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Dynamics of poly(methyl acrylate)/poly(methyl
methacrylate)-grafted-Fe3O4 nanocomposites†

Shalin Patil, a Christopher Mbonu,b Tsengming Chou,b Ruhao Li, b Di Wu,b

Pinar Akcora *b and Shiwang Cheng *a

We investigated the dynamics of nanocomposites prepared through mixing poly(methyl methacrylate)

grafted Fe3O4 nanoparticles (PMMA-g-Fe3O4) with poly(methyl acrylate) (PMA). A key feature here

different from previous dynamics measurements of polymer nanocomposites is the different chemistry

between the matrix polymer and the polymer grafts, which introduces chemical heterogeneity.

Transmission electron microscopy shows clear evidence of nanoparticle clustering due to the

poor miscibility between the bulk PMA and the bulk PMMA. At the same time, broadband dielectric

spectroscopy measurements detect two leading relaxations, i.e. the a and a* processes, where the a

process is associated with the bulk PMA and the a* process from the PMA interacting with the

grafted PMMA in the nanoparticle clustering region. Interestingly, the characteristic time of a*, ta*, is

slightly slower than that of the a, ta, at high temperatures, and exhibits near Arrhenius tempera-

ture dependence at low temperatures. As a result, ta* and ta cross each other in the activation

plot upon cooling and ta* { ta is observed at temperatures approaching the glass transition

temperature of PMA. These observations suggest the presence of component dynamics and the

dynamics confinement effect between PMA and PMMA in the nanoparticle clustering region,

highlighting an active interaction between PMA and PMMA at the interface despite their poor

miscibility. These results thus suggest new routes to control interface dynamics through immiscible

polymer pairs.

1. Introduction

Polymer nanocomposites (PNCs) are an important class of
materials that can exhibit many functionalities and properties
not accessible by the corresponding matrix polymers or nano-
particles.1–7 Many of these advanced functionalities and macro-
scopic properties of PNCs are known to correlate strongly with
particle dispersion and the interphase between nanoparticles
and the matrix polymer.8–12 Extensive work has been conducted
to elucidate the structures and dynamics of polymers at the
interphase. An interphase polymer layer with a thickness of
B3–5 nm has been widely acknowledged and exhibits a distinct
structure, dynamics, and properties from the bulk matrix
polymer.13–21 However, most existent efforts have focused on
PNCs with chemically homogeneous interphases where the
matrix polymer shares the same chemistry as the adsorbed

or grafted polymers at the interphase, leaving PNCs
with heterogeneous interphases consisting of grafted polymer
chains chemically different from the matrix polymers largely
unexplored.

Recent work showed that poly(methyl methacrylate) (PMMA)-
adsorbed SiO2 nanoparticles dispersed in poly(ethylene oxide)
(PEO) exhibited mechanical stiffening when the temperature
sweeps across the glass transition temperature, Tg, of PMMA.22–24

Rheological measurements of poly(methyl acrylate) (PMA) com-
posites containing nanoparticles with adsorbed PMMA chains
exhibited both intermixing and dynamics interplay.25–27

Studies on the interphase dynamics of immiscible polymer
pairs also suggest long-range effects on the dynamics of chemi-
cally heterogeneous interphases, which is qualitatively different
from that of the polymer/solid substrates.28,29 Hence, it is
important to understand the effect of chemical heterogeneity
at the interphase of PNCs, where grafted canopy and matrix
chains mix.

In this article, we characterize the dynamics of PNCs with
chemically heterogeneous interphases by blending PMMA-
grafted nanoparticles with PMA and compare them with the
PMA/PMMA blends. For PMA/PMMA blends, differential scan-
ning calorimetry (DSC) measurements give two distinct glass
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transition temperatures, Tg, suggesting the presence of macro-
phase separation. We would like to emphasize that for miscible
polymer blends with a large Tg separation between two compo-
nents, one sees two distinct, T100, where the structural relaxa-
tion times of each component reach 100 s.30–35 This is true for
polymer mixtures with high and low molecular weights of the
same polymer, such as polystyrene/oligostyrene.36,37 However,
these miscible polymer blends give one glass transition step in
the DSC measurements. Therefore, one should not mix the two
T100 of miscible blends with the two DSC Tgs from polymer
blends with macrophase separation. Furthermore, broadband
dielectric spectroscopy (BDS) measurements of the PMA/PMMA
blend demonstrate (i) similar segmental dynamics of the
PMA phase with that of the neat PMA at all temperatures,
(ii) a speeding up in b relaxation of the PMMA phase, and
(iii) a smaller b relaxation activation energy of the PMMA phase,
EB
b,PMMA, than that of the neat PMMA.

On the other hand, transmission electron microscopy (TEM)
measurements of PMA/PMMA-g-Fe3O4 nanocomposites demon-
strate the clustering of PMMA-g-Fe3O4 nanoparticles in the PMA
matrix. BDS measurements capture two primary relaxations of
the PMA/PMMA-g-Fe3O4 nanocomposites, a and a*. We attri-
bute a relaxation to the structural relaxation of the PMA matrix
and a* the structural relaxation of PMA in the nanoparticle
clustering region. Interestingly, the characteristic time of the a*
process, ta*, exhibits a crossover from a super-Arrhenius tem-
perature dependence to near-Arrhenius temperature depen-
dence at temperatures close to Tg of bulk PMMA. As a result,
ta* is larger than the characteristic time of the a process, ta, at
high temperatures and can become much smaller than ta at
temperatures close to Tg of the bulk PMA. These results suggest
the presence of component dynamics of the PMA and PMMA in
the nanoparticle clustering region and a strong dynamics
confinement effect of the vitrified PMMA component imposed
on the PMA component below the Tg of PMMA. Furthermore,
temperature modulated DSC measurements of PMA/PMMA-
g-Fe3O4 nanocomposites at different cooling rates only capture
a single sharp glass transition, Tg, and no signs of Tg of the
PMMA, implying a strong influence of the PMA on the Tg of the
grafted PMMA. These results suggest an interesting interplay
between the PMA and the grafted PMMA in the nanoparticle
clustering region and highlight the qualitatively different dynamic
features of the PNCs with chemically heterogeneous interphases.

2. Materials and methods
2.1 Materials

The synthesis of the PMMA-g-Fe3O4 nanoparticle and the pre-
paration of their composites in PMA matrices were published
in previous work.26 Iron oxide (Fe3O4) nanoparticles (15 � 3 nm
in diameter) purchased from Rosecreek Technologies Inc. were
modified with (3-aminopropyl)-triethoxysilane (APTES, 99%,
Sigma-Aldrich). The average molecular weight ( %Mw) of grafted
PMMA chains is 39 kg mol�1 with a polydispersity index (PDI)
of 1.48 and the grafting density is 0.045 chains per nm2. Poly-
(methyl acrylate) (PMA) at 20, 80, and 160 kDa were synthesized
by reversible addition–fragmentation chain transfer (RAFT)
polymerization, and their molecular weights were estimated
from rheology data since the dn/dc value is negative for PMA
and we cannot determine the absolute molecular weight using
the gel permeation chromatography (GPC) instrument.26 In the
following presentation, we use the abbreviation of the polymer
and its molecular weights to represent this polymer. For
instance, PMA40k represents neat PMA with a molecular weight
of 40 kg mol�1.

2.2 Preparation of PMA nanocomposites and particle
dispersion

PMA/PMMA-g-Fe3O4 nanocomposites and PMA40k/Fe3O4 nano-
composites with bare Fe3O4 nanoparticles were solution cast to
form their bulk films. The compositional specifications and Tg

of polymer nanocomposites and polymer blends are presented
in Table 1. We chose PMA as the matrix and PMMA as the
grafted polymer as they have large disparities in their glass
transition temperatures Tg,PMA E 287 K and Tg,PMMA E 385 K.
We fixed the loading of Fe3O4 as 3 vol% (volume fraction),
which corresponds to 90 vol% PMA and 10 vol% of PMMA in
the polymer phase of the PMA/PMMA-g-Fe3O4 nanocomposites.
In addition, we also prepared a polymer blend, PMA40k/
PMMA53k with 90 vol% PMA and 10 vol% PMMA. The polymer
blend was prepared through solution casting of PMA/PMMA
in tetrahydrofuran (THF). The dispersion of nanoparticles in
the PMA/PMMA-g-Fe3O4 nanocomposites was characterized
through small-angle X-ray scattering (SAXS) measurements26

and transmission electron microscopy (TEM) analysis. The
SAXS measurements showed signs of aggregation of Fe3O4 in
the nanocomposites. A power-law of the scattering intensity of

Table 1 Basic characterization of polymer nanocomposites and polymer blend

Samples
Polymer matrix
or component A jP or jA

Nanoparticle
or component B jNP or jB

Tg (K)
(DSC)

Tg (K)
(BDS)

Eb,PMA
(kJ mol�1)

Eb,PMMA
(kJ mol�1)

PMA40k PMA40k 1 — — 287 287 40 —
PMMA53k PMMA53k 1 — — 385 385 — 132
PMA20k/PMMA-g-Fe3O4 PMA20k 0.905 PMMA-g-Fe3O4 0.095 288 288 45 —
PMA40k/PMMA-g-Fe3O4 PMA40k 0.905 PMMA-g-Fe3O4 0.095 291 293 43 —
PMA80k/PMMA-g-Fe3O4 PMA80k 0.905 PMMA-g-Fe3O4 0.095 291 292 47 —
PMA160k/PMMA-g-Fe3O4 PMA160k 0.905 PMMA-g-Fe3O4 0.095 294 294 60 —
PMA40k/Fe3O4 PMA40k 0.97 Fe3O4 0.03 288 NA — —
PMA40k/PMMA53k (9 : 1)a PMA40k 0.9 PMMA53k 0.1 288 and 380 290 for PMA — 83

a For PMA40k/PMMA53k (9 : 1) blend, component A: PMA and component B: PMMA.
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I(Q) B Q�4 has also been observed in the unified fitting to I(Q)
where Q is the scattering wavevector, indicating the Fe3O4

nanoparticle form fractals with diffusive interphases.26 We
cryosectioned the composite using a diamond knife and
imaged B100 nm thick sections in TEM (JEOL 2100 Plus S/
TEM). Fig. 1 shows the aggregated state of grafted nanoparticles
and this aggregation state is consistent with the aggregation
seen in the adhesion force maps of the composites obtained in
AFM in previous work.26 Thus, the PMA/PMMA-g-Fe3O4 nano-
composites have a bulk PMA region and a PMMA-g-Fe3O4

nanoparticle clustering region. As discussed in the following
sections, the microstructure can lead to an interesting influ-
ence on the dynamics of PMA/PMMA-g-Fe3O4 nanocomposites.

2.3 Differential scanning calorimetry (DSC)

The glass transition temperatures, Tg, of all samples were
identified using a temperature-modulated differential scanning
calorimeter (TMDSC) DSC250 (TA Instruments) from 453 K
to 253 K at a cooling rate of 2 K min�1 and a modulation
amplitude of 1 K every 60 s. The Tg values were determined
from the inflection point of the reversible specific heat capacity
jump (Cp). The Tg values of all samples are summarized in
Table 1.

2.4 Broadband dielectric spectroscopy (BDS)

BDS was employed to quantify the dynamics of the neat poly-
mers, the polymer blend, and the polymer nanocomposites.
Specifically, disk-like thin films with a thickness of 0.14 mm
and a diameter of 16 mm were prepared using a Carver Press at
453 K and sandwiched between two gold electrodes with a
diameter of 20 mm. A hollow Teflon spacer of the same
thickness of 0.14 mm, an inner diameter of 16 mm, and an
outer diameter of 24 mm was placed between the two gold
electrodes to prevent shortage. The sandwiched samples were
then loaded into the ZGS sample holder of the Novocontrol
Concept-40 system with an Alpha-A impedance analyzer and a
Quatro Cryosystem temperature controller that has a tem-
perature accuracy of �0.1 K. The frequency range of all the
measurements was from 107 Hz to 10�2 Hz. The measurements

were conducted from 453 K to 213 K with an interval of 5 K
upon cooling and from 213 K to 453 K at an interval of 10 K
upon heating. A thermal annealing of 20 min was applied
before each measurement to assure thermal equilibrium. The
dielectric spectra of PMA/PMMA-g-Fe3O4 at the same tempera-
ture upon heating and cooling overlap nicely with each other,
confirming the negligible changes of the microstructure during
the measurements. To further confirm the reproducibility
of the measurements, we repeat the BDS measurements
of PMA40k/PMMA-g-Fe3O4 with different sample sizes, where
excellent agreement has been observed between different mea-
surements (Fig. S1, ESI†). These results thus suggest the reprodu-
cibility of the results that do not depend on the specimen used.

The obtained complex dielectric permittivity, e*(o), were
analyzed through a fit to a set of Havriliak–Negami (HN)
functions:

e�ðoÞ ¼ e0ðoÞ � ie00ðoÞ ¼ e1 þ
X
k

Dek

1þ iotHN;k

� �bkh igk

þ sdc
ie0o

þ Ao�s

(1)

where e0 and eN are the vacuum permittivity and the dielectric
constant of the polymer at infinitely high frequency, e0(o) and
e00(o) are the dielectric storage permittivity and loss permit-
tivity, o is the angular frequency, Dek, tHN,k, bk, and gk are
the dielectric relaxation amplitude, the HN time, and the
shape parameters of the kth relaxation process, sdc is the
dc-conductivity, and A and s are constants to describing the
electrode polarization.38 The characteristic relaxation time of
the kth relaxation process can then be obtained from the HN
relaxation time:

tk ¼ tHN;k sin
bkp

2þ 2gk

� ��1=bk
sin

bkgkp
2þ 2gk

� �1=bk
(2)

In addition, Maxwell–Wagner–Sillar’s (MWS) interfacial
polarization is very common in multicomponent polymeric
materials,39,40 including both immiscible blends and polymer

Fig. 1 (a) TEM image of PMA80k/PMMA-g-Fe3O4. (b) An illustration of PMMA-grafted-Fe3O4 nanoparticle (NP) sub-micron aggregates in the PMA
matrix with limited interphase mixing. Color mapping qualitatively indicates the distribution of PMMA graft chains and PMA matrix chains. NPs are
represented by black spheres.
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nanocomposites that were also analyzed using eqn (1) as a
separate relaxation process.

3. Results and discussion
3.1 Glass transition of the polymer blends and polymer
composites

Fig. 2 presents the specific heat capacity, Cp, of the PMA40k/
PMMA-g-Fe3O4 nanocomposite and its comparison with neat
PMA40k, the PMA40k/PMMA53k (9 : 1) blend, pure PMMA-g-
Fe3O4 nanoparticles, and the PMA40k/Fe3O4 nanocomposite.
PMMA53k has comparable Tg to PMMA-g-Fe3O4 nanoparticles
(see Table 1). The PMA40k/PMMA53k blend shows clear signs
of two Tg steps at 288 K and 380 K, consistent with previous
literature on the phase diagram of PMA/PMMA blends.41 Inter-
estingly, the Tg of the PMMA phase is significantly broadened
in the blend and has a slightly lower Tg than the neat PMMA.
On the other hand, only one Tg has been observed for PMA/
PMMA-g-Fe3O4 nanocomposites as determined from the tem-
perature derivative of the specific heat capacity, dCp/dT (Fig. S2,
ESI†). Similar results of one Tg of PMA/PMMA-g-Fe3O4 nano-
composites have been observed for TMDSC tests at different
cooling rates (Fig. S3, ESI†). Interestingly, an B4 K increase in
Tg (defined through the inflection point) has been observed
in PMA40k/PMMA-g-Fe3O4 compared with the neat PMA40k
(the inset of Fig. 2a). In contrast, there is less than 1 K
increment in the Tg of the PMA40k/Fe3O4 nanocomposite with
3 vol% of bare Fe3O4 nanoparticles. The small changes in the Tg

of PMA40k/Fe3O4 with bare Fe3O4 nanoparticles agree well with
previous experiments on the influence of nanoparticles of
similar sizes on the glass transition of the matrix polymer.5,42

A single Tg has been observed in other PMA/PMMA-g-Fe3O4

nanocomposites with different molecular weights of PMA
(Fig. 2b). Given the distinct regions of the bulk PMA and the
PMMA-g-Fe3O4 nanoparticle aggregation (Fig. 1b) and the clear

detection of macrophase separation in the PMA/PMMA blends
from DSC (Fig. 2a), a single Tg of the PMA/PMMA-g-Fe3O4

indicates an intriguing influence of PMA on Tg of the grafted
PMMA that makes DSC insensitive to detect it.

3.2 Dynamics of the PMA/PMMA blend

To quantify the dynamics of the PMA40k/PMMA53k (9 : 1)
blend, we turned to BDS. Fig. 3a provides the dielectric loss
permittivity, e00(o), of the PMA40k/PMMA53k (9 : 1) blend (the
pink left triangles) at T = 313 K and the corresponding spectra
of the neat PMA40k (the blue squares). The dielectric spectra of
neat PMA at T = 213 K (blue circles) have also been presented to
reveal the characteristics of b relaxation. Fig. 3b provides the
dielectric loss permittivity, e00(o), and derivative spectra,

e0derðoÞ ¼ �
p
2

@e0

@ lno
, of the PMA/PMMA (9 : 1) blend (the pink

left triangles) and the neat PMMA53k (the olive diamonds) at
T = 393 K. The dashed and the dashed-dotted lines of Fig. 3a are
HN functions fit to the spectra that signify the a process of the
PMA and the b process of the PMA, respectively. The solid black
lines are the sum of relaxation processes through eqn (1). For
Fig. 3b, the dashed lines represent the HN functions fit to the
b relaxation of the PMMA of the blend and the neat PMMA. The
dotted line represents the HN function fit to the MWS process
of the blend, and the dash-dotted line represents the HN
function fit to the a relaxation of the neat PMMA. The a
relaxation of the PMMA phase is not visible in the PMA/PMMA
blend due to the weak dielectric relaxation strength of the
PMMA.43 In addition, the characteristic time and shapes of
the segmental relaxation of PMA in the blend do not seem to be
affected by PMMA, consistent with the immiscibility between
PMA and PMMA. On the other hand, the characteristic time of
b relaxation of the PMA/PMMA (9 : 1) blend, tB

b,PMMA, is notice-
ably smaller than that of the neat PMMA, tN

b,PMMA, pointing to
an interesting dynamics interplay between the PMA and PMMA
in the blend.

Fig. 2 (a) Shifted specific heat capacity, Cp, of neat PMA40k (blue squares), PMMA-g-Fe3O4 (olive diamonds), PMA40k/PMMA-g-Fe3O4 (red circles),
PMA40k/PMMA53k (9 : 1) blend (pink pentagons), and PMA40k/Fe3O4 (purple triangles). The arrows point to the two Tgs of the PMA40k/PMMA53k blend.
The inset provides a comparison of the Tg of the neat PMA40k and PMA40k/PMMA-g-Fe3O4. (b) Vertically shifted Cp of other PMA/PMMA-g-Fe3O4

nanocomposites, where only one Tg is observed.
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To be more quantitative, Fig. 3c summarizes the tempera-
ture dependence of tB

a,PMA and tB
b,PMMA of the blend as well as

the a and b relaxation time of the neat PMA, tN
a,PMA and tN

b,PMA

and the b relaxation time of the neat PMMA53k, tN
b,PMMA. For

polymer blends with strong macrophase separation tB
a,PMA E

tN
a,PMA has been observed as expected44 and they follow Vogel–

Fulcher–Tammann (VFT) relation. tN
b,PMA, tB

b,PMMA, and tN
b,PMMA

follow Arrhenius temperature dependence. The tB
b,PMMA is

B10 times faster than tN
b,PMMA at high temperatures of

B400 K which increases with cooling, highlighting their dif-
ferent activation energies. Applying the Arrhenius law,

tb ¼ t0 exp
Eb

RT

� �
, the apparent activation energy of tB

b,PMMA is

EB
b,PMMA E 83 kJ mol�1 that is between that of tN

b,PMMA with
EN
b,PMMA E 132 kJ mol�1 and that of tN

b,PMA with EN
b,PMA E 40 kJ mol�1.

The activation energies of the b relaxation of neat PMA and neat
PMMA agree well with previous literature.45 Here, t0 is a prefactor
constant, Eb is the apparent activation energy, and R is the gas
constant. The changes in both tb and Eb indicate a modification of
the chain packing of the PMMA phase in the blend. Since b relaxation
is very sensitive to the local packing of polymers, the large influence of
b relaxation of the PMMA phase in the blend may also indicate some
miscibility between PMA and PMMA, despite the global macrophase
separation between them.

3.3 Dynamics of PMA/PMMA-g-Fe3O4 nanocomposites

Fig. 4a and b present e00(o) and e0derðoÞ of the PMA40k/PMMA-g-
Fe3O4 at different temperatures from 293 K to 333 K. Two
processes can be visualized from the low-frequency and the
high-frequency side of the spectra. The low frequency one

Fig. 3 (a) Dielectric loss spectra, e00(o), of PMA40k/PMMA53k (9 : 1) blend (pink left triangles) as well as their comparison with neat PMA40k at T = 313 K
(blue squares) and T = 213 K (blue circles). The dashed lines signify the Havriliak–Negami (HN) function fit to the a process of PMA and the PMA/PMMA
blend. The dashed-dotted line is the HN-function fit to the b process of the PMA. The solid black lines are the sum of the fit taking into account the
conductivity and electrode polarization contributions. (b) Dielectric loss spectra (pink left triangles), e00(o), and the derivative of dielectric storage spectra

e0derðoÞ ¼ �
p
2

@e0

@ lno
of the PMA40k/PMMA53k blend (pink circles) as well as their comparison with neat PMMA53k (olive diamonds) at 393 K. The pink

dashed line is the HN-function fit to the b relaxation of the PMMA in the PMA/PMMA blend, the olive dashed line represents the HN-function fit to the b
relaxation of the neat PMMA, the olive dash-dotted line gives the HN-function fit to the a relaxation of the neat PMMA, and the pink dotted line represents
the MWS of the PMA/PMMA blend. The solid black lines are the sum of the fit taking into account the conductivity and electrode polarization
contributions. (c) Temperature dependence of the tB

a,PMA (pink circles) and tB
b,PMMA (pink squares) of the blend, tN

a,PMMA (olive circles) and tN
b,PMMA (olive

squares) of the neat PMMA53k, and tN
a,PMA (blue circles) and tN

b,PMA (blue triangles) of the neat PMA40k.
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exhibits similar characteristics to the structural relaxation of
the neat PMA and represents the a process of the matrix PMA.
For the high-frequency process, we assign it an a* process,
whose molecular origin will be discussed in detail in the
following section. Fig. 4c and d give the representative e00(o)
and e0derðoÞ spectra of the PMA40k/PMMA-g-Fe3O4 (the red
circles) at T = 313 K. The corresponding spectra of the neat
PMA40k (the blue squares) are also given for comparison.

Fig. 4e gives e’der(o) of the PMA40k/PMMA-g-Fe3O4 at a repre-
sentative high temperature T = 373 K, and e’der(o) at other
temperatures are presented in Fig. S4 (ESI†). The solid and the
dashed red lines are the HN fit to the a and a* process of the
nanocomposite and the solid blue lines are the HN fit to the a
process of the neat PMA. The solid black lines are the sum of
the HN function along with the contributions of the MWS
process, the dc-conductivity, and the electrode polarization.

Fig. 4 (a) Dielectric loss spectra, e00(o), (b) derivative of dielectric storage spectra e0derðoÞ of PMA40k/PMMA-g-Fe3O4 at 333 K (red circles), 323 K (blue
squares), 313 K (olive diamonds), 303 K (pink triangles), and 293 K (wine left triangles). (c) Dielectric loss spectra, e00(o), (d) derivative of dielectric storage
spectra e0derðoÞ of PMA40k/PMMA-g-Fe3O4 (red circles) at 313 K as well as their comparison with neat PMA40k (blue squares). The dashed lines and

dashed-dotted lines represent the Havriliak–Negami (HN) function fits to the a process of PMA and the a* process. (e) Derivative spectra e0derðoÞ of

PMA40k/PMMA-g-Fe3O4 (blue squares) at 373 K. The dotted, dashed, and dashed-dotted lines signify the Havriliak–Negami (HN) function fits to the

Maxwell–Wagner–Silliar’s (MWS) process, the a process, and the a* process. The inset represents e0derðoÞ
�
e0der op

� �
of PMA40k/PMMA-g-Fe3O4 (red

circles) at three representative temperatures. (f) Dielectric loss spectra, e00(o), of PMA40k/PMMA-g-Fe3O4 (red circles) as well as its comparison with neat
PMA40k (blue squares) at T = 233 K. The dashed line represents the Havriliak–Negami (HN) function fits to their b process.
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The a relaxation time of the composite is slightly larger than
that of the neat PMA. The small influence of nanoparticles on
segmental dynamics of the matrix polymer away from the
surface of nanoparticles in nanocomposites has been widely
observed previously.14,46–48 The broad dielectric dispersion of
the a relaxation of polymer composites is also well-known,
which reflects a large dynamics heterogeneity of
composites.14–16,39,49–51 The a relaxation of the PMMA phase
cannot be captured by dielectric measurements due to the low
PMMA (B10 vol%) in the nanocomposites and the weak
dielectric relaxation amplitude.43 To resolve the a relaxation
of the PMMA of the nanocomposites, we have also performed
rheological measurements on the linear viscoelastic spectra
(Fig. S5, ESI†). However, the rheology cannot provide signatures
of a relaxation of the PMMA probably due to the pronounced
flow characteristic of the nanocomposites at temperatures close
to the Tg of the PMMA. In addition, PMA40k/PMMA-g-Fe3O4

shows a clear a* shoulder peak at higher frequencies than its
a relaxation at T = 313 K, implying the emergence of a faster
relaxation process of the nanocomposites. At high tempera-
tures, the a* process overlaps strongly with the a relaxation of
the composite, which makes it challenging to characterize. To
better resolve the a* process at high temperatures, we plot in
the inset of Fig. 4e the normalized dielectric derivative spectra,
e0derðoÞ

�
e0der op

� �
vs: o

�
op, at T = 343 K, 353 K, and 373 K, where

op is the angular frequency at the peak position of e0derðoÞ.
Compared with T = 343 K and T = 353 K, the spectra at the T =
373 K has a shoulder peak appearing at the low frequency side
of the main a peak. Note that the a process is well-separated
from the a* process at low temperatures (see Fig. 4a and b),
such as at T = 343 K or T = 353 K. One thus can quantify the
exact dielectric function of the a process (the dashed grey line
in the inset of Fig. 4e) from these low temperature measure-
ments. As a result, the dielectric function of the a* process can
be obtained at temperatures where a and the a* process overlap

strongly. In particular, the HN function shape parameters of
the a* process obtained from this deconvolution agree well with
those at low temperatures (Fig. S6, ESI†) where the a* process is
well resolved (Fig. 4a). Comparing the results of Fig. 4a, b and e,
one can find a very different temperature dependence of the
a* from the a process. The observations of ta* 4 ta at high
temperatures also rule out the a* process as a secondary
relaxation of PMA. At the same time, one can clearly observe
the b relaxation of PMA/PMMA-g-Fe3O4 at low temperaures,
such as T = 233 K (see Fig. 4f). The b relaxation of neat PMA is
also presented in Fig. 4f for comparison, which has a slightly
smaller characteristic relaxation time than that of PMA40k/
PMMA-g-Fe3O4. These observations further confirm that the a*
process cannot be the b relaxation of PMA in the PMA40k/
PMMA-g-Fe3O4 composite.

Fig. 5a summarizes the temperature dependence of tP
a,PMA,

tPa� , and tP
b,PMA of the PMA40k/PMMA-g-Fe3O4 nanocomposites.

The a and b relaxation time of the neat PMA, tN
a,PMA and tN

b,PMA,
and the a relaxation time of the neat PMMA-g-Fe3O4, tN

a,PMMA,
are presented as references. The representative HN-function fit
to these processes is given in Fig. 3a and b. Although there are
six relaxation times presented in Fig. 5a, only three of them,
tP
a,PMA, tPa� , and tP

b,PMA, are from the nanocomposites (see
Fig. 4c–f for the representative fit). Both tP

a,PMA and tN
a,PMMA

follow the Vogel–Fulcher–Tammann (VFT) relation, and tPa�
(at least at low temperatures), tP

b,PMA, and tN
b,PMA follow nearly

Arrhenius temperature dependence. The tP
a,PMA is slower than

tN
a,PMA, which becomes significant at temperatures approaching

Tg of the PMA of the PNC. This is consistent with the shift in Tg

from TMDSC measurements. On the other hand, the tP
b,PMA is

around three times slower than the tN
b,PMA, implying an influ-

ence of the grafted PMMA on the local dynamics of PMA.
Interestingly, tPa� is larger than tP

a,PMA at high temperatures

and exhibit a cross with tP
a,PMA upon cooling. As a result, tPa� is

much faster than tP
a,PMA at temperatures close to the Tg of the

Fig. 5 (a) Temperature dependence of the tP
a,PMA (red circles), tPa� (red diamonds), and tP

b,PMA (red left triangles) of the PMA40k/PMMA-g-Fe3O4

nanocomposite, tN
a,PMMA (olive squares) of the neat PMMA-g-Fe3O4, and tN

a,PMA (blue circles) and tN
b,PMA (blue triangles) of the neat PMA40k (b) temperature

dependence of the dielectric relaxation amplitude of the a (red circles) and the a* process (red diamonds) of the PMA40k/PMMA-g-Fe3O4

nanocomposite, the a (blue circles) and b (blue trianlges) process of neat PMA, and the b process (olive diamonds) of neat PMMA.
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PMA. Furthermore, the apparent activation energies of tPa� (at

low temperatures), tP
b,PMA, and tN

b,PMA, are EP
a� � 51 kJ mol�1,

EP
b,PMA E 35 kJ mol�1, and EN

b,PMA E 40 kJ mol�1, respectively.
The observed Arrhenius temperature dependence of the a*
process and its crossing tP

a,PMA at intermediate temperatures
are interesting. Another interesting observation is that the
activation energy of the a* process is only slightly larger than
the apparent activation energy of the b relaxation of PMA. All
these observations point to the strong influence of the grafted
PMMA on the dynamics of PMA in the nanoparticle clustering
region.

In addition, we summarize in Fig. 5b the dielectric ampli-
tudes of a (DeP

a,PMA) and the a* process DePa�
� �

of the PMA40k/
PMMA-g-Fe3O4 nanocomposite, as well as the a process of the
neat PMA (DeN

a,PMA). DeP
a,PMA and DeN

a,PMA have comparable
dielectric amplitude and similar temperature dependence.
They both increase with cooling. On the other hand, the
dielectric relaxation amplitudes of the neat PMA, DeP

b,PMA, and
neat PMMA, DeP

b,PMMA, decrease with cooling. All these are well-
known features of dielectric properties of polymers.40 Interest-
ingly, DePa� increases with cooling, which does not favor second-
ary relaxation for the a* process. One can obtain a similar
conclusion from the dielectric relaxation amplitudes: DeN

b,PMA

B 0.9–1.3 and DeN
b,PMMA B 0.7–1.2. Since there is only

10% PMMA in the polymer matrix phase, if a* belongs to b
relaxation of either the PMA or the PMMA one should not
anticipate DePa� ¼ 0:5� 1:5 over the temperature range of the

measurements. On the other hand, the values of DePa� are only a

fraction of DeN
a,PMA and the temperature dependence of DePa�

follows closely with that of the DeN
a,PMA. Based on these analyses,

we conclude the a* process from the structural relaxation of the
PMA in the PMA/grafted PMMA mixing region (i.e., the nano-
particle clustering region).

We have further noticed that a recent study52 on dielectric
properties of thin films observed an Arrhenius process across
the a relaxation of the film that has been attributed to the
tightly adsorbed polymer layer at the polymer/substrate inter-
face. Since the nanocomposites involve nanoparticles with a
large surface curvature (i.e. radius RNP B 7.5 � 1.5 nm) and
grafted polymers of different chemistry from the matrix poly-
mer, it is unlikely that a layer of tightly adsorbed matrix
polymer would form on the surface of nanoparticles. In addi-
tion, there are only 3 vol% of nanoparticles in the nanocompo-
sites. Even if there are tightly adsorbed polymer on the surface
of the nanoparticles, it will be difficult for one to capture such a
small amount of adsorbed polymers. In fact, the authors of the
same article52 have demonstrated that the Arrhenius process
from the tightly adsorbed polymers is too weak to be captured
when the polymer film thickness increases to B110 nm. There-
fore, we do not believe that the observed strong a* process has a
similar origin as the Arrhenius process discussed in this thin
film measurement.52

Furthermore, we have varied the molecular weight of the
PMA matrices. Fig. 6a and b present the dielectric loss

Fig. 6 (a) Dielectric loss spectra, e00(o), (b) derivative of dielectric storage spectra e0derðoÞ of PMA20k/PMMA-g-Fe3O4 (the magenta triangles), PMA80k/
PMMA-g-Fe3O4 (the orange left triangles), and PMA160k/PMMA-g-Fe3O4 (the wine hexagons) at T = 313 K. The dashed and dashed-dotted lines give the
Havriliak–Negami (HN) function fits to the a process of PMA and the a* process (c) temperature dependence of the tP

a,PMA of PMA20k/PMMA-g-Fe3O4

(pink circles), PMA80k/PMMA-g-Fe3O4 (orange circles), and PMA160k/PMMA-g-Fe3O4 (wine circles), and tPa� of PMA20k/PMMA-g-Fe3O4 (pink squares),

PMA80k/PMMA-g-Fe3O4 (orange squares), and PMA160k/PMMA-g-Fe3O4 (wine squares). The tN
a,PMA of the neat PMA40k (blue circles) is also presented

for comparison.
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permittivity, e00(o), and derivative spectra, e0derðoÞ, of the
PMA20k/PMMA-g-Fe3O4 (the magenta triangles), PMA80k/
PMMA-g-Fe3O4 (the orange left triangles), and PMA160k/
PMMA-g-Fe3O4 (the wine hexagons) at T = 313 K. The dashed
and dashed-dotted lines are the fit to the spectra through
Havriliak–Negami (HN) functions. The dielectric spectra have
been shifted vertically for clarity. Varying the molecular weight
of the PMA matrix from 20 kg mol�1 to 160 kg mol�1 leads to
small variations in their tP

a,PMA as well as the a* process. Fig. 6c
summarizes the temperature dependence of tP

a,PMA and tPa� , both
of which show little influence of the PMA molecular weight.
This observation is interesting since a higher tendency for
phase separation is anticipated between a higher molecular
weight PMA and the grafted PMMA.

3.4 Molecular origin of the a* process in PMA/PMMA-g-Fe3O4

The above measurements and analyses point out the following
characteristics of the structures and the dynamics of PMA/
PMMA-g-Fe3O4: (i) TEM measurements provide evidence of
NP clustering in the PMA/PMMA-g-Fe3O4 nanocomposites.
(ii) DSC measurements detect a single Tg of the PMA/PMMA-
g-Fe3O4 composites, regardless of the molecular weights of
PMA. (iii) BDS measurements detect an a relaxation, an a*
relaxation, and a b relaxation of the PMA. Below we discuss the
understanding of these features, especially the molecular origin
of the newly observed a* relaxation.

Firstly, one sees a single Tg of each nanocomposite from
DSC measurements. At the same time, the TEM and BDS results
revealed two different environments of PMA. The bulk PMA
matrix should be a main contributor to the DSC signal due to
its large population, as confirmed by the Tg values. The ques-
tion here is why PMMA does not contribute to a second Tg step
like the PMA/PMMA (9 : 1) blend. One possibility is the PMA in
the NP clustering region strongly impacts the dynamics of
PMMA, which gives an extremely broad Tg step of the PMMA
phase, and the Tg step of the PMMA phase is not obvious in the
conventional DSC measurements. This explanation agrees with
the emergence of the a* process in the PMA/PMMA-g-Fe3O4

nanocomposites and the comparable values of tP
a,PMA and tN

a,PMA

as well as tP
b,PMA and tN

b,PMA. The appearance of the a* process is
also consistent with the strong clustering of the NPs in the TEM
measurements.

More importantly, the large differences between tP
a,PMA and

tPa� point to the strong dynamics interplay between the trapped
PMA and the grafted PMMA in the NP clustering region.
Despite the positive interaction parameter of w E 0.03 between
PMA and PMMA (see Appendix A), one would anticipate some
interpenetration at the interface between the PMA and the
grafted PMMA.41 According to Helfand et al., immiscible blends
can interpenetrate with each other at the interphase of depth,
d, due to an entropy-driven force.53,54 In the large molecular
weight limit,

d � 2bffiffiffiffiffi
6w
p

where b is the average Kuhn length of the polymers and w is the
interaction parameter between the two polymers. For PMA and
the grafted PMMA, b E 1.5 nm and w E 0.03 (see Appendix A),
which gives d E 7.1 nm that is slightly larger than the Rg,PMMA

E 5.0 nm of the grafted PMMA. Note that the interphase width
can be even larger for the PMA/PMMA blend with finite

molecular weights as d0 � d 1þ ln 2
1

wNPMA
þ 1

wNPMMA

� �� �
,

where NPMA and NPMMA are the degree of polymerization of
PMA and PMMA.55,56 For PMA with a molecular weight of
20 kg mol�1 to 160 kg mol�1, NPMA E 232–1860, and grafted
PMMA with a molecular weight of 39 kg mol�1, NPMMA E 390,
this gives d0 E 7.6–8.2 nm 4 Rg,PMMA. Thus, one can anticipate
some swelling of the grafted PMMA by the PMA chains in the
nanoparticle clustering region, resembling a scenario of a
‘‘miscible’’ blend. The entropy-driven interpenetration between
the grafted PMMA and the PMA explains the different time
scales of the a* process from tP

a,PMA. Since the above argument
is in the limit of infinitely high molecular weight, it also
explains the little impact of the PMA molecular weight on the
a* process.

Can the entropy-driven miscibility between the PMA and the
grafted PMMA explain the Arrhenius temperature dependence
of tPa� at temperatures approaching the Tg of the neat PMA?
In miscible blends, the effective structural relaxation (i.e.
component dynamics) of the low-Tg component can switch
from super-Arrhenius to Arrhenius when the testing tempera-
ture is lower than the effective glass transition temperature of
the high-Tg component. Although the origin of this dynamics
switch is not entirely clear, the crossover between super-
Arrhenius to Arrhenius is quite common experimentally and
has been observed in the polystyrene (PS)/poly(vinyl methyl
ether) (PVME) blend,57 poly(vinylidene fluoride) (PVDF)/poly-
(methyl methacrylate) (PMMA) blend,58 PEO/PMMA blend,59

poly(ethylene oxide) (PEO)/poly(vinyl acetate) (PVAc) blend,60,61

and PS/oligostyrene.62 We anticipate a similar scenario here in
the mixture of the PMA and grafted PMMA at the nanoparticle
interface. Specifically, due to the influence of the high-Tg

component (PMMA), the dynamics of the lower-Tg component
(PMA) are slower than the neat PMA at temperatures higher
than the Tg of the PMMA. Below the effective Tg of the high-Tg

component, the dynamics of the low-Tg component follows
Arrhenius temperature dependence, leading to a cross between
the low-Tg component dynamics and the dynamics of neat low-
Tg material. Our experiments agree well with all these features
as demonstrated in the activation plots of the relaxation times
(Fig. 5 and 6), where the onset of Arrhenius temperature
dependence of the a* process starts at around Tg of the neat
PMMA, which should serve as a good approximation of the Tg of
the PMMA component in the nanocomposite. Thus, the
entropy-driven miscibility at the interface between two immis-
cible blends can help explain the emergence of the a* process
as well as its Arrhenius temperature dependence. Furthermore,
the above analyses suggest the presence of component
dynamics and the dynamics confinement in immiscible blends
at the interpenetration interface, which has not been revealed
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before. At this moment, it is not clear whether the component
dynamics and the dynamics confinement of the interface-
mediated miscibility between immiscible blends follow the
same characteristics as the miscible blends.32,33,63 Our future
studies will focus on this point. Nevertheless, these observa-
tions suggest the interface-mediated miscibility of immiscible
blends, leading to interesting component dynamics and dynamic
confinement effects.

If the entropy-driven interpenetration at the PMA–PMMA
interface is the leading origin of the a* process, one should also
anticipate an a* process in the PMA/PMMA blends. However,
our dielectric measurements of PMA/PMMA blends do not find
such a process. We believe this is due to the small volume
fraction of the PMA–PMMA interfacial region in the PMA/
PMMA blend with macrophase separation. Interestingly, recent
quasi-elastic neutron scattering experiments64 on the proto-
nated PMA(hPMA)/deuterated PMMA (d-PMMA) blend have
observed a slowing down in dynamics of hPMA compared with
the neat hPMA at high temperatures, i.e. T = 403 K. In addition,
the mean-squared displacement of the hydrogens in the blend
is slightly larger than the neat PMA at low temperatures
(temperature below 300 K), indicating a larger segmental jump
distance of hPMA in the hPMA/dPMMA blend than the neat
hPMA. These results are aligned with the observations of
tPa� 4 tNa;PMA at high temperatures and tPa� o tNa;PMA at low tem-

peratures (Fig. 5a and 6c) due to the interpenetration of the
PMA/grafted PMMA in the nanoparticle clustering region,
providing further support to our assignment on the molecular
origin of the a* process.

4. Conclusion

In conclusion, we have studied the dynamics of a set of
polymer/polymer-grafted nanoparticle nanocomposites, i.e.
PMA/PMMA-g-Fe3O4 with different PMA molecular weights.
The macrophase separation between the bulk PMA and the
bulk PMMA is a key feature that leads to nanoparticle cluster-
ing and intriguing interface dynamics. TEM measurements
showed clear evidence of nanoparticle clustering. DSC mea-
surements, on the other hand, can only detect a single Tg step
for all polymer nanocomposites associated with the PMA phase
and no signs of Tg of PMMA, suggesting a strong influence of
the PMA on the glass transition of the grafted PMMA. In
addition to the primary and secondary relaxations of the PMA
phase in the PMA/PMMA-g-Fe3O4 nanocomposites, BDS mea-
surements reveal a new dielectric active process, a*, that is
slower than tP

a,PMA at high temperatures and faster than tP
a,PMA

at low temperatures. Moreover, ta* follows an intriguing Arrhe-
nius temperature dependence at temperatures approaching the
Tg of the bulk PMA. Further analyses showed that the char-
acteristics of the a* process does not alter with the PMA
molecular weights. We attribute the origin of the a* process
to the structural relaxation of the PMA in the nanoparticle
clustering region, which experiences component dynamics
and dynamic confinement observed in the miscible blends.

Although the component dynamics and dynamic confinement
are commonly observed in miscible blends with large separa-
tions in Tg, we are not aware of any previous report of the
similar features in immiscible blends. Our results thus reveal
an interesting interface effect on the dynamics of immiscible
polymers, providing new ways of tailoring the properties of
polymers at the interfaces. At this moment, we do not know
how the molecular weights of the grafted polymer or the
thickness of the interphase could affect the a* process. We
believe the local polymer concentration distribution at the
polymer–polymer interface plays an important role. Future
work is planned to clarify these questions.

Data availability
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figures and tables of the main context and the ESI.†
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Appendix A: estimation of the
interaction parameter, v, between PMA
and PMMA

The phase behavior of polymer and copolymer blends can be
described by an extension of the Flory expression for the free
energy of mixing which is governed by the segmental inter-
action energy (Bij).

41 The interaction energy is estimated from
the empirical equation obtained from the constants k, B0 and B1

from

Bij = B0 + B1f + k � B1f
2

Segments
B0

(J cm�3)
B1

(J cm�3) ki j

Methyl methacrylate Methyl acrylate 1.47 �0.78 �0.1

where f is the volume fraction of the matrix.
The solubility parameter (dij) is defined as41,65

Bij = (di � dj)
2.

The interaction parameter (w) is thus

w ¼ M

RT
di � dj
� �2

where M is the molecular weight of the matrix; r is the density
of the matrix; R is the ideal gas constant. For our PMA/PMMA
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blend, PMA is the matrix with Bij = 0.831 J cm�3. As a result,

w ¼ 86� 0:831

0:95� 8:314� 298
¼ 0:03

which agrees with the previous literature results.25
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