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Abstract
Polymers exhibit deviations from their bulk physical properties in the vicinity of solid interfaces
due to changes in configurations, entanglements, and relaxation dynamics at the interfacial regions.
By comparing grafted and non-grafted polymer nanocomposite systems based on poly(methyl
methacrylate) and silica, we show that the distribution of relaxation times exhibits both commonly-
reported slower mobility, as well as faster modes that depend on the nature of the interfacial zone,
matrix molecular weight, and loading level of nanomaterials. These findings are derived from
studies using broadband dielectric spectroscopy (BDS) and differential scanning calorimetry
(DSC) to probe molecular and interfacial dynamics. By systematically examining nanocomposites
based on non-functionalized “bare” Si NPs dispersed in PMMA matrices and on PMMA -grafted
Si NPs (PMMA-g-NPs) in PMMA matrices, we probe the effects of interfacial interactions and
confinement in each of these cases on the glass transition temperature, Tg, the mean time-scales,
as well as spectral shapes of the dielectric relaxation. The faster relaxation modes are attributed to
the increasing importance of chain wetting and packing in the interfacial zones around nanofillers,
especially in the polymer-grafted system. These insights are used to generate a unifying molecular
framework that explains the enhancement in numerous macroscopic physical properties of

polymer and polymer-grafted nanocomposites, which suits them for myriad applications.



Introduction

Interest in polymer nanocomposites consisting of uniformly dispersed nanoparticles (NPs) in a
polymeric matrix remains high because the addition of very small amounts of nanomaterials
provides a way to dramatically modify the macroscopic electrical, mechanical, or optical
properties. The superposition of properties derived from hard matter and soft matter allows
properties such as electrical conductivity, tensile strength, hardness, or refractive index, to be
changed, suiting nanocomposites for myriad applications.!"!> In addition to their use as structural
materials, the range of potential applications for polymer nanocomposites includes electronics,

optics, photovoltaics and electrochemical energy storage.

It is widely appreciated that interactions at the polymer-NP interface play a critical role in
determining the macroscopic physical properties of the composite material.!!!# 135 Tt has been
demonstrated that the microscopic details of the interfacial zone — and hence the macroscopic
properties of the composite — can be tuned by altering specific features of the nanoparticles, such

33,37

as their shapes®® and sizes,?”> 2% 36 the nature of the polymer-NP interactions, or the molecular
p poly

weight?® 2% 38 and rigidity of the matrix polymer.?®- 3 While some investigations have suggested

3841 3 number of other

that the chain dynamics within the interfacial layer are completely frozen,
studies have shown that the dynamics only get slower than the bulk-like segmental relaxation of
the host matrix.*!-33 42 For instance, in dielectric relaxation studies of poly(2-vinylpyridine)/silica

and poly(vinyl acetate)/silica nanocomposites, Holt et al.*' and Fiillbrandt et al.*?

, respectively,
observe new relaxation processes. These new processes, which are slower than the primary

structural relaxation of the polymer matrix, were attributed to attractive interactions between

polymer chains and NP surfaces.



While most of the experimental studies that probe relaxation dynamics of polymer nanocomposites
focus on systems consisting of bare nanoparticles dispersed in polymers or copolymers, there are
few studies of segmental and chain relaxations in polymer nanocomposite systems having
functionalized NPs.” 1 Nanocomposites containing polymer-grafted nanoparticles that are created
via surface modification methods are widely used because the grafted chains mitigate the strong
van der Waals interactions that drive nanoparticle aggregation. In the typical case where the graft
and matrix chains are of the same chemical identity, the steric barrier conveyed by the tethered
chains mediates inter-particle interactions, thereby preventing NP aggregation and promoting
dispersion.*3-*¢ These alterations, which often are evidenced by the organization of the
nanoparticles in the polymer matrix, are the result of perturbations to the range and character of
interactions between the NPs and polymer matrix chains that operate at the nanoscale. Therefore,
the dynamic signatures associated with such modifications demand in-depth characterization. Kim
et al*’ have investigated segmental and chain dynamics of self-suspended nanoparticle-tethered
polyisoprene suspensions. They show that, depending on grafting density, unentangled
polyisoprene chains tethered to silica nanoparticles relax more slowly than their tethered,
entangled counterparts. These studies bring into focus the important role of chain confinement on

relaxation behaviors.

Recognizing the importance of interactions across the internal interfaces within polymer
nanocomposites, in the current work, we probe the molecular and interfacial dynamics in two sets
of poly(methyl methacrylate) (PMMA) nanocomposites: one set comprises bare silica
nanoparticles in PMMA matrices and the other is a polymer-grafted nanocomposite consisting of
PMMA -grafted silica nanoparticles (PMMA-g-NPs) in two different PMMA matrices. For brevity,

we shall refer to polymer nanocomposites having bare nanoparticles simply as PNCs (polymer



nanocomposites), and those having polymer-grafted nanoparticles as PGNCs (polymer-grafted
nanocomposites). Detailed analyses of the dielectric spectra reveal that while indeed one observes
slower dynamic modes attributed to the interfacial layer in both PNCs and PGNCs, the distribution
of relaxation times provides significant evidence for the existence of additional faster modes — in
comparison to bulk PMMA — that depend on the molecular weight of the matrix and NP loading.
To the best of our knowledge, this represents the first report of this phenomenon, perhaps because
previous experimental efforts have not focused on the distribution of relaxation times when
analyzing relaxation data for these types of systems. A challenge that is particular to analyzing the
dielectric response of PMMA-based nanocomposites — which are widely studied because of their
industrial relevance — is the pronounced secondary process (the beta-relaxation), which masks the
primary structural relaxation, making it challenging to analyze the spectral shape of the segmental
relaxation. Because of this and because faster relaxation modes are an unexpected result, we focus
on changes due to the nanoparticle loading level and molecular weight of the matrix PMMA,
without varying the chemistry of the PNC and PGNC surface. By detailed studies of the shape of
the segmental relaxation, we argue that changes in chain packing density and chain wetting in the
interfacial regions of the nanocomposite can account for the observed systematic alterations in the
shape of the relaxation. From this, we offer a consistent, unifying view describing how interactions
and nanoscale organization at matrix/nanoparticle and matrix/graft chain interfaces give rise to

both faster and slower modes in these systems.



Experimental Methods

Synthesis of Materials

Materials and Reagents. Methyl methacrylate (MMA, 99%, Aldrich) was passed through basic
alumina to remove the inhibitor. Azobisisobutyronitrile (AIBN, 98%, Aldrich) was recrystallized
from methanol and dried in vacuo overnight. Poly(methyl methacrylate) with reported average
molecular  weights of 15 kg/mol and 120 kg/mol (Aldrich), 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (Aldrich), anhydrous benzene (99.8%, Aldrich),
anhydrous tetrahydrofuran (THF, 99.9%, Fisher), hexanes (95%, Fisher), and (3-
aminopropyl)dimethylethoxy silane (Gelest) were used as received. Unfunctionalized silica
nanoparticles (Si NPs) (14 nm + 4 nm, received as a gift from Nissan Chemical Inc.) were isolated,
collected, and dried prior to use as described in our recent work.*® These Si NPs are referred to as

“bare” Si NPs.

Synthesis of Amine-Functionalized Silica Nanoparticles. Silica nanoparticles were functionalized
with (3-aminopropyl)dimethylethoxy silane as described by Natarajan ef al.*’ To accomplish this,
16 mL of Si NPs dispersed in MEK were added to a 100 mL round bottom flask containing 50 mL
of THF and 0.5 mL (3-aminopropyl)dimethylethoxy silane. Next, the mixture was heated to reflux
at 75 °C for 24 h. The reaction was then quenched by precipitating the amine-functionalized
nanoparticles into 400 mL of hexanes. The suspended amine-functionalized nanoparticles were
transferred to a centrifuge vial and centrifuged for 10 minutes at 4000 rpm. After decanting the
supernatant, the amine-modified NPs amassed at the bottom of the tube were re-dispersed by

adding THF (~20 mL). To ensure unattached silanes were removed, this cycle of precipitation-



centrifugation-(re-)dispersion was completed at least three times.*> 3% After purification, the

amino-modified nanoparticles were collected and dispersed in THF until further use.

End-Functionalized PMMA Chains via RAFT Polymerization. Following protocols described by
Li et al., a modified chain transfer agent (CTA) containing a mercaptothiazoline end group was
used to create end-functionalized PMMA chains.’! Information related to the synthesis and
characterization of this modified CTA, designated as MCPBD, is relegated to the Supporting
Information. PMMA graft chains containing a terminal mercaptothiazoline end group were
polymerized by adding 9.0 g (89.9 mmol) of MMA into a 50 mL round bottom flask containing
66.1 mg (174.0 mmol) of MCPDB, 5.4 mg (32.9 mmol) of AIBN, and 20 mL of benzene. After
the reagents were added, the mixture was sparged with argon for 10 minutes to remove oxygen.
Next, the flask containing the reaction mixture was placed in an oil bath pre-heated to 65 °C for
18 h. Then, the polymerization was quenched by immersing the flask in liquid nitrogen. After
thawing, the crude product mixture was precipitated into chilled hexanes. The precipitated polymer
was collected, dissolved in THF, and then re-precipitated into hexanes again to remove residual
monomer or reagents. Finally, the polymer was collected via filtration and dried in vacuo overnight
at 40 °C. After drying, PMMA was characterized via gel permeation chromatography (GPC). As
seen in Figure S1, the molecular weight of PMMA chains was determined to be 26,760 g/mol

with a dispersity, D, of 1.09.

Synthesis of PMMA-grafted Nanoparticles. As demonstrated by Li ef al., the mercaptothiazoline
end group is an excellent leaving group that facilitates linking with primary amines, rather than
aminolysis of thioesters.’! In addition, MCPDB is well-suited for controlled polymerization of
methacrylates. For this reason, MCPDB was used to graft PMMA chains to amine-functionalized

nanoparticle surfaces, resulting in PMMA-grafted nanoparticles. The experimental protocol



involved placing 0.3 g of amine-functionalized Si NPs in a 50 mL round bottom flask containing
0.52 g (0.019 mmol) of mercaptothiazoline terminated PMMA (30 kg/mol) and 20 mL of THF.
The flask containing this reaction mixture was placed in an oil bath preheated to 75 °C and refluxed
for 48 h. After that time, the reaction mixture was precipitated in 400 mL of chilled hexanes and
the suspended polymer/polymer-grafted nanoparticle mixture was collected by centrifugation at
4000 rpm for 10 minutes. As described by Jiao and Akcora, PMMA-grafted nanoparticles
(PMMA-g-NPs) can be separated from unattached (free) polymer chains by utilizing a mixed
solvent precipitation procedure with THF and hexanes.’> To accomplish this, the mixture of
PMMA-g-NPs and unattached PMMA chains obtained after centrifugation were first dissolved in
THF and then the non-solvent, hexanes, was added drop-wise until the solution first showed
turbidity. Next, the solution was centrifuged for 10 minutes at 4000 rpm, which yields a clear
supernatant layer. As described by Jiao and Akcora,> this layer, which contains the free polymer
chains, was decanted into hexanes. The pellet of solids containing PMMA-g-NPs remaining after
centrifugation were re-dissolved in THF, and this cycle was completed three times or until no
polymer precipitated when the supernatant layer was decanted in hexanes. Thermal gravimetric
analysis (TGA) was used to verify complete removal of PMMA-g-NPs, as seen in Figure S2.
Finally, the PMMA-g-NPs were collected and dried overnight in vacuo at 50 °C to remove residual
solvents. The mass loss measured by TGA via a TA Instruments Discovery Series
Thermogravimetric Analyzer was used to assess the number of PMMA chains attached to the
surface of Si NPs, as exemplified in Figure S3. A typical experimental protocol consists of placing
0.5-2 mg of PMMA-g-NPs in a 100 pL platinum high temperature pan and subjecting the sample
to a temperature ramp from 30 to 800 °C at a rate of 10 °C/min. The method of calculating the

grafting density of the PMMA-g-NPs, which also requires chain molecular weight measured by



GPC, is described in the following section. These analyses indicate that the grafting density of

PMMA chains on the PMMA-g-NPs is 0.03 chains/nm?.

Generation of Polymer Nanocomposites. The preparation of nanocomposites followed a procedure
described by Martin ef al. in which a blend of the inorganic additive, either bare Si NPs or PMMA-
g-NPs, and a PMMA matrix was prepared by co-dissolving the PMMA-g-NPs and PMMA in THF
and mixing at room temperature for 24 h.>* The protocol for generating PMMA nanocomposites
containing PMMA-g-NPs at 5 wt% (by mass, based on mass of silica only) is described as an
example. TGA analysis showed that the PMMA-g-NPs had a weight loss of 25.60%, so to create
a nanocomposite that is 5 wt% based on mass of silica, 6.73 mg of PMMA-g-NPs were used.
Those PMMA-g-NPs were dissolved in 15 mL of THF while a separate solution consisting of
93.27 mg of the PMMA matrix (either 15 kg/mol or 120 kg/mol) in 15 mL of THF was also
prepared. These solutions were sonicated for 30 minutes and then stirred for 12 h. Then, the two
solutions were combined, sonicated for an additional 30 minutes and stirred overnight. The PMMA
nanocomposite solution was poured into PTFE dishes and the solvent was allowed to evaporate
overnight in the fume hood. Next, nanocomposites were annealed in vacuo at 120 °C for 24 h. All
nanocomposites formulated using this procedure were characterized via TGA to confirm the
loading level (wt% of silica) of PMMA-g-NPs before being subjected to other characterizations.
The nanocomposites prepared for this study had 0, 1, 3 and 5 wt% of silica (based on mass) in

PMMA matrices of either 15 or 120 kg/mol.

Characterization of Materials

A Varian VNMRS 500 MHz was used to collect 'H NMR spectra at 25 °C using deuterated

chloroform as the solvent (see Figure S4). GPC measurements were performed using an Agilent



1260 Infinity II system equipped with a Wyatt Dawn® Helios® 8 Multi-Angle Light Scattering
Detector, ViscoStar® III, and an Optilab® T-rEX™, GPC measurements were conducted at 25 °C
in THF with a 1 mL/min flow rate as the mobile phase. The dispersity, D, and number-average
molecular weight, M,, of PMMA graft chains and PMMA matrices were determined using
conventional calibration analysis using polystyrene standards. A TA Instruments Q-2000
Differential Scanning Calorimeter was used to determine the glass transition temperatures (Tg) of
the polymer nanocomposites. The procedure involved placing ~5 mg of the polymer
nanocomposite in an aluminum pan that was subsequently subjected to a heat/cool/heat cycle from
50-160 °C at a rate of 10 °C/min using nitrogen as the purge gas. The Ty of polymer
nanocomposites is reported as the temperature corresponding to the maximum of the derivative of
specific heat capacity in the second heating curve. A TA Discovery Series Thermogravimetric
Analyzer was used to determine the amount of silane and PMMA graft chains attached to the
nanoparticle surface after each surface modification step described above. The average grafting

density of PMMA chains on the nanoparticle surface, o, was calculated using Equation 1:

:( Wpuma  WamiINE ) Ny (1)

100-Wpmyma  100-W amng/ (Mp)(Snp)

where Na is Avogadro’s number, M, is the molecular weight of the PMMA grafted chains, Sxp is
the specific surface area of the 14 nm Si NPs (calculated to be 2.07 x 10?° nm?/g), and Wemma and
Wamine represent the (percent) mass loss of PMMA-grafted NPs and the mass loss of the amine-
functionalized nanoparticles, respectively, which are obtained via TGA. The physical
characteristics of the end-functional and matrix PMMA as well as the PMMA-g-NPs are

summarized in Table S1.
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Broadband dielectric spectroscopy (BDS) experiments were performed on a Novocontrol High
Resolution Alpha Analyzer equipped with a Quatro system with the capability to control
temperature within 0.1 K of the set point. The polymer and polymer-nanocomposite samples were
thermo-mechanically pressed into 100 um thick films using a hot press platform at 400 K in
nitrogen ambience. The films were then sandwiched between polished brass electrodes with a
diameter of 15 mm to form a parallel-plate capacitor configuration. The sample thickness was
ensured using 100 um thick silica spacers. Before substantive dielectric measurements, the films
were annealed at 430 K under dry nitrogen flow for ~10 hours in order to remove any adsorbed
water as well as to equilibrate them. During this annealing process, the real part, €', of the complex
dielectric function at selected frequencies were monitored as a function of time. €' increases to a
maximum value as the set temperature point is reached, and eventually decays to a plateau value
after several hours of annealing. Dielectric measurements were carried out in the frequency range

1 mHz to 10 MHz over cooling and heating cycles between 290 and 430 K.
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Results and Discussion

[a] neat PMMA, 120 k

FIGURE 1: Imaginary part of the complex
dielectric function, £* = ¢’ — ie"”, plotted
as a function of frequency for (a) neat

= 0 410K, - N\ PMMA with molecular weight 120 kg/mol,
: Z gggﬁ i IS S B Bl B and (b) PMMA-grafted silica nanoparticles
P ] E— l[b]PGIN C1 26 k (5 wt%) dispersed in PMMA matrix of 120

kg/mol. Solid symbols: spectra obtained on
cooling; Open symbols: heating. The inset
shows the chemical structure of PMMA.
The dashed-dotted and dashed lines show

HN fits to the o- and [3-processes
respectively, while the dotted line is the
conductivity contribution at 410 K. Solid
lines are the total fit functions. Details
about data fitting are explained later in text.
The error bars are comparable to the size of
the symbols unless otherwise specified.

Figure 1 shows the imaginary part of the complex dielectric function, €', as measured over
cooling and heating runs for the polymer matrix (neat PMMA, 120 kg/mol) and PGNC, 120
kg/mol. The coincidence between the values of the dielectric loss measured during cooling and
heating runs indicates that the samples are thermally stable in the temperature range of interest.
The dielectric loss spectra of PMMA exhibit a strong upturn at low-frequency due to dc ionic

conductivity. The two dielectric relaxations indicated in Figure 1 are consistent with a primary
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structural (a-) relaxation attributed to segmental dynamics and a f-relaxation that is due to local
dipolar fluctuations of the -COOCH3 groups. The latter process dominates the dielectric spectra
because of the strong electric dipole associated with the carboxylate ester group. (The structure of
PMMA is inset in Figure 1A.) In contrast, only a small fraction of the total electric dipole
contributes to segmental dynamics reflected in the a-relaxation.’* 3> Figure 2 presents the
dielectric relaxation spectra — for systems with a molecular weight of 120 kg/mol — recast using
the derivative representation, €;,,(w) = (—m/2)[0¢'(w)/dInw] (where &' (w) is the real part of
the complex dielectric function and w is the radial frequency of the applied electric field).*® This
representation makes the a-process easier to visualize: It shows as a shoulder on the low-frequency
side of the B-process, as seen in the derivative representation of Figure 2. Figure 2 also reveals
subtle changes in the spectra as the system is changed from neat PMMA to PNCs to PGNCs; these
changes are the subject of further analysis and discussion. To analyze the data, a combination of
two empirical Havriliak-Negami (HN)*’ functions and a term accounting for dc ionic conductivity

contribution is used:

Ag Ag o
€ [1+(icu‘rHN)|3]y [1+(ia)1'HN)B]y beta g EowS ( )

alpha

where &* = ¢’ —ie” is the complex dielectric function, oy is the dc ionic conductivity of the
sample, which presumably arises from trace impurities, &, is the dielectric permittivity of vacuum,
£ 18 the permittivity of the unrelaxed system, A¢ is the dielectric relaxation strength, Ty is the
characteristic relaxation time, and f and y are the symmetric and asymmetric shape parameters,
respectively. In addition, w = 1/2nf is the angular frequency of the applied external field, and
0 < s <1 is a scaling parameter. The subscripts alpha and beta refer to the two relaxation

processes. We use a derivative approach to extract , 7y, from the dielectric loss spectra for a
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significant reason: It is a well-established fact that €,,.(w) alters the shape of the relaxation peaks
but not the frequency corresponding to the peak (see Figure S5 for illustration);*® therefore the
derivative approach is used exclusively for the determination of the characteristic relaxation times,
Tun, of the two relaxations. These characteristic times are then used as fixed parameters when
fitting "' (f) data, which reduces the number of free parameters. Furthermore, given the fact that
the B-process is a very localized relaxation, in order to uniquely determine the shape of the o-
process, we invoke the assumption that at any given temperature, the peak due to the [3-process is
unaltered in its shape between neat PMMA and the nanocomposites. However, we do not impose
this requirement on its characteristic relaxation rate. Concerning the aforesaid assumption, it is
worth recalling here that the -relaxation in methacrylate polymers is attributed to the rotation of
the —COOR group about its bond with the backbone chain. In their study of several methacrylate
polymers, Ribelles and Calleja® found that the position, shape and activation energy of the B-
relaxation remains unchanged across the systems. Studies of PMMA in confinement have shown
that the mean relaxation rates attributed to the B-process remain unaltered.®*-62 To the best of our
knowledge, no previous studies have substantively focused on the spectral shapes of the B-

relaxation for confined polymers.
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380K 400K [a]
4 [ ] 0 neat PMMA, 15k

: ® O PNC, 15k

P@ & < PGNC, 15k

FIGURE 2: (a) Dielectric loss, &', versus
frequency as measured at 380 and 400 K for three
systems: (i) neat PMMA, 15 kg/mol; (ii) a PNC
comprising 14 nm bare silica nanoparticles (NPs)
dispersed in 15 kg/mol PMMA at 5 wt.% loading;
and (iii) a PGNC with 5 wt% loading of PMMA-
g-NPs in 15 kg/mol PMMA matrix. (b) The
derivative representation of the same data
calculated as &, (w) = (—n/2)[0¢'(w)/dlnw],
which clearly reveals the two relaxations present in

a-process the spectra. The error bars are smaller than or
: N — comparable to the size of the symbols unless
10 10° 10° otherwise specified.
f/Hz
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neat PMMA versus PNC

neat PMMA versus PGNC

[a] 350 K

[d] 350 K

10" 10' 10° 10° 10 10"

10°

10’

8"

[e] 390 K

A ?
10" 10' 10° 10° 10" 10"

10°

FIGURE 3: Dielectric loss, €', versus frequency at three selected temperatures, as indicated, for neat PMMA, 15
kg/mol (closed black symbols) compared to PNC, 15 kg/mol (open gray symbols — [a], [b] and [c]) and PGNC, 15
kg/mol (open blue symbols — [d], [e] and [{]). Depending on the temperature, and hence the relaxations observable in
the accessible frequency window, data are described using either one or two Havriliak-Negami functions plus a dc
ionic conductivity contribution (Eq. 2) as shown using dash-dotted lines (3-process), dashed lines (ct-process) and
dotted lines (conductivity contribution). The solid lines are convolutions of individual functions used to model the
entire spectrum. The colors of the symbols and lines between measured data and the fit functions are kept consistent
except for the black solid symbols, where — for graphical clarity — solid green lines are applied. PNCs and PGNCs are
constituted at 5 wt% based on the mass of silica. The error bars are smaller than or comparable to the size of the

symbols unless otherwise specified.
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Figure 3 provides an illustration of the HN fit functions that are used to describe the individual
relaxations as well as the complete function that captures all of the processes at three representative
temperatures (350 K, 390 K, and 405 K) for systems made using the 15 kg/mol matrix PMMA.
(Also see Figure S6 in the Supporting Information for analogous representation of the dielectric
spectra and corresponding fits for the 120 kg/mol systems.) As demonstrated by the coincidence
of the solid lines and the measured data, this fitting procedure provides an excellent quantitative
description of the measured spectra. The mean molecular relaxation times, t,,, were then

calculated from the HN parameters using the equation®

Ty = TynSIN (f I,Z/)l/ﬁ sin (Zf_ ’;y)_l/ﬁ (3)

In Figure 4, these mean molecular times for the two relaxation processes are plotted as a function
of inverse temperature. The solid symbols are data for the a-relaxation, while the empty ones
represent the (3-process. There are a variety of salient points that emerge from this figure. First, we
observe that the mean relaxation rates of the B-process for neat PMMA are similar — within the
limits of experimental uncertainty — to those of the polymer nanocomposites. This behavior is
consistent with the understanding that the B-relaxation is a localized dipolar relaxation and
therefore is hardly affected by polymer-nanofiller interactions. Boucher et al. made a similar
observation in their study of physical aging in PMMA/silica nanocomposites.®" ©2  Second, by
using an Arrhenius function, v(T) = v.exp(—E,4/kgT) (where v, is the relaxation rate in the

high temperature limit, k5 the Boltzmann constant and E, the activation energy), to describe the
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B-process, we find that the activation energy of the B-relaxation changes from ~86 kJ/mol at higher
temperatures to ~74 kJ/mol at lower temperatures. As illustrated in Figure 4, these changes occur
at 384 + 2 K and 367 £ 2 K for the 120 kg/mol and 15 kg/mol systems, respectively, which are
approximately equal to the calorimetric glass transition temperature of each system, respectively.
This phenomenon has been observed before in several methacrylate polymers®>>% %7 and has been
assigned by some researchers to an actual change in the mechanism of the relaxation, specifically

to the onset of cooperativity of the structural a-relaxation.%% 67

However, the impact of reduction
of the number of fit functions and parameters below the Tg could also lead to some shifts in the
activation energies obtained. The extent to which this effect is sufficient to explain the change in
the activation energy at the T, remains unclear and is outside of the scope of the current work.
Third, the a-relaxation slows as systems are progressively changed from neat PMMA to PNCs to
PGNCs. This pattern corresponds to a gradual increase in Ty, which agrees with the results
obtained from our DSC experiments. (See Figure S7.) Fitting the temperature dependence of the
characteristic mean times of the a-relaxation to the Vogel-Fulcher-Tammann (VFT) equation®®7
(1/t(T) = (1/1)exp(—=DTy /[T — Ty]), where T, and D are constants, and Ty is the Vogel
temperature) and extrapolating the dependence down to 100s, we find, within experimental
accuracy, a coincidence with the calorimetrically determined T;. This coincidence is
conventionally used to unambiguously identify the structural a-relaxation.®® It should however be
noted that because of the narrow temperature range in which we are able to follow the structural
a-relaxation, the VFT fits applied have higher uncertainty. Nevertheless, the coincidence of the
glass transition from two independent experimental methods lends credence to our assignment of

the process to structural c.-relaxation. Deviations from bulk T, values for polymer nanocomposites

are attributed to interfacial interactions between the polymer matrix and inorganic nanoparticles.*”-
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I Specifically, decreases in T, values suggest negligible or repulsive interactions across the

8, 49. 71 while increases from bulk values are indicative of attractive

additive/matrix interface,
particle/matrix interactions.”!"™ Tt is well-known that hydroxyl groups present on silica NP
surfaces participate in hydrogen bonding interactions with the carbonyl groups present in each
monomeric repeat unit of PMMA. !> 7475 These non-bonded attractive interactions lead to slower

segmental relaxation of the PMMA due to confinement of chains at the surface, which forms an
interphase with reduced mobility that manifests as an increase in T;.* For nanocomposites
containing PMMA-grafted nanoparticles, an additional interaction is introduced: graft chains
interact with the matrix polymer, which results in an increase in the number density of
entanglements and interdiffusion of chains within the interfacial zone, manifesting as an increase
in T for the polymer-grafted nanocomposites.'* ' Finally, the dielectric relaxation strength, Ag,
associated with the primary process increases with nanoparticle loading level and with the
molecular weight of the matrix for both PNCs and PGNCs. (See Table S2.) This is due to the
increased contributions due to interfacial polarization arising from the growth of the total

interfacial volume in the vicinity of the particles.
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a- & B- process

8 - B O neatPMMA, 15k
Ea, = 85.6kJ/mol @ O PNC, 15k

. A A PGNC, 15k
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& PNC, 120k
w

* & 4
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FIGURE 4: Characteristic mean relaxation times of the a- and -process for neat PMMA and the nanocomposites
studied in this work, as functions of inverse temperature, as indicated. For graphical clarity, data is shown only for
neat polymers and polymer nanocomposites with 5 wt% (based on Si NPs) NP loading. The solid and dash lines are
fits to the Arrhenius and VFT equations, respectively (see text for details). Representative values of T, determined
from DSC measurements for neat PMMA 15 k (black pentagon symbol) and PGNC 120 k (gray pentagon symbol)
are also shown. VFT fits are displayed only for two samples for graphical clarity, and agreement between BDS and
DSC data is evident. (15 k and 120 k stand for the respective molecular weight of the system in kg/mol). The error
bars are smaller than or comparable to the size of the symbols unless otherwise indicated.

To gain deeper insight into the dynamics of the PNCs and PGNCs, we turn our attention to the
shape of the c-peak as obtained from HN fits of the dielectric loss spectra. As noted earlier, while
the mean relaxation time is appropriately characterized from the derivative spectra, the dynamic
heterogeneity of the system, which is represented in the distribution of relaxation times, must be
deduced from the original dielectric loss spectra. Figure 5 shows the HN functions for the 15

kg/mol systems with different loading levels (0, 1, 3 and 5 wt% based on silica — see raw data in
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Figure S8) of either bare Si NPs or PMMA-g-NPs at 390 and 405 K. An analogous plot for the
120 kg/mol systems is presented as Figure S9 in the Supplementary Information document. For
ease of comparison, each function is normalized with respect to the maximum dielectric loss as
well as its corresponding peak frequency value. The spectral shape of the a-relaxation is observed
to broaden compared to the neat PMMA, and this broadening is found to depend on temperature,
molecular weight of the matrix, and NP loading level. It is instructive to note that the a-peak is
accessible in a rather narrow temperature window and hence this analysis is limited to the range
390 to 405 K. At lower temperatures, PNC systems show no significant broadening in the a-
relaxation process, while PGNC systems are broadened asymmetrically (specifically, skewed
toward more broadening on the high-frequency side) and symmetrically for the 15 and 120 kg/mol
matrices, respectively. At higher temperatures, the broadening remains skewed toward the high-
frequency side for the nanocomposite made using the low molecular weight PMMA matrix, but
nearly symmetrical for the PGNC made with the high molecular weight PMMA. All of these
changes become more pronounced with increasing NP loading. By calculating the area under each
curve, we can estimate the degree of broadening with respect to the a-peak for neat PMMA. Table
S3 presents the results from analyzing data acquired for systems made to have PMMA-g-NPs at 1
and 5 wt% loading levels. It is worth noting that throughout the article, loading levels are calculated

based on Si content only.

-21-



PNC, 15 kg/mol PGNC, 15 kg/mol

max

NP loading (%
—0

max
Sh‘/gu

1
—3
5

8"/8”

FIGURE 5: Havriliak-Negami functions that describe the a-relaxation for systems made with 15 kg/mol PMMA
matrix at different loading levels of either bare NPs ([a] and [b]) or PMMA-g-NPs ([c] and [d]) at 390 and 405 K. To
facilitate comparisons of the peak shapes, each function is normalized with respect to the maximum loss, €"max, as
well as the corresponding peak frequency value, fmax. The error bars are comparable to the size of the symbols unless
otherwise specified.

Broadening of the structural relaxation spectra implies a widening of the distribution of the
underlying microscopic relaxation times, and hence of the dynamic heterogeneity of the system.
We attribute the broadening on the low-frequency side in the current work to interfacial
interactions. In the case of PNCs, there are attractive hydrogen bonding interactions between
PMMA'’s carbonyl groups and hydroxyl groups on the surface of silica nanoparticles. These

favorable polymer-NP interactions lead to the emergence of an interphase — a region wherein
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dynamics are slowed — close to the nanofillers. For the case of PGNCs, polymer matrix chains, or
at least some portion of the chains (for high molecular weight chains), wet and penetrate the
tethered layers. This leads to confinement (i.e., reduced degrees of freedom) for those segments in
the interacting region. Notably, for both PNCs and PGNCs, we do not observe a distinct new peak
that could be assigned to interfacial dynamics, which has been reported for P2VP- and PVAc-
based nanocomposites.’!: 32 Our findings, therefore, suggest that the interphase may be pictured,
not as a layer with uniform dynamics, but rather, one with a gradient of mobilities that eventually
become bulk-like as a “gedanken” molecular probe moves away from the nanoparticle.
Comparison of Figures 5a and 5c¢ with 5b and 5d shows that the fraction of modes with slower
mobility is nearly temperature independent for the low-molecular weight systems (whether with
bare NPs or PMMA-g-NPs), but grows with loading level for the high-molecular weight
nanocomposite systems. (See Figure S8.) We attribute these differences to an effect of the

molecular weight of the matrix, which is discussed below.

The emergence of faster relaxation modes — as seen from the broadening on the high-frequency
side — is hypothesized to be a result of increased free volume. This arises from chain entanglements
and interdiffusion, phenomena that should become more pronounced with increasing molecular
weight of the matrix as long as the asymmetry between the graft and matrix chains is not so high
that the matrix chains begin to dewet. We envision that as chains become confined in the non-
uniform interphase region between hard Si NPs and the “bulk-like” matrix, packing frustrations
ensue. Effectively, local non-uniform segment density leads to density fluctuations and more free
volume. With this view, we posit that this effect should be more pronounced in PGNCs than PNCs
because the non-uniform interphase region in the former is marked by local changes that affect the

relative balance between wetting (mixing) of the graft chains by matrix chains and dewetting.>?
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Indeed and as evident from Figures 5 and S8, for a given level of NP loading, the extent of
broadening is greater for PGNCs than PNCs. The dependence on NP loading could be understood
in the sense that increase in loading fraction — in the low loading regime studied in this work —
essentially leads to higher free volume, as raising the loading level increases the amount of
interphase region between NP and matrix chains per unit volume. Figure 6 presents a schematic
representation of the changes in segmental mobility that occur due to nanoparticle-matrix and
matrix-graft interactions. It is emphasized that the picture emerging from the four systems probed
by varying matrix molecular weight (low and high, relative to graft chain size) and type of interface
(grafted and bare) is unified: the confinement of chains to the interface impedes the local segmental
dynamics, but the presence of the interfacial region generated between the surface (bare or
polymer-decorated) and matrix gives rise to faster modes due to an increase in free volume within
the interfacial zone created by the interface between graft and matrix chains. Indeed, previous
studies have demonstrated that free volume is affected by loading nanoparticles into a polymer

matrix.m* 76-78
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FIGURE 6: A schematic representation of polymer nanocomposites, illustrating the changes in segmental mobility
that are envisioned in the vicinity of silica nanoparticles in PNCs and PGNCs.

Conclusions

We have synthesized and studied, mainly by broadband dielectric spectroscopy and differential
scanning calorimetry, a series of polymer nanocomposites and polymer-grafted nanocomposites
in both low- and high molecular weight matrices, specifically varying the loading levels (0, 1, 3,
and 5 wt%, based on mass of the silica nanoparticles). We show that changes in the glass transition
temperature depend on whether the nanoparticles are, in fact, functionalized with tethered chains.
By analyzing the spectral shapes associated with the primary structural relaxation in PMMA/silica
nanocomposites, the current work shows that, in terms of molecular dynamics, the main difference
between PNCs and PGNC:s is that the latter — depending on molecular weight of the matrix and

nanofiller loading — exhibit pronounced broadening on the high-frequency side. Interestingly,
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although these faster modes arise, we have found from calorimetric studies, that for a given
molecular weight of the host matrix, the T, of the PGNCs is higher than that of PNCs. This trend
scales with the mean relaxation times of the a—process. We argue that faster modes for the
a—relaxation are a consequence of density fluctuations as a result of chain packing frustrations due
to entanglements and chain interdiffusion. The character of this non-uniform interphase region is
then to be considered as an essential attribute that affects the dynamic behavior and dispersion of
PNCs and PGNCs. This work provides a consistent physical picture that explains the simultaneous
existence of hindered and accelerated segmental dynamics in PNCs and PGNCs, while at the same

time drawing a clear difference between the two types of nanocomposite systems.
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