction symme-
try. In nanocomposites, such effects are evidently more complex
as the component interactions are also sensitive to nanoparticle
loading and dispersion. Further composition mapping of the
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phase boundaries and critical region, as well as phase separation
kinetics, are underway to fully evaluate the impact of nano-
particles in polymer mixture phase behavior.
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