aps CHCRUS

physics

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

Interplay between local dynamics and mechanical
reinforcement in glassy polymer nanocomposites
Adam P. Holt, Vera Bocharova, Shiwang Cheng, Alexander M. Kisliuk, Georg Ehlers,
Eugene Mamontov, Vladimir N. Novikov, and Alexei P. Sokolov
Phys. Rev. Materials 1, 062601 — Published 17 November 2017
DOI: 10.1103/PhysRevMaterials.1.062601


http://dx.doi.org/10.1103/PhysRevMaterials.1.062601

Interplay between Local Dynamics and Mechanical Reinforcement
in Glassy Polymer Nanocomposites

Adam P. Holt,l*T Vera Bocharova,z* Shiwang Cheng,2 Alexander M. Kisliuk,’ Georg Ehlers,’ Eugene
Mamontov,4 Vladimir N. Novikov,5 and Alexei P. Sokolov'?”

'Department of Physics and Astronomy, University of Tennessee, Knoxville, TN 37996, USA
Chemical Sciences Division, Oak Ridge National Laboratory Oak Ridge, TN 37831, USA
3 Quantum Condensed Matter Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

*Chemical & Engineering Materials Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA
’Department of Chemistry, University of Tennessee, Knoxville, TN 37996, USA

KEYWORDS: polymer nanocomposites, polymer dynamics, mechanical reinforcement, quasi-elastic neutron scattering, Bril-
louin scattering

ABSTRACT: The modification of polymer dynamics in the presence of strongly interacting nanoparticles has been shown to sig-
nificantly change the macroscopic properties above the glass transition temperature of polymer nanocomposites (PNCs). However,
much less attention has been paid to changes in the dynamics of glassy PNCs. Analysis of neutron and light scattering data pre-
sented herein reveals a surprising enhancement of local dynamics, e.g., fast picosecond and secondary relaxations, in glassy PNCs
accompanied with a strengthening of mechanical modulus. We ascribe this counter-intuitive behavior to the complex interplay be-
tween chain packing and stretching within the interfacial layer formed at the polymer-nanoparticle interface.

For the past decade, the augmentation of segmental and chain dynamics via the addition of nanopar-
ticles (NPs) with strong polymer-NP interactions has been actively studied with the aim of tailoring the ma-
terial properties of polymer nanocomposites (PNCs) [1-14]. Many studies using NMR, dielectric spectrosco-
py, neutron scattering and other techniques revealed significant changes in segmental dynamics for the ad-
sorbed polymers chains in the interfacial layer at the polymer-NP interface [15, 16]. At temperatures above
the glass transition temperature (T,) it has been also demonstrated that the polymer within the interfacial re-
gion possesses stronger mechanical properties than the neat polymer, which ultimately leads to the im-
provement of properties of entire composite. However, within the non-equilibrium glassy state this expecta-
tion may not hold true, [17, 18] especially considering that the mechanical properties of glassy polymers are
largely determined by the dynamical processes faster than segmental motions, that is, local processes such as

secondary relaxations and fast picosecond dynamics [19-25].

Despite the vested interest in the segmental dynamics of PNCs, the details of which are extremely

important for many applications such as mass [26] or ion transport, [27] thermal processing, [28] or rein-



forcement of rubbery materials, [29] there has been little work concerning the modification of more loca-
lized dynamic processes such as B-relaxations, y-relaxations, and the fast picosecond dynamics. Ding et al.,
previously demonstrated that the addition of NPs can affect several time scales of polymer dynamics in dif-
ferent ways: frustrated molecular packing in PNCs leads to a softening of the material and speeding up of the
secondary relaxations within the glassy state, while simultaneously increasing fragility and T, (suppression
of segmental dynamics) [30]. There is now a better understanding of these effects, for example, Roh et al.,
found larger stretching of segmental dynamics in neutron scattering spectra of 1,4-polybutadiene/carbon
black nanocomposites emphasizing a broader distribution of relaxation times associated with a heterogene-
ous structure [31, 32]. Furthermore, it was recently found that the local packing of segments in several mod-
el PNC systems depends strongly on the molecular weight of the matrix—an effect that should alter several
different time scales of polymer dynamics at the polymer-NP interface [33]. Indeed, these effects were re-
cently highlighted by Casalini and Roland studying the dynamics of extracted silica nanoparticles with ab-
sorbed poly(propylene glycol) chains obtained via solvent processing where they demonstrated that the po-
lymer chains absorbed on the extracted NPs were much less dense and exhibited faster segmental and chain
dynamics despite being physically tethered to the NP [34]. However, more recently, Tyagi et al., measured
the temperature dependence of the mean square displacement (MSD) of the same extracted NPs and found
that the amplitude of the MSD was suppressed at temperatures above and below Te—which one would ex-
pect for an increase in the local density [35]. Recent theoretical and experimental studies also suggested the
importance of chain stretching in the interfacial layer for changes in segmental dynamics and mechanical
properties of PNCs [18, 36-38]. All these results suggest that the competition between interfacial interac-
tions, chain packing and stretching effects strongly influence macroscopic properties of PNC, and clear un-
derstanding of the interplay between these competing effects is required for the rational design of PNC with

desirable properties.

In this Letter, we investigate the differences in the local dynamics and macroscopic mechanical
properties of poly(2-vinylpyridine) (P2VP)/silica nanocomposites (PNCs) and P2VP-grafted-to-silica NPs
(PGNS5) in their glassy state by quasi-elastic neutron scattering, Brillouin light scattering (BLS), and broad-

band dielectric spectroscopy (BDS). These chemically similar materials were selected because they show
2



significant difference in the interfacial segmental dynamics [38]. Our results reveal that the local dynamics
in PNCs and PGNs are controlled primarily by the changes in density, while the glassy mechanical proper-
ties such as the high frequency bulk and shear moduli are strongly affected by both, chain packing and chain

stretching.

A detailed preparation of materials is presented in ref. 38. For all samples, the molecular weight of
P2VP is 18 kg/mol, which is just about the entanglement molecular weight, M= 17 kg/mol [39]. For the
PNC and PGN systems, spherical silica NPs with a diameter between 20-25 nm were synthesized following
the modified Stolber method and prepared at nearly identical silica concentrations (PNC: 52wt%, PGN:
49wt%). Whereas the PNC system was mixed with the silica NPs, the PGN system has chains grafted from
the surface of the NPs (o = 0.3 chains/nm?). The secondary relaxation of P2VP was characterized by BDS
using a Novocontrol Alpha Analyzer (between 10" to 10’ Hz) with a Quatro Cryosystem temperature con-
troller (= 0.1 K). To determine the longitudinal and transverse sound velocities in the composite materials,
BLS measurements were conducted at room temperature (T = 293 K) and spectra from both vertical-vertical
and vertical-horizontal polarized light were collected from polymer films deposited onto silicon substrates in
a combination of backscattering with ®A scattering (RI®A scattering, ® = 9001, A = 532 nm, P = 100 mW).
The RIOA scattering geometry allows compensation of the refractive index [40]. As a result, one can esti-
mate the sound velocities without knowledge of the refractive index, for details see ref. 41. The mass densi-
ties of the composites were determined via a gas pycnometer (Micromeretics Accupyc Il 1340) at room tem-
perature (T = 293 K). Additional details can be found in references 15 and 30. Neutron scattering spectra
were measured at Spallation Neutron Source (ORNL) with both the Cold Neutron Chopper Spectrometer
(CNCS) and Backscattering spectrometer (BASIS) [42-43]. Powder samples were placed in Aluminum cans
and measured at T =300 K. For CNCS, the incident neutron energy was 3.32 meV and the presented spectra
were summed over a Q-range of [0.2-1.5 A™']. The wavelength center of the incident bandwidth for BASIS
measurements was 6.15 A, the measured energy range of -0.1 to 0.5 meV and the spectra were summed over
all Q-values [0.2-2 A™']. All spectra were corrected using a vanadium standard and an empty can using the

DAVE software package. No multiple scattering corrections were applied. To minimize physical aging ef-



fects, samples were annealed at 473 K and cooled to the measurement temperatures at 5 K/min prior to all
experimental measurements (> 70 K below T,).

Fig. 1(a) presents the dielectric loss spectra of the materials well below T, (T,"“*“"™ = 362 K) to il-
lustrate the secondary B-relaxation of P2VP and its changes with the addition of nanoparticles or grafting
from the surface. While there is negligible effect on the low frequency tail of the peak, the high frequency
wing is broadened in a similar fashion for the case of both PNC and PGN systems. The quantitative changes

in the dielectric spectra can be captured by fitting the dielectric loss to the Havriliak-Negami (HN) function:
&"(w) =—-Im[Ae / (1+ ((iwT,,)*)"]

where Aeis the dielectric strength of the relaxation process, 7, is the HN relaxation time, and the exponents

a and y describe the symmetric and asymmetry broadening of the spectra, respectively. The 7, is related to

the maximum of the B-relaxation by the following relation 7, =17, (sin(zy/ 2(a +1)) /sin(myer / 2(ex + 1))

The B-relaxation process in PNC and PGN appears half an order of magnitude faster than in neat po-
lymer (Fig. 1b). The molecular nature of the [B-relaxation in P2VP is closely related to the rotational re-
orientation of pyridine side groups with a previously reported Arrhenius activation energy of 53 kJ/mol [44].
Our analysis (Fig. 1b) revealed the energy barrier of 52 kJ/mol for the neat and PNC samples, and 55 kJ/mol

for PGN. The spectrum of the B-relaxation also broadens, as quantified by the symmetric HN stretching pa-
rameter o (inset of Fig. 1(b)), indicating a broader distribution of relaxations times. The fit also reveals that

the asymmetry parameter y to be ~1.0 for all samples at all temperatures.
Fig. 2 presents neutron scattering data as the susceptibility spectra: y"(v) = I(v)/[n(v)], where I (v) is
the incoherent dynamic structure factor summed over all measured Q-values, and n(v) =[exp(hw/ k,T) — 17"

is the Bose factor. Fig. 2 combines the dynamic range of both CNCS and BASIS to cover a large dynamic
range of the fast dynamics within our systems. At high frequency (~10° GHz) the microscopic peak of the
neat, PNC, and PGN appears unaltered. However, a significant increase in the quasi-elastic intensity appears

at frequencies below ~100 GHz, with the largest increase observed for PGN (Fig. 2). The intensity of this



quasi-elastic scattering reflects the amplitude of the fast picosecond fluctuations traditionally ascribed to a
“rattling in a cage”. The increase in the amplitude of the fast dynamics indicates an increase in the mean
squared displacement of hydrogen atoms which would be expected for a material with higher free volume
(or lower density). Interestingly, the PGN system, which exhibits the largest increase in the amplitude of the
fast dynamics, also has the largest increase in T, and the strongest suppression of segmental dynamics, de-

spite the highest amount of apparent free volume among the three samples [38].
The measured mass densities are 1.152 + 0.008 g/cm’, 1.584 + 0.006 g/cm’, and 1.476 + 0.005 g/cm’

for the neat polymer, PNC, and PGN, respectively, with an error of 1%. Assuming volume additivity,

,;mmx = M (here p,,. and p,, are the densities of the PNC or PGN and NPs, respectively and

1_¢NP

@,p is the volume fraction of NPs), and taking p,, = 2.405+0.002 g/cm’, we estimate the average density

of the polymer matrix, ,Bmamx , to be 1.157 g/cm’ in PNC and 1.077 g/cm’ in PGN. Details of the density

analysis has been presented in ref. 30. It appears that the averaged matrix density of the PNC is almost iden-
tical (< 0.65% and within error) to that of the neat polymer, while the matrix density in the PGN is 7% lower
(Table 1).

Fig. 3(a) presents the BLS spectra with the longitudinal modes (LM) in the main figure and trans-
verse modes (TM) in the inset. At a scattering angle of 90°, we observe single phonons for both modes, con-
sistent with results for annealed P2VP films in ref. 14. To extract the longitudinal and transverse sound fre-

quencies, we fit our data to the damped harmonic oscillator model:

I'7,
I(V):ﬁ'i'B
(v -y )+T

where [ is the peak intensity, I is a damping factor, U; ris the peak position, and B is the background. Us-
ing the frequencies of the BLS peaks, we estimate the longitudinal and transverse sound velocities using the
linear dispersion relationship for acoustic modes: V,, =27v, . /O, where ¢ = 27~/2 1 A, (for RIOA scatter-

ing at 90°). The longitudinal modulus (M = pVLz), shear modulus (G = pVTz), and bulk modulus (K =M -



4/3G) of the composites were computed by using the mass density (ppnc) of the composite measured by
pycnometry. The mechanical moduli for the composites and matrix are presented in Fig. 3(b). The PNC sys-
tem exhibits the strongest increase in mechanical moduli while the PGN system shows a relatively weaker
enhancement when compared to neat polymer. To understand these data, we directly compare our results to
the prediction from two-phase model (TPM). This model was selected based on our previous work where we
demonstrated that the TPM can better predict the mechanical properties than the Wood’s law that originate
from a simple mixing rule [33]. For the TPM, we assume that the polymer matrix has the same modulus as
the neat polymer [45-46]. The data from TPM model is presented in Fig 3(b) as empty symbols. The differ-
ences between the experiments and the TPM model predictions are noticeable for both PNC and PGN. Inte-
restingly, for the PGN the experimental data falls below the prediction of TPM model while the opposite is
true in the case of the PNC. These results indicate that the matrix moduli are different than that of the neat

polymer.

In our previous detailed BLS studies we have demonstrated that the individual contribution of the in-
terfacial layer to the mechanical properties of PNCs could be well-described by the interfacial layer model
(ILM) at all nanoparticle loadings (see ref. 41 for details) [18]. The validity of the ILM model results was
also confirmed by the finite element analysis in ref. 18 as well. We now utilize the ILM to calculate the bulk
and shear moduli of interfacial layer. The results (Fig. 3¢, Table 1) reveal a significant increase in the interfa-
cial layer moduli in the case of PNC, while strong drop in the moduli is observed in PGN. Clearly, the dif-
ferences between the interfacial layer moduli for the PNC and PGN are likely due to the drastically different

structural organization of interfacial layers in these systems.

Table 1. Mechanical properties from Brillouin light scattering and pycnometry and for the interfacial layer calculated from
the interfacial layer model (ILM).

Sample \%3 V¢ PPNC Prnatrix Mcomp M; Geomp Gint Keomp Kint T*
mss) | sy | kemd) | (kgm’) | (Gra) | (GP) | (GPa) | (GPa) | (GPa) | (GPa) | (K)
Neat 2603 | 1275 | 1152 1152 7.8 n/a 1.9 n/a 53 n/a 367.9
PNC 2983 | 1633 | 1584 1157 141 | 104 |42 3.0 8.5 5.5 371.1
PGN 2709 | 1452 | 1476 1077 105 |58 3.0 1.5 6.5 43 377.0

*values from reference 38.

The presented results combined with earlier studies of segmental dynamics reveal a surprising and

counter-intuitive picture: while the strongest suppression of segmental dynamics and the largest increase in
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T, 1s observed in the PGN samples, this system exhibits the smallest change in the mechanical moduli com-
bined with the largest enhancement of the fast dynamics and decrease in density (Table 1). These findings
demonstrate that the strong suppression of the segmental dynamics does not necessarily lead to stronger me-
chanical reinforcement, at least in these two systems. Moreover, polymer dynamics on different time scales
can be affected in very different ways. While the strongest suppression of the segmental dynamics appears in
the PGN, the strongest enhancement of mechanical modulus appears in PNC. At the same time the second-
ary relaxation is similar in the PGN and PNC and is faster than in neat polymer, while enhancement of the
fast dynamics is the strongest in the PGN. We emphasize that earlier studies revealed a stronger chain stret-
ching in the interfacial layer of PGN in comparison with that in PNC [38]. Thus, the way polymer chains are
attached to the nanoparticles in composite materials significantly affects frustration in chain packing (densi-
ty) and stretching. This has different effects on fast dynamics and secondary relaxation, segmental dynamics

and mechanical properties in the glassy state.

A theory developed for thin polymer brushes on a substrate suggests that chain stretching in the in-
terfacial layer might be one of the major mechanisms leading to suppression of segmental dynamics [36].
The concept of anisotropic segmental stretching at the polymer-nanoparticle interface was proposed as the
main mechanism of the suppression of segmental dynamics in PNCs and PGNs [38]. Apparently, the density
changes play a weaker role than the chain stretching in the suppression of segmental dynamics and increase
in T,. At the same time, changes in density strongly affect the amplitude of the fast picosecond fluctuations
(rattling in a cage), while chain stretching apparently does not play significant role in the fast dynamics.
Therefore, we conclude that there is a delicate interplay between chain stretching and density effects in the
interfacial region of nanocomposite materials; where the effect of stretching slows down the segmental dy-
namics and leads to an increase in the local T, while changes in density influences the faster dynamics. At
the same time, the change in density of the interfacial layer in PGN leads to a decrease in its mechanical
properties, despite chain stretching. The latter leads to strong increase in the mechanical properties of PNC

where density remains essentially the same as in the neat polymer.

In summary, our studies of glassy PNC and PGN systems of identical MW and silica content re-

vealed a surprising difference in their properties below T,: while strongest suppression of the segmental dy-
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namics is observed in PGN, it also exhibits the strongest enhancement of the fast dynamics and secondary
relaxation, at the same time PNC shows significantly larger strengthening of mechanical properties than
PGN. Interestingly, PGN having lower density exhibits a higher T,. These results contradict the traditional
density scaling of segmental dynamics in polymers [47] and suggest a convolution between multiple effects
(i.e., density and chain stretching). Additionally, the effect of density changes also influences the macroscop-
ic mechanical properties of these materials where the shear and bulk moduli of the matrix are both higher in
PNC than in the neat polymer but are lower in PGN. As a result, a detailed analysis by the ILM reveals that
the moduli of the interfacial layer in PNC and PGN systems differ noticeably. These results demonstrate that
one can control segmental, faster dynamics, and mechanical strength of composite materials by tuning two
independent variables—chain stretching and local density at the interfacial layer surrounding nanoparticles.

This discovery might be important for design of composite materials with desired macroscopic properties.
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Figure 1: (a) Normalized dielectric loss spectra well below the glass transition temperature illustrating the pronounced secondary, [3-
relaxation process of neat P2VP, P2VP-silica nanocomposite (PNC), and P2VP-grafted-to-silica (PGN). Solid black lines are HN fits. (b)
The temperature dependence of the respective B-relaxations with Arrhenius fits (lines). Inset: The temperature dependence of the symme-

tric stretching parameter, o, from the HN fitting function.
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Figure 2: Neutron scattering susceptibility spectra (T = 300 K, summed over all Q-values, combined BASIS and CNCS measurements)
normalized at the microscopic peak. Inset: The normalized area (A/A,) under the curve of the fast dynamics contribution to the spectrum

for each sample (ca. 4-30 GHz), where A, is the integrated intensity for the neat polymer.
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Figure 3: (a) A representative plot of the longitudinal mode (LM) from Brillouin light scattering of neat P2VP, P2VP-silica nanocomposite
(PNC), and P2VP-grafted-to-silica (PGN). Inset: transverse mode (TM) from depolarized light scattering. (b) The composite shear mod-

ulus (G), and bulk modulus (K) for each material compared to predictions from the two-phase model (using ILM and assuming ¢l -0 ).

(c) The relative effective moduli of the polymer matrix from ILM calculations.
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