aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Unexpected Molecular Weight Effect in Polymer
Nanocomposites
Shiwang Cheng, Adam P. Holt, Huiqun Wang, Fei Fan, Vera Bocharova, Halie Martin,
Thusitha Etampawala, B. Tyler White, Tomonori Saito, Nam-Goo Kang, Mark D. Dadmun,
Jimmy W. Mays, and Alexei P. Sokolov
Phys. Rev. Lett. 116, 038302 — Published 22 January 2016
DOI: 10.1103/PhysRevLett.116.038302


http://dx.doi.org/10.1103/PhysRevLett.116.038302

Unexpected molecular weight effect in polymer nanocomposites

Shiwang Cheng,'" Adam P. Holt,” Huiqun Wang,’ Fei Fan,’ Vera Bocharova,' Halie Martin,” Thusitha
Etampawala,3 B. Tyler White!, Tomonori Saito', Nam-Goo Kang3, Mark D. Dadmun,’ Jimmy W. Mays,3 and
Alexei P. Sokolov'?**”

! Chemical Sciences Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
2 Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
? Department of Chemistry, University of Tennessee, Knoxville, Tennessee 37996, USA

The properties of the interfacial layer between the polymer matrix and nanoparticles largely determine the
macroscopic properties of polymer nanocomposites (PNCs). Although the static thickness of the interfacial layer was
found to increase with the molecular weight (MW), the influence of MW on segmental relaxation and the glass
transition in this layer remains to be explored. In this Letter, we show an unexpected MW dependence of the
interfacial properties in PNC with attractive polymer-nanoparticle interactions: the thickness of the interfacial layer
with hindered segmental relaxation decreases as MW increases, in sharp constrast to theoretical predictions. Further
analyses reveal a reduction in mass density of the interfacial layer with increasing MW, which can explain these
unexpected dynamic effects. Our observations call for a significant revision of the current understandings of PNCs

and suggest interesting ways to tailor their properties.

PACS numbers: 82.35.Gh, 68.35.-p, 82.35.Np, 05.70.Np

Polymer nanocomposites (PNCs) are attractive materials
for many current and future technologies due to their unique
ability to tune specific properties such as mechanical,
thermal, optical and even molecular and ion transport [1-5].
For example, the glass transition temperature (7,) and zero
shear viscosity of PNCs were reported to change
dramatically upon adding less than 1 volume percent (vol%)
nanoparticle (NP), and has been largely attributed to the
changes in polymer dynamics within the interfacial region
between the polymer and NP [6,7].

Due to attractive interactions, polymer chains physically
adsorb to the NP’s surface and form an “adsorbed bound
layer” with a series of loops, trains and tails [8-12], which
has an average thickness proportional to the polymer radius
of gyration (R,) [8,13]. These adsorbed chains form an
dynamic interfacial layer (DIL), which has distinct segmental
mobility and other properties [7,14-23], and is believed to
directly correlate with many advanced macroscopic
properties of PNCs [3,5]. However, despite the recent
intensive discussions on the features of the DIL [18,19,22-
28], many of its characteristics, especially the basic
relationship between the interfacial layer chain packing and
the dynamics, are still missing. This strongly hinders our
understanding of various phenomena in PNCs.

Recently, Koga et al [20,29] explained the observed
interfacial slowing down in supported thin films in terms of a
bound loop layer (BLL) made of the loops of the adsorbed
chains. According to them [20,29], the average height of the
BLL provides a good estimate for the thickness of the DIL
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that experiences slower dynamics. Considering the analogy
between polymer thin films and PNCs [7,30], it is reasonable
to anticipate a similar interfacial chain packing-dynamics
relationship in PNCs [31,32]. Earlier theoretical studies have
shown that the average height of the BLL increases with R,
of the adsorbed polymer [8-12], and is also found to correlate
well with the thickness of the DIL [18]. Thus, one should be
able to tune the DIL thickness and the macroscopic
properties of PNCs by a proper choice of polymer MW,
providing a way to rationally design PNCs.

To verify this hypothesis, we performed detailed studies
on model PNCs [15,21] using small angle X-ray scattering
(SAXS), broadband dielectric spectroscopy (BDS),
temperature modulated differential scanning calorimetry
(TMDSC), and mass density measurements. Details of the
measurements are presented in the Supplementary Materials
(SM) [33]. We used five different poly(vinyl acetate)
(PVAc): 12.2 kg/mol (polydispersity PDI = 1.26), 24.2
kg/mol (PDI = 1.42), 40 kg/mol (PDI = 1.76), 84.6 kg/mol
(PDI = 1.79) and 253 kg/mol (PDI = 1.92) and two
monodisperse poly(2-vinylpyridine) (P2VP): 100 kg/mol
(PDI = 1.07) and 400 kg/mol (PDI = 1.09). SiO,
nanoparticles with a radius of Ryp=12.5 nm were dispersed
in polymer matrix with a fixed loadings up to @yr ~20 vol%.
By assuming a uniform nanoparticle dispersion [16,23] an
interparticle surface-to-surface distance,

d,ps = Rp(Bp,p/(47))"* —2), can be estimated to be ~10

nm. It will be slightly smaller than assuming a random



dispersion [40]. Detailed sample characterizations are
presented in Table S1. We use the following definition to
name our PNCs samples: Polymer MW-vol%. For example,
PVACc12K-20% means a PVAc based PNC with the MW of
12.2 kg/mol and loading ¢@yp=20v01%. Good dispersions of
NPs are confirmed by the transmission electron microscopy
(TEM) and SAXS as shown in the SM [33].

Adding silica nanoparticles to PVAc leads to several
changes in the dielectric spectra (Fig.1) [15,21-23]: (i) the o~
relaxation peak (segmental dynamics) shifts slightly to lower
frequency, broadens and decreases in amplitude; (ii) an
additional contribution appears on the low-frequency side
(o-peak); (iii) the Maxwell-Wagner-Sillar’s (MWS)
polarization process appears at even lower frequency; and
(iv) the conductivity changes. The o’-process, corresponding
to the segmental dynamics in the interfacial layer [21,23]
which was not resolved in previous studies [15,21-23], is
now clearly visible especially in the derivative spectra,
€ ger(®) = -m/2*0¢’(w)/0ln(w) (Fig.S2 in SM[33]), and the
relaxation time distribution analysis (Fig.1b) (for details of
this analysis see Ref.[41] and SM [33]). To the best of our
knowledge, this is the first clear demonstration of the
interfacial layer dynamics as a well-resolved relaxation
process in PNCs.
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Figure 1 (Color online) (a) Comparison of dielectric loss spectra of
neat PVAc40K (red circles) and PVAc40K-20% (blue squares) at T
= 373 K. The dashed lines are the fits to Havriliak-Negami
functions for o-process (dashed-red), o’-process (dashed-blue) and
Maxwell-Wagner-Sillar’s  polarization process (dashed-green).
Solid lines present the total fit. (b) Relaxation time distribution for
neat PVAc40K (red circles) and PVAc40K-20% (blue squares),

where the o” process can be clearly identified.

The dielectric spectra of PNCs are often analyzed as the
summation of the Havriliak-Negami functions (HN-fitting)
of the bulk segmental peak (o-peak) and of the interfacial
peak (o’-peak) [21,23] as shown in Fig.la. We recently
realized this approach ignores the heterogeneous nature of
nanocomposites and is not accurate [41]. In this study, we
follow a more accurate heterogeneous model approach
(HMA) (see SM [33] and Ref.[41]).

With the clear signature of the interfacial dynamics, we
analyze now the MW dependence. As shown in Fig.2, a
comparison of the samples at similar loadings reveals an
unexpected effect: the increase of MW from 12.2 to 253
kg/mol leads to a monotonic decrease in the change in
segmental dynamics with a clear weakening of the o’ process
(Figs.2a-2b). The same trend can also be observed in

TMDSC measurements, where the specific heat is analyzed
as [23):Cp =(C" = C)'my,)/ m,, » where C}, ™

and C ;‘”’ are the specific heat of the matrix the PNC and the

mat

NP; myp and m,,,, are the mass fractions of the NP and the
matrix. As shown in the Fig.2c, an increase in MW leads to a
smaller shift in 7, and a weaker broadening of the glass
transition step [23,25]. This trend is observed for all five
studied here MWs (although only representative 3 MWs are
shown in Fig.2). Detailed analyses also show (Fig.S5) that all
the dipoles relax within our frequency windows, indicating
no “dead” layer in all our samples regardless of MW.
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Figure 2 (Color online) Normalized dielectric loss spectra €”(®) (a)
and derivative spectra €’ 4.(®) (b) of PNCs with 3 selected MWs in
comparison to the neat polymer PVAc85K spectrum at T = 353K.
The spectra of the o-process in the studied neat polymers are
identical, regardless of MW. Symbols in (a) and (b): The dashed-red
line: Neat PVAc85K; Blue line or squares: PVAc12K-20%; Green
line or diamonds: PVAc85K-20%; Black line or triangles:
PVACc253K-20%. (¢) TMDSC of different PNCs and neat polymers.
Y-axis is arbitrarily shifted for clarity.

Moreover, a quantitative analysis of the BDS spectra by
the HMA reveals that an increase in MW from 12.2 kg/mol
to 253kg/mol leads to a change of the interfacial layer
volume fraction, ¢, from ~25% to ~15%, corresponding to
a reduction in the average interfacial layer thickness,
ll-,,,:((((p,-,,tJr(pr)/(pr)”3-1)RNP, from 4.1 to 2.5 nm (Fig.3a).
The slowing down of the interfacial layer segmental
dynamics relative to the bulk, 1./, decreases from ~33 to
~5 (Fig.3b). The same trend is obtained using the traditional
HN-fitting approach. Thus, these results are independent of
the analysis and is clearly observable in the original
experimental data (Figs.2a-2b). Furthermore, the relaxation
time distribution analysis (inset Fig.3b) provides the same
finding: a decrease of the interfacial dynamic contribution
with increasing MW. We note relatively high polydispersity
of PVAc samples caused by high monomer reactivity [42].
To evaluate the effect of polydispersity, we studied PNC



based on monodisperse P2VP. Analysis revealed the same
decrease of the interfacial effects with increase in MW
(Fig.S6 in SM [33]). Therefore, we treat the polydispersity as
a secondary effect in the following discussions.

The revealed molecular weight dependence of the
interfacial layer thickness is in stark contrast to what has
been anticipated from theories [8-12] and to what can be
expected from supported thin polymer film studies [20]. We
see two possible reasons for this unexpected behavior: (1)
PNCs require long annealing time to reach equilibrium
[43,44]; or (2) the polymer chains experience a strong
frustration in chain packing in the interfacial region due to
the formation of large loops at higher MW. Recent studies of
supported thin polymer films revealed a strong MW
dependence of the equilibrium desorption times. In the case
of polystyrene, the desorption time could increase from ~10’
T, for chains with MW~20 kg/mol to as long as ~10'* 1,, for
chains with MW~325 kg/mol [43,44]. To verify the
desorption time effect, we annealed the PVAc253K-20% at T
=160 °C (1,~3ns) for an additional 15 days (,,,~1.3 X 10%).
This annealing corresponds to 4 X 10" 1, which by far
exceeds the longest equilibration time for polystyrene thin
films of a similar MW [44]. However, such strong annealing
did not produce any detectable changes in the dielectric
spectra or their temperature dependence (Fig.S4).

To examine the role of chain packing in the interfacial
layer, we turn to detailed analyses of the SAXS data
(Fig.S3). The PVAc12K-20% can be well described by the
scattering on hard spheres embedded in the polymer,
implying the chain packing of the interfacial layer in this low
MW sample is similar to that of the bulk matrix. However,
the SAXS data for the PVAc40K-20%, PVAc85K-20% and
PVACc253K-20% can only be fit by a core-shell model with
the scattering length density (SLD) of the shell (the
interfacial layer) significantly lower than that of the bulk
matrix. This surprising result clearly implies a reduced
density in the interfacial layer of PNCs with higher MWs. To
further confirm this conjecture, we performed direct density
measurements. The average polymer matrix density was

estimated as: ;mat:(pPNC_ Puitir) 1—=@p) » where ppyc is the
density of the PNC and pyp is the density of NP. IBW was
then compared to the neat polymer density, p,.,, (for raw data
see Table S1 in SM [33]). As shown in Fig. 3¢, PNC
PVACc12K-20% has a slightly (~1%) higher IBW than the

neat PVAc12K. However, ;mm monotonously decreases
with increasing MW and is significantly lower (~4%) than
that of the neat PVAc253K. A crossover MW ~30 kg/mol

can be found at ;)mat= Prea- The observed ~1% increase in

p,. corresponds to ~4% denser interfacial layer in

PVACc12K-20%, while the ~4% decrease corresponds to an
interfacial layer with ~18% lower density if the /,, is
assumed to be 3 nm. Even larger change in density of the
interfacial layer is expected assuming /;,~2.5 nm (Fig.3a),
consistent with SAXS data (Table S2). These results are

consistent with recent PALS measurements that revealed an
increase of density in a supported oligomeric polymer thin
film [45] and an increase in free volume in high MW PNCs
[16]. The reduction of the density in the PVAc/SiO, PNC is
also confirmed by the analysis of the specific volume data
published in Ref.[15]. For example, the filled diamond in
Fig.3c shows a lower density of the PNC in comparison with
the neat polymer, both at 293 °C and 10 MPa pressure. Since
the hydrostatic pressure always reduces the free volume, a
larger reduction in density may be anticipated at atmospheric
pressure. Furthermore, the reduction of the average matrix
density is also found in P2VP/SiO, PNCs (Fig.S7) with
different loadings, suggesting the universality of such
phenomena in high MW PNCs with attractive polymer-NP
interactions. The interfacial layer thickness of P2VP/SiO; is
slightly larger /;,~5 nm [23] than in PVAc/SiO,. This might
be related to a higher rigidity of P2VP (a larger characteristic
ratio C..), as was suggested in recent simulations [27].
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Figure 3 (Color online) (a) The estimated /;,, by HMA (red circles)
and HN-fittings (blue squares). The /y,,, is calculated by SFT with
different MWs. (b) The average interfacial slowing down, T,:/T, for
different MWs estimated from both the HMA and the HN-fitting at
T=353K. The inset shows the relaxation time distribution spectra of
o and o for different PNCs, where the dashed-arrow indicates an
increase in MW. (c) The relative average density of the matrix,
;mm ! Proar® for different PNCs at T=293K. The filled diamond is re-
analyzed data from Ref.[15] on PVAc167K-28.2% at 293 K and 10
MPa. The inset presents the mass density (error bars are within the
symbols) of PVAc40K/SiO, PNCs with different loadings up to
onvp=31.9%. The black line is a prediction of the two phase mixing

neat

rule: Ppue = PP T Poracl—@yp) - A deviation occurs at ~17
vol%, where djps ~12 nm is about 2R, of PVAc40K (R, ~ 5.7 nm).

Although the free volume holes diffusion model (FVHD)
[46] anticipates a lower mass density and a lower T, at the



interface, it cannot explain the MW and annealing effect
observed in the current study. This anomalous dynamic
effect appears to be from a complex interplay between the
long chain adsorption, nanoconfinement and bridging effects.
According to the Scheutjens-Fleer’s theory (SFT), the
interfacial segmental concentration profiles of loops, tails
and free chains vary significantly with MW. Here, we chose
hexagonal lattice model with lattice size to be the Kuhn
length of PVAc (/, = 1.7 nm). Following the same definitions
from their original paper [8], we set ;= 1.0 and ¥ = 0.5 to
count the segment-NP and segment-segment interactions.
The root-mean-square height of loops, 7y, is definited
as:j

loop =

M M . ) 0
Z’?Z(/’lg/ /z(pm , where 7; is the distance of the i
i=1 i=1

lattice layer away from the wall, ¢ , is the concentration of

loop segments at the /™ lattice layer and M is the number of
lattice layers. As shown in Figs. 4 and S8, in a concentrated
solution or melt, low MW chains form much shorter loops
with less anchoring points per chain compared to high MW
PNCs. Upon solvent evaporation, the adsorbed short chains
can adjust their conformations much easier than longer
chains and therefore should form a more densely packed
interface when attractive polymer-NP interactions are
present. However, long chains forming long loops and
bridges between nanoparticles provide additional frustration
in chain packing in PNCs. For example, d;ps (~10 nm) at the
loading studied is larger than 2R, of PVAc12K but less than
1/2 of that of PVAc253K. Therefore, in the case of the
PVACc12K-20% bridging seldom forms and there will be
plenty of free (unadsorbed) chains around (Fig.4), both of
which facilitate a dense packing in the interfacial layer.
However, in PVAc253K-20%, the average height of the
loops, .4, is comparable to dips (Figs.3a and S8b), which
leads to severe bridging between NPs, strong loop-loop
repulsion and very few free chains in this PNC. As a
consequence, the packing between NPs with anchored loops
will be much more like a colloidal packing, where the loops
act as a screening layer and repel segments from neighboring
NPs. Combination of these effects creates an interfacial layer
with significant frustration in chain packing within the
complex geometry of PNCs. This also explains the observed
value of crossover MW (Fig.3c) ~30 kg/mol, which has
2Ry~dips~10 nm at the studied loading. Moreover, the onset
of deviation in the dependences of density on loading also
appears at dips~2R, in both PVAc40K (inset Figs.3c) and
P2VP100K (Fig.S7) based PNCs. These results may be in
line with an earlier observation that a slowing down of the
chain diffusion occurs at around dps ~ 2R, [40].

The dependence of the interfacial layer density on
molecular weight (Fig.3¢) provides a clear explanation for
the decrease in the change of dynamics with increasing MW
(Fig.2). A more densely packed interfacial layer in low MW
PNCs leads to a significant slowing down in segmental
dynamics and a larger layer thickness. In contrast, the
competition between the surface anchoring (enthalpic effect)

and frustrated chain packing (entropic effect) cause the
unexpected dynamics changes in high MW PNCs.

Free chains

Adsorbed chains )
Solvent evaporation Solvent evaporation

(iv)

Figure 4 (Color online) The interfacial chain packing in low and
high MW PNCs. The reddish brown background in (i) and (iii)
denotes the solvent molecules. (i) and (iii) represent the packing of
adsorbed chain (red) and free chains (green) in solution. The black
dashed lines indicate the height of loops. (ii) and (iv) represent the
chain packing of low and high MW PNCs after solvent evaporation.
The black lines and orange lines indicate the height of loops and the
thickness of the DIL.

It is worth noting that at low MW, the DIL has slightly
higher density and its thickness is similar to the A
predicted by the SFT (Fig.3a), which may suggest a
correlation between the static and dynamic interfacial layer
thickness in equilibrium conditions, as reported for well
annealed supported thin polymer films [20]. Thus, we cannot
rule out the possibility that upon long enough annealing the
DIL thickness will follow the theoretical predictions for BLL
even for long chains. However, according to our annealing
data, to reach equilibrium in high MW PNCs might require
unrealistically long times. Thus, high MW PNCs can be
considered as being trapped in a deep metastable state.
Nevertheless, our results clearly emphasize the complex
relationships between the DIL and BLL in term of their MW
dependencies (Fig.4), and call for a significant revision of
our understanding of equilibrium and non-equilibrium
structure and dynamics in PNCs. Furthermore, the revealed
dependence of the interfacial layer density on molecular
weight of PNCs provides new ways of harnessing the
nonequilibrium state [47] of soft materials at temperatures
well above their glass transition temperatures, and also have
strong implications on designing new materials for molecular
and ion transport that might be enhanced by the additional
free volume in the interfacial layer.
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