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Variation in glass transition temperature of polymer nanocomposite films

driven by morphological transitions
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We report the variation of glass transition temperature in supported thin films of polymer nanocom-
posites, consisting of polymer grafted nanoparticles embedded in a homopolymer matrix. We observe
a systematic variation of the estimated glass transition temperature 7,, with the volume fraction of
added polymer grafted nanoparticles. We have correlated the observed T, variation with the under-
lying morphological transitions of the nanoparticle dispersion in the films. Our data also suggest
the possibility of formation of a low-mobility glass or gel-like layer of nanoparticles at the inter-
face, which could play a significant role in determining 7, of the films provided. © 2013 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4773442]

. INTRODUCTION

Polymer thin films have been extensively studied in the
last two decades to explore the possibility of finding a length
scale underlying glass formation in polymers.'~® Several re-
view articles summarize our current understanding of the
subject.”1” Despite, a large body of work suggesting the exis-
tence of a finite size effect on glass transition temperature, T,
of polymers, several examples contradicting the results exist
in literature® so that the outcome of an enormous amount of
research in the last two decades is inconclusive on this as-
pect. It is clear that part of this discrepancy stems from the
significant contribution of surface/interface effects along with
possible finite size effects. An alternative method to explore
possible finite size effects as well as the role of the inter-
face on polymer thermo-mechanical properties is to impreg-
nate it with nanoparticles.”!'~'*> Equivalence of the perturba-
tion of the bulk glass transition of polymers when confined
in the form of thin films or impregnation with nanoparticles
has been demonstrated.!'~!3 A large body of work in the area
of polymer nanocomposites (PNC) has emerged in the last
decade,''"!7 driven not only to explore the finite size and in-
terface effects on polymer physical properties, but also to cre-
ate new materials with novel physical properties. A crucial
aspect in determining the ultimate success of this strategy,
and hence to maximize the benefits of the anticipated elec-
trical, optical, and magnetic properties,'® is the ability to tune
the dispersion of the particles in the embedded polymer ma-
trices, and to prevent the thermal degradation of the polymer
matrix. Although research!!~!3 seems to indicate T, variation
with increase in volume fraction of added particles, some re-
cent work seems to indicate no T, variation in PNCs." A suc-
cessful dispersion strategy has been to use polymer grafted
nanoparticles (PGNP) in the identical polymer matrix to cre-
ate an athermal blend.>''~!320 The morphological phase di-
agrams of such blends are beginning to be elucidated.”’->
However, very few studies have been made on the physical
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properties especially on their glass transition.'*!> Needless
to say that, for various practical applications such compos-
ites will eventually have to be prepared in the form of a film
or a coating. Thus, studying the properties of thin films of
these materials is of vital importance. However, it turns out
that the interface plays a crucial role in such thin films,'*!
to the extent that the nature of dispersion in the bulk could
be significantly modified. The film and substrate processing
conditions, which are crucial for thin polymer films, turn out
to be much more critical in PNC thin films.?® These in turn
could lead to large changes in thermo-mechanical properties
of thin films of PNCs as well. Therefore, to explore the in-
terplay of strong confinement of polymer segments by em-
bedded nanoparticles at high volume fractions and the sur-
face effects, especially the role of particle dispersion, we have
studied the glass transition of PGNP embedded PNC thin
films.

Here, we report a comprehensive measurement, follow-
ing up on our earlier work!'> of T, variation in polystyrene
films of thickness ~70 nm embedded with thiol termi-
nated polystyrene (PST) capped gold nanoparticles (Au NP)
of fixed size and various properties as shown in Table I.
The volume fraction of the embedded gold in the polymer
matrix, ¢, has been varied from 0.1-10, as indicated in
Table II. We have estimated the Tg variation from the tem-
perature dependence of film thickness using spectroscopic
ellipsometry and correlated this variation with the detailed
three-dimensional morphology of the film using atomic force
microscopy (AFM), field emission scanning electron micro-
scope (FESEM), and X-ray reflectivity (XRR). We observe
step-wise decrease in T, of the polymer films as a function
of added PGNP. We provide a model for this 7, variation
in terms of the underlying morphological phase transition in
the dispersion of PGNPs and also allude to the existence of
possible viscosity gradient along the film thickness similar
to the recent observations.!” The overall impact of parti-
cle loading, morphological transitions, processing conditions,
and possible viscosity gradients on 7, variation of PNC thin
films are discussed.

© 2013 American Institute of Physics
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TABLE I. Properties of PGNP.

R z o Re
Sample nm nm Chains/nm? nm Re/Rg
PST-Au 21+£02 1.5 1.98 £0.2 3.6 0.45

Il. EXPERIMENTAL DETAILS

Polymer grafted nanoparticles consisting of a core of
gold nanoparticles (Au NP) and corona of thiol terminated
polystyrene (PST of molecular weight 3 Kg/mol, degree of
polymerization N~27), grafted to the Au NP core, were syn-
thesized by a method described earlier.!>2%-2%:3%31 Trans-
mission electron microscopy(TEM, Technai, T20) and ther-
mogravimetric analysis (TGA, METTLER) were used to
estimate the grafting density o of the PST chains on PGNP
core. The average thickness of the PST shell, X on the Au NPs
has been estimated to be ~1.5 nm from inter-particle spacings
obtained from TEM images. The total radius of the PGNP
R.(=X+R., R, is the radius of the PGNP core) is therefore
estimated to be ~3.6 nm. PGNP solutions were mixed with
the polystyrene (PS) (molecular weight 97.4 Kg/mol, degree
of polymerization P~936; radius of gyration, R, = 8 nm)
solutions in appropriate ratios as indicated in Table II. The
mixtures were stirred for ~24 h to ensure the formation of a
homogeneous dispersion. Thin films of these PGNP-polymer
suspension were then prepared (using the solutions mentioned
above) on polished silicon wafers (Vin Karola Inc, USA)
cleaned using standard methods described earlier.'> The films
were annealed at ~150°C (well above the T, of bulk PS
(Tgb””‘ = 105°C as well as for a PS film of thickness ~70 nm,

7™ =106°C) for 12 h in a vacuum better than ~8
x 10~3 mbar, to ensure the removal of trapped solvent and the
equilibration of the matrix chains along with an equilibrium
particle dispersion. The thickness of the films were 70 £ 5 nm
at 27 °C, as measured by spectroscopic ellipsometry (SE850,
Sentech, Germany). Glass transition T;*/* of PS and poly-
mer nanocomposite powders, thermally annealed in identical
manner to the corresponding thin films, were measured using
modulated differential scanning calorimetry (MDSC) mea-
surements (TA Instruments) as described earlier.!! Temper-
ature dependent spectroscopic ellipsometric measurements
were performed on the samples specified in Table II using
a home-made high temperature sample chamber evacuated to

TABLE II. Specification of PGNP-PS hybrid films.

Volume fraction

(Percentage) Weight fraction
Sample o (Percentage)
S1 0.1 1.8
S2 0.3 5.2
S3 0.75 12.0
S4 1.2 17.9
S5 3.0 34.8
S6 5.0 46.6
S7 10.0 62.3
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~3x 1072 mbar. The chamber, especially the quartz windows
used in the beam path, were tested for appearance of the pos-
sible spurious polarization changes from residual stress due
to temperature variation.

X-ray reflectivity measurements on the samples, de-
scribed in Table II, were performed at BL 18B in Photon Fac-
tory synchrotron, Tsukuba, Japan, at an incident x-ray energy
of 10 KeV as well as with a D8 Discover lab based reflectome-
ter (Bruker, Germany) at 8 KeV. The electron density profiles
(EDP) p(z) of the various PNC films were extracted from
the measured reflectivity, R, as a function of the perpendic-
ular wave vector transfer, g, (=4smsinf/A, where 6 and A are
the angle of incidence and wavelength of the incident x-rays
on the samples). Atomic force microscopy (NT-MDT, NTE-
GRA) measurements were performed, in contact mode using
NT-MDT cantilevers to find the surface morphology. The lat-
eral dispersions of particles were seen using FESEM (Ultra
Zeiss, Germany), operated at 8 keV with a working distance
of 3 mm.

Ill. RESULTS AND DISCUSSIONS
A. Glass transition

For estimating the T, of PNC films, they were heated to
150 °C (at a vacuum better than ~3x 1072 mbar) and held
at this temperature for 2 h to maintain equilibrium condi-
tions in the sample. Ellipsometric angles W and A were mea-
sured, in situ, continuously from 150 °C to room tempera-
ture, over a wavelength range of 300—600 nm, at a cool-
ing rate of ~0.8 °C/min. The film thickness was determined
by fitting the ellipsometric angles, over the entire range of
wavelengths stated above, with a Maxwell-Garnett effective
medium model of dispersion of gold in a Cauchy layer of the
polymer.' Typical plots of thickness vs temperature, along
with the estimation of T, is shown in Fig. 1. The clear varia-
tion of T, with ¢, is evident from the four ellipsometry data.
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FIG. 1. Thickness vs temperature for samples S1, S4, S6, and PS thin film
of thickness 65 nm as indicated in the respective panels. The continuous lines
(red) are the linear fits in the respective regions, with the 7}, indicated by the
vertical dashed lines in each panel.
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FIG. 2. Glass transition temperature T, in both bulk (circle) and in the thin
films (square), is shown as a function of the volume fraction of added PGNPs,
¢, The interpretation for the 7, variation for different ¢,, values is discussed
in details in the text.

The variation of T, of all the PNC, as well as PS films, is
summarised in Fig. 2. Also shown in the same plot is the
nature of variation of T, of the PNC powders, measured us-
ing MDSC, with ¢,. Reduction in T, with increasing ¢, for
both the bulk and the thin film samples is clearly visible. The
general overall trend of reduction in 7, of the PNC (both
bulk and thin films) is consistent with the bulk measurements
and some of the earlier observations in PNC powders'!1?
and thin films.'% '3 Especially, for PNCs where N « P, it is
expected'!~13:2%-26 that the matrix chains would be repelled
from the particle interface leading to enhanced segmental mo-
bility at the interface and hence overall reduction in 7,. How-
ever, what is interesting in our case for the PNC thin films is
the observation of an intermediate range of ¢, values, where
T, of the films, is independent of ¢,, whereas for the bulk
PNC powders the T, variation with ¢, is monotonic. It might
also be noted that for a very similar system, Green et al.,'*
have obtained considerably larger T, deviation at comparable
volume/weight fractions (sample C in Ref. 14 and S2 in our
case). One major difference is the different annealing condi-
tions used and we have shown earlier'> how morphology, dis-
persion, and T, depend on annealing conditions. The role of
interfacial interactions as described earlier can be very impor-
tant and especially, for PGNP-polymer blends, a first order-
transition leading to the interfacial segregation of particles can
take place.23 To rationalize the observed behavior in T, de-
tailed structure and morphology of the PGNP-polymer blend
films have been studied with AFM, FESEM, as well as XRR.

B. Structure

In Fig. 3, the AFM images of some of the films (after an-
nealing) used in this work are shown. At lower ¢, the PGNPs
seem to be very well dispersed (S1), with the fraction of par-
ticles at the surface increasing with increase in ¢,,. At higher
fractions viz., ¢, = 10 (considerably higher than the volume
fractions used in most earlier studies'*!’), PGNPs started
forming percolated networks at the surface. In Fig. 4, AFM
images of the various PNC films before (vacuum dried at

J. Chem. Phys. 138, 014902 (2013)

540nm
e

FIG. 3. AFM images of the samples S1 (a), S3 (b), S5 (c), and S7 (d) after
annealing (see text for details).

70 °C) and after annealing are compared to illustrate the role
of annealing. It is clear from this comparison that there is a
considerable redistribution of particles during annealing from
the highly non-equilibrium kinetic structure and morphology
acquired during the spin coating process. Field emission scan-
ning electron microscope images (Fig. 5) further confirm the
surface morphological features observed in AFM and also in-
dicate the morphology slightly below the surface. Especially,
for sample S5 it appears that the network-like structure is only
present at the surface and not in the bulk. What about the mor-
phology at the film-substrate interface?

To understand this, we have used XRR measurements on
these films as shown in Fig. 6. The inset highlights the key

S40nm
crr

¢ g
540nm 600nm
sty o

FIG. 4. AFM images of un-annealed [(a)-(c)] and annealed [(d)—(f)] sam-
ples S2, S4, and S6, respectively. Variation of surface morphology, and re-
dispersion of particles with annealing, is evident.
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FIG. 5. FESEM images showing the lateral dispersion of three different samples as identified in the figure. Percolation of the particles at the surface and the

dispersion in the bulk (regions with the lesser contrast) could be noticed.

signature of a structural transition taking place in these films
at and above a certain volume fraction ¢, = 0.75, similar to
earlier observations.* The transition is indicative of interface
segregation. To quantify the segregation, the XRR profiles
(R Vs g;) were modeled with a three slab model. The cor-
responding EDP as obtained (from the fits shown in Fig. 6) is
shown in Fig. 7(a). The depth profile of PGNP, more specif-
ically depth profile of the gold, ¢4,(z), as extracted from the
EDP, is shown in Fig. 7(b). It is clear that there is no signifi-
cant surface or interface segregation up to ¢, = 0.3 but from
¢, = 0.75 there is a considerable PGNP segregation at the
film substrate interface. It seems that the interface segregation
starts at some ¢,, 0.3 < ¢, <0.75. Curiously, this is also the
volume fraction, which falls in the plateau region of T, vari-
ation of the films. Is there a connection between these two?
It seems (Fig. 7(b)) that while the surface and bulk fractions
of PGNP increase rather continuously, the interface density
varies in a discontinuous manner. The nature of surface PGNP
density variation obtained from XRR analysis is consistent

Reflectivity

'l '} '} Il '} i '}

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
-1
q,(A%)

FIG. 6. Reflectivity profiles, R vs g, for some of the samples along with the
fits (solid lines) to the data (open symbols). Inset: Normalized XRR profile
(Rq;* vs ¢.) indicative of the presence of electron density modulation over
and above the homogeneous dispersion of PGNPs. The peak position as indi-
cated by an arrow can be used as a possible estimate of the length scale over
which the electron density modulates. The XRR profiles have been shifted
vertically by an arbitrary factor for clarity.

with the AFM and FESEM images. To further quantify the
nature of dispersion of PGNPs, we have calculated the mean
surface-surface separation, A, at various locations within the
PNC films. From Fig. 8, it can be seen clearly that & (A, hpuir,
and hy,,r) decreases with increasing ¢, as expected. However,
for ¢, = 3, although both Ay, and hy,; were greater than
3; we start seeing the formation of percolated clusters at the
surface, where as PGNPs in the bulk stays dispersed (Fig. 5).
Since the complete 3-dimensional structure and morphology
of the PGNP in these PGNP-polymer blend films could be ob-
tained, can we use this to rationalize the observed T, variation
as shown in Fig. 2?

14
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FIG. 7. Electron density profile, EDP, p(z) (a) and volume fraction of gold
Pau(z) (b) as a function of normalized depth. The nature of dispersion of
PGNPs, and its variation (interface and surface segregation) with increasing
¢y, is clearly seen.
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FIG. 8. Surface to surface separation (/) of the particle normalized to corona
thickness (X) is plotted for interface (a), bulk (b), and the surface (c) layer
as a function of ¢,. Dashed lines in panels show the point at which the
inter-particle spacing “h,” is equal to the corona thickness X corresponding
to maximum # close packing of PGNP, without the significant compression
of the grafted chains.

C. Discussions

We propose the following model to explain the observed
T, variation and show how it can be tailored in such hybrid
films by controlling its internal and interfacial morphology.
In Fig. 2, the initial decrease in 7, with ¢, can be under-
stood in terms of finite size effect on polymer T, due to the
confinement of segments between PGNPs coupled with an
expected enhanced segmental mobility at the de-wetting PS-
PGNP interface.!?13-32.33 However, the magnitude of reduc-
tion in T, is considerably lesser than the variation observed
by Green et al.,'* which could possibly be because of the
different annealing conditions as already discussed. Between
¢, = 0.3—1.2, T, hardly changes although the fraction of
PGNP in the bulk increases and the 7, in the bulk decreases
continuously. This, we believe, is due to the competing ef-
fects on T, variation between the interface layer, which pos-
sibly enhances the T, and the bulk layer that decreases T,. If
the particles dispersed in the bulk has to dominate then we
should have seen a decrease in T, but there is no variation.
With these, we could conclude that T, in this region of the
volume fraction is dominated by the PGNPs segregated to the
interface (interface dominated, Fig. 2). At ¢, = 3, the T, starts
decreasing again due to the fact that the percentage increase
in bulk fraction of PGNPs is larger than at the interface. With
further increase in ¢,, the interface layer saturates, but more
particles started diffusing in to the surface (Figs. 3-5) form-
ing percolated domains. The formation of percolated domains

J. Chem. Phys. 138, 014902 (2013)
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FIG. 9. Comparison between the XRR data for samples S1 (a) and S4
(b) before (open squares) and after (open circles) annealing along with the
best possible fits (solid lines). Inset: Normalized reflectivities, (Rg.* vs ¢.),
for the same data shown in the main panels (a) and (b). In both panels (a) and
(b), the XRR profiles have been shifted vertically by an arbitrary factor for
clarity.

hints at the reduced viscosity and T, in the surface. So, the in-
terface layer does not cause an additional increase of T, but
both the PGNPs dispersed in the bulk and the surface decrease
the T, and hence T starts decreasing again. This is the case
till S6. However, for S7, the total fraction in the film is consid-
erably high so that a transition to a percolating network at the
surface, and possibly to some extent in the bulk, takes place.
This is also clear from the magnitude of mean surface-surface
separation of PGNP (Figs. 8(a)-8(c)) in the three layers com-
pared to X for all the samples especially, S6 and S7. To ob-
tain a further insight regarding the effect of interface layer of
PGNP on T, we explore the possibility to estimate the effec-
tive particle mobility in this interface layer.

In Fig. 9, we have shown a comparison of XRR data for
two samples S1 and S4 before and after annealing. For sam-
ple S1, the difference in the reflectivity between the annealed
and un-annealed film appears to be small and becomes evident
only by taking a close look at the Fresnel normalised profiles
in inset of Fig. 9(a). However, for sample S4, the difference
in XRR profiles, and especially the normalised profiles (in-
set of 9(b)), clearly reveals a considerable re-organisation of
the PGNP distribution within the films during annealing. De-
tailed analysis of the XRR profiles leads to the respective vol-
ume fraction distribution for gold within the films as shown
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FIG. 10. Volume fraction of gold ¢4,(z) as a function of normalized depth
for samples S1 (a) and S4 (b) with (dashed line) and without annealing (con-
tinuous line).The preferential segregation of the particles to the interface even
in the un-annealed films can be noticed.

in Fig. 10. It is clear that the interface layer is formed in
these thin films during spin coating and even without anneal-
ing, although the extent of such segregation is considerably
higher in S4 than in S1. Interestingly, while for S1 annealing
at temperatures T > T, does seem to re-disperse all the in-
terface PGNPs into the bulk, for S4 dispersion is incomplete,
although the thickness and the density of this interface PGNP
layer does decrease. The AFM images in Fig. 4 also confirm
this conclusion regarding PGNP dispersion. We believe that
the structural transition leading to the formation of a stable
interface layer of PGNPs could also lead to the formation of
high viscous glassy layer in which the mobility of the PGNPs
is reduced to such an extent that it cannot be re-dispersed into
the bulk despite long-time annealing at temperature T > T,.
This in turn would lead to the reduced mobility of polymers
not only in the interface layer, but also in the adjoining lay-
ers. The effective T, of this layer could thus be expected to be
higher than bulk T, of PS. This is also along the lines of some
recent suggestions®!” indicating a higher viscous dead inter-
face polymer layer, although the mechanism is different in our
case. The T, would then be determined by the competition be-
tween the enhanced segmental mobility of the PGNP interface
in the bulk and the reduced mobility near the substrate inter-
face pinned PGNP layer. It turns out that ¢4, increases across
the thickness of the film after annealing, while it decreases
at the interface layer. However, the relative increase of ¢4,
is more in the surface as compared to the bulk, which is in-
dicative of a higher mobility of the PGNP and hence a lower
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effective viscosity at the surface. We feel that the surface layer
has higher mobility and lower viscosity than the bulk, along
the lines of several recent suggestions.> 3> Further, the fact
that PGNP network formation seems to be considerably more
prominent at the surface (Figs. 3-5) compared to bulk also
points to the possibility of enhanced surface mobility. We be-
lieve the repulsive PGNP-polymer interaction, coupled with
the reduced effective viscosity of the surface polymer layer,
leads to the enhanced probability of PGNP network forma-
tion at the surface. However, we do not have a quantification
of this reduction at this point of time, but our claim seems to
be backed up by some recent studies.'”

IV. CONCLUSIONS

In conclusion, we have demonstrated direct correlation
between morphological transition in the interior of a PNC film
with the variation of its T,, over a large range of PGNP vol-
ume fraction. Complex interplay between finite size effects,
mediated by inter-particle separations and the dispersion of
PGNPs, leads to a step-wise discontinuous variation in 7.
We also believe that there are indications from our data that
the structural transition, which drives PGNP segregation to
the film-substrate interface, leads to the formation of a layer
of low mobility of PGNP, which could have glass or gel-like
behavior. We further demonstrate the synergy in NP-polymer
blends and their thin films which cannot only be used to con-
trol the properties of the blend, along with the interaction
with the substrate, but the embedded NP, can also be used as
an effective nanoscale probe of the local thermo-mechanical
and rheological properties of highly confined polymer films.
These findings will also have broader implications in the bet-
ter understanding of the confinement effects on glass transi-
tion temperature, self assembly, and dispersion of nanopar-
ticles and their applications. More work is in progress to
understand the role of dispersion and effect of confinement
in similar systems.
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