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Chain entanglement and molecular dynamics of
solution-cast PMMA/SMA blend films affected by hydrogen

bonding between casting solvents and polymer chains

Yuhua Lv, Yu Lin, Feng Chen, Fang Li, Yonggang Shangguan*, Qiang Zheng
MOE Key Laboratory of Macromolecular Synthesis and Functionalization, Department of

Polymer Science and Engineering, Zhejiang University, Hangzhou 310027,People’s Republic of
China

Abstract:

The effects of intermolecular interaction between casting solvents and polymer chains
on molecular entanglement and dynamics in solution-cast poly(methyl
methacrylate)/poly(styrene-co-maleic ~ anhydride) (PMMA/SMA) films were
investigated by dynamic rheological measurement and broadband dielectric
spectroscopy. A series of polymer blend films were cast from the mixed solvents
composed of m-xylene and acetic acid with different mass ratio of acetic acid (R,.) at
a solution concentration of 5 wt%, and in solutions the quantity of hydrogen bonding
between PMMA and acetic acid was adjusted by R,. FTIR results confirmed the
existence of hydrogen bonding between carbonyl in PMMA and hydroxyl in acetic
acid. Although the topological entanglement density of the resultant films decreased
with increasing R,., the o-relaxation peak shifted towards lower frequency and a
higher glass transition temperature (7,) appeared due to the increased cohesional

entanglement in PMMA/SMA blend films induced by hydrogen bonding between
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PMMA and acetic acid. Furthermore, the dc conductivity decreased due to the more
homogeneous structure in PMMA/SMA blend films cast from mixed solvents with
higher R,. Neither the width distribution of c-relaxation nor the dynamics of
[-relaxation in these films was influenced by hydrogen bonding between PMMA and
acetic acid due to the unchanged heterogeneity of the segmental dynamics and local
environment of the segments. These results revealed that the hydrogen bonding
between polymers/solvent during casting film can greatly influence the chain
entanglement and molecular dynamics of the resultant polymer blends due to the

memory effect of polymer chain.

Key words: Hydrogen bonding; cohesional entanglement; molecular dynamics

1. Introduction

As one of the major routes to prepare uniform, thin and transparent polymer films
in many applications, such as painting, coating and adhesives etc, the solution casting
technique has aroused general concern in recent decades [1-5]. For the rapid drying
process of casting films, the polymer chains do not have enough time to approach the
conformational equilibrium before vitrification and consequently the chain
conformation in the solution can more or less survive in the resultant films, known as
the chain memory effect [6]. Different processes of casting films may result in the
distinct architecture structures of macromolecules including conformation,

entanglement and packing state of polymer chains, which may influence the
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macroscopic properties of the product such as glass transition temperature (75) [7, 8],
polymer chain relaxation [9], phase-separation [5, 10] and crystallization behavior
[11, 12]. As a result, many researchers laid their emphasis on the process of solution
casting to investigate the relationships between preparing process and macroscopic

performance of the solution-cast films [7, 13-18].

Topological entanglement Cohesional entanglement

Fig. 1 Schematical of toplogical entanglement and cohesional entanglement.

Reproduced with permission from 1997, Wiley VCH. [27]

Many variables during solution casting process, such as drying rate [7, 13],
annealing time [13], solution concentration [14, 15], solvent quality [7, 14, 16] etc,
could significantly affect the architecture structures of polymer chain and properties
of the resultant films. Li et al. [7] found that rapid drying precluded the polymer
chains from achieving full interpenetration before vitrification and some memories of
the chain conformation in the solution were held and survived in the resultant films.
Usually, in order to ensure complete evaporation of the solvent, the samples are
inevitably treated through annealing. Recently, we investigated the influences of

annealing on the chain entanglement and molecular dynamics in solution-cast
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poly(methyl methacrylate)/poly(styrene-co-maleic anhydride) (PMMA/SMA) blends,
and found chain entanglement density increased as the increasing annealing
temperature and/or time, leading to higher 7,s and longer relaxation time [19]. With
regards to the chain entanglement, there are two types of of chain entanglement in
amorphous polymer: topological entanglement [20-24] and cohesional entanglement
[25-27], as schematically demonstrated in Fig.1. The former comes from the
entanglement of different chains in three-dimensional space [20-22], while the latter
results from interchain cohesion with local parallel alignment of neighboring
segments as physical crosslinks [26, 27]. As to solution concentration, when the
casting solution concentration increases, the 7, and relaxation time of the blend film
increases due to the more densely packed chain conformation both in the casting
solution and the blend films [14]. Besides the solution concentration, the
conformation of polymer chains in the solution also strongly depends on the solvent
quality [6]. In a good solvent, the intermolecular interaction between polymer
segments and solvent is dominant rather than the interaction between segments,
which enables the polymer chain to swell. On the contrary, the chains collapse in a
poor solvent and as a result, the resultant blend film appears a more compact
architecture structure.

In previous report [14], it was found that the PMMA/SMA films cast from a N,
N-dimethylformamide (DMF) solution presented higher 7, and longer segmental
relaxation time than those of the films cast from chloroform, methyl ethyl ketone and

tetrahydrofuran solution. These results were ascribed to the higher entanglement
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degree in PMMA/SMA blend films and in turn the decreased segment mobility
induced by poor solvent quality of DMF. However, it was noticed that there exists a
strong interaction, namely hydrogen bonding between PMMA and DMF in solution
[3]. More importantly, the intermolecular interaction between polymer and solvent
molecule such as hydrogen bonding can influence the chain conformation in the
solution as indicated by some previous reports [3, 28-31]. For example, it was found
that poly(vinylidene fluoride-co-hexafluoropropylene) (P(VDF-co-HFP)) membranes
with different crystalline phase compositions could be obtained by using acetone and
dimethylacetamide (DMAc) due to the different solvent-polymer interactions, and the
different solubilities and diffusivities of ethyl acetate (EtAc) in the two solution-cast
membranes appeared [28]. On the basis of solvent polarity, a water-soluable
conjugated polymer, poly[2,5-bis(diethylaminetetracthylene  glycol)phenylene
vinylene] (DEATG-PPV) presented a wide range of chain conformations: extended,
coiled, and collapsed chain conformations in solutions, leading to distinct
morphologies and optical properties in resultant films [30]. Thus, taking the fact that
the hydrogen bonding between solvent and polymer can be destroyed during solvent
evaporation into account, whether this interaction in the solution influences the
architecture structure of the resultant PMMA/SMA film is still unknown, and it is
important and necessary to estimate the contribution of this intermolecular interaction
to the elevated T, and increased segmental relaxation time of PMMA/SMA film.

As mentioned above, so far there are many investigations about the effect of

solvent quality on performances of solution-cast films [6, 32-36], and the solvent
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quality is always represented by the solubility parameter J. Actually, the ¢ criterion
representing the interaction between the solvent and polymer can only work
reasonably well for non-polar interactions due to van der Waals forces between
species, since it results from the Flory interaction parameter y and is obtained by the
method developed by Hildebrand and Scott [37]. However, it fails in the mixtures
with strong polar or specific interactions, such as hydrogen bonds [38]. Thus, how the
strong solvent-polymer interaction affects the microstructure and molecular dynamics
of the resultant films has not been figured out yet.

As one of the most important interactions between species, hydrogen bonding
widely exists in several polymer-solvent systems. In this article, we try to probe
whether and how the hydrogen bonding between the solvent and polymer affects the
molecular architecture and dynamics of the resultant blend films by using rheological
measurement and broadband dielectric spectroscopy. Theorotically, taking pure
PMMA as the investigated model would be simpler and more instrutive, yet the
solution-casting blend films of PMMA/SMA instead of pure PMMA are chosen as the
model system for the following two reasons: firstly, in order to compare the results
with the previous publications and keep the continuity of research, we still use the
PMMA/SMA system; secondly, the a-relaxation and B-relaxation of pure PMMA will
mix to one signal in the investigated temperature, which would lead to erroneous
results fitted from dielectric measurments. [39] In order to achieve a good dissolution
of the PMMA/SMA blends and control the quantity of hydrogen bonding between

polymer/solvent, a series of mixed solvents composed of m-xylene and acetic acid
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with different mass ratio of acetic acid (R,.) were applied to cast films. The molecular
entanglement and dynamics of PMMA/SMA films were investigated by dynamic
rheological measurement and broadband dielectric spectroscopy (BDS) to evaluate
the effects of hydrogen bonding between polymer/solvent.
2. Experimental
2.1. Materials and sample preparation

Polymethyl methacrylate (PMMA, IF850) with M,, = 8.1x10* g/mol and M,,/M, =
1.9 was purchased from LG Co. Ltd, South Korea. Poly (styrene-co-maleic anhydride)
(SMA, 210) with M, = 2.6% 10° g/mol, M, /M, = 3.7 and a MA content of 10 wt% was
obtained from SINOPEC Shanghai Research Institute of Petrochemical Technology,
China. Acetic acid (AR, Shanghai) and m-xylene (CP, Shanghai) were used to prepare
a mixed solvent to cast the blend film. The pure m-xylene was also used to cast film
as a reference. The parameter R, was used to represent the mass ratio of acetic acid
in the mixed solvent. PMMA/SMA (20/80 wt/wt) blends were dissolved in the mixed
solvent (R,. =0, 0.1, 0.2, 0.4) respectively with a weight concentration of 5% to form
a clear and uniform solution. According to the calculated c*(critical overlap
concentration) and ¢, (entanglement concentration), the Swt% PMMA/SMA solution
is identified to locate in the concentrated regime and the details are demonstrated in
Supporting Information. The homogeneous solution was then cast onto a horizontal
flat glass Petri dishes held at 35 °C and dried at 50, 70 and 90 °C successively in an
ordinary oven for at least 3 days. Finally, the films were dried at 110 and 130 °C in a

vacuum oven (vacuum degree < 133 Pa) for 5 days to remove residual solvent. It’s
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convinced by thermogravimetry analysis (Q600, TA, USA) results (as indicated by
Fig. S1 in Supporting Information) that the residual solvent had been completely
removed. All dried blend films with thickness of 200+ 10 um were homogeneous (all
samples appear a single glass transition temperature from the broadband dielectric
spectroscopy (Fig. 4) and DSC( Fig.5a) method) and optically transparent.
2.2. FTIR spectroscopy

With the evaporation of acetic acid at 25 °C, the Fourier Transform Infrared
(FTIR) spectrum for the acetic acid solution of PMMA was recorded in the range of
4000-400 cm™ on a Fourier transform Infrared Spectroscopy (Nicolet 6700, Thermo

Fisher Scientific, USA) with a spectral resolution of 4 cm™. Also the pure acetic acid,

the PMMA films cast from acetic acid, m-xylene and their mixed solvents were tested.

All the spectra were baseline corrected and automatically smoothed thereafter using
Nicolet Omnic.
2.3. BDS spectroscopy

Broadband dielectric spectroscopy (BDS) measurements of PMMA/SMA blend
films were conducted on an Alpha high resolution dielectric analyzer (GmbH
Concept 40, Novocontrol Technology, Germany), which is equipped with a Novocool
cryogenic system for temperature control with a precision of +0.1 °C. The film
samples were placed between two circular gold electrodes with a diameter of 20 mm.
Temperature sweeps were carried out at a frequency of 10 Hz and a heating rate of 3
°C/min from 80 to 160 °C. Isothermal frequency sweeps were performed over a wide

frequency range of 10"-10" Hz in the temperature range of 40 - 160 °C.
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2.4. Rheological measurements

To obtain the samples for rheological measurements, 8 pieces of films with
thickness of 200 um were piled up and compression molded into a specimen disk
with a diameter of 25mm and a thickness of 1.5mm at 10MPa and 160°C. In order to
minimize the influence of annealing, the hot compression process was completed in 5
min. The rheological measurements were carried out on an advance rheometric
expansion system (ARES-G2, TA, USA) with parallel plate geometry of 25 mm in
diameter. Frequency sweeps were conducted in the range of 0.01 - 500 rad/s from low
to high frequency at 160 °C. The strain amplitude of 1% was employed to ensure all
the rheological tests to lie in the linear viscoelastic region (indicated by Fig. S2 in
Supporting Information). During these frequency sweeps, the test time required for a
point at high frequency is short (a few seconds) while long (hundreds of seconds) at
low frequency. Consequently, the full spectra of storage modulus (G’ and loss
modulus (G") takes about 2 hours from 0.01 rad/s to 500 rad/s and it takes more than
90 min from 0.01 rad/s to 0.1 rad/s. As shown in Fig. S3 in Supporting Information,
the increase of G’ in the beginning may be ascribed to the influence of
hot-compression procedure which also has a annealing effect on smaples indeed
besides compressive stress. Considering that the annealing time is very short and all
the samples underwent the same process, the equilibrium value of storage modulus
will minimize the influence of hot-compression procedure, but the storage modulus
obtained in one thousand seconds may contain the contribution of hot-compression

procedure or annealing effect.
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2.5. MDSC tests

Thermal characteristics of PMMA/SMA blend films were determined with a
modulated differential scanning calorimeter(MDSC, Q100, TA, USA). Samples of
5-10 mg were used in this test. A heating rate of 2 °C/min was employed from 70 °C
to 140 °C with temperature modulation amplitude of 0.5 °C and an oscillation period
of 60s throughout this investigation. All the tests were run in a nitrogen flow of 50
ml/min.
3. Results and discussion
3.1.Hydrogen bonding between PMMA and acetic acid

In this article, we try to probe whether and how the hydrogen bonding between
solvent/polymer affects the molecular architecture and dynamics of the resultant
blend films by using rheological measurement and broadband dielectric spectroscopy.
The quantity of hydrogen bonding between polymer and solvent was controlled by
changing the mass ratio of acetic acid in the mixed solvents. It is noticed that only the
hydrogen bonding between PMMA and acetic acid will be considered, because SMA
can’t be dissolved at all in acetic acid both at room temperature or heating while it
can be completely dissolved in the mixed solvents used in this work. It is widely
accepted that hydrogen bonding between the solvent and polymer facilitates the
dissolution of polymer in solvent, so the above facts indicates that hydrogen bonding
impossibly exists between acetic acid and MA, which may be ascribed to the high
rigidity of SMA chains induced by the dominant (90% styrene in SMA) phenyl side

chain and in turn a large steric hindrance for the formation of hydrogen bonding
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between acetic acid and MA.

Affirming the existence of hydrogen bonding between PMMA and acetic acid
during casting PMMA/SMA films is a precondition. FTIR spectra were used to
determine the intermolecular interaction between PMMA and acetic acid. To avoid
unexpected noise on FTIR spectra and clearly identify it, the casting film process of
pure PMMA was chosen. Fig. 2(a) shows the infrared spectra of acetic acid,
PMMA/acetic acid solution, and PMMA film cast from acetic acid, respectively. On
the PMMA spectrum, the following characteristic peaks appear: the peaks
representing the stretching vibration of the C-O-C and C-H at 1300-1100 cm™ and
3000-2840 cm™, respectively; the stretching peak of C=0 in carbonyl groups at 1732
cm™; the peaks representing the bend vibration of -CH, and -CHj groups at 1442 and
1388 cm’, respectively. On the acetic acid spectrum, several characteristic peaks
appear: the stretching vibration peak of -OH at 3300-2500 cm™; the stretching
vibration peak of C=0 at 1711 ecm™ (dimer of acetic acid); the coupling peaks of
stretching vibration of C=0 and bend vibration of -OH at 1411 cm™ and 1292 cm™;
the stretching vibration peak of C-O at 1012 cm’™; the out-of-plane bend vibration of
—OH and O-H----O at 933 cm™ and 619 cm™, respectively; the in-plane deformation
vibration of C-C=0 at 478 cm™. Due to the hydrogen bonding between acetic acid
molecules, the peak at 3300-2500 cm™ becomes wide. As to the PMMA/acetic acid
solution, the characteristic peaks are similar to that of acetic acid, which should be
ascribed to the less content of PMMA compared with acetic acid in the initial solution.

As a result, most of the characteristic peaks of PMMA are covered by the broad peaks
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of acetic acid. In spite of this, the characteristic peaks of PMMA/acetic acid solution
at the range of 4000-1300 cm’ are broader compared with that of acetic acid,
indicating that there exist interactions between PMMA and acetic acid.

The real-time infrared spectra of a 5 wt% PMMA/acetic acid solution upon
volatilizing at 25 °C are presented in Fig.2 (b). The four curves presented in Fig.2 (b)
correspond to the marked time points (1-4) in the volatilization curve of acetic acid
given in Fig. S4 in Supporting Information, respectively. As acetic acid evaporating,
the characteristic peaks in Fig.2 (b) become narrower and weaker due to the decrease
of acetic acid molecules. Meanwhile, more associated acetic acid molecules are
separated to be non-associated ones, which can be proved by the weak peak located at
3558 cm™ indicating the stretching vibration of non-associated -OH in acetic acid. On
the other hand, the characteristic peak at 1178 cm for PMMA is observed as acetic
acid evaporates, meaning that the content of PMMA in the tested sample increases
significantly and the acetic acid decreases. Most importantly, one can find that a
shoulder peak appears at 1780 cm’ near the stretching vibration peak of C=0 at 1732
cm” and subsequently becomes weaker [3]. It is reasonable to attribute this peak to
hydrogen bonding between the carbonyls in PMMA and the hydroxyls of acetic acid.
The gradually weaker shoulder peak at 1780 cm™ indicates that the quantity and/or
strength of hydrogen bonding between acetic acid and PMMA reduce as the acetic
acid decreases.

The similar FTIR results of PMMA films cast from acetic acid, m-xylene and their

mixed solvent are presented in Fig.2(c). Since there is no specific intermolecular
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interaction between m-xylene and PMMA except van der Waals force, certainly there
is no hydrogen bonding in the resultant film from m-xylene. Considering the almost
identical FTIR spectra of three films, one can deduce that there is no hydrogen
bonding between the solvents and PMMA in all three resultant films.
Thermogravimetric analysis (TGA) results given in Fig. S1 in the Supporting
Information also confirm that no residual solvent remains in them. In this
investigation, the mass ratio of PMMA/SMA blend films taken as the model system
is 20/80 in order to investigate the effect of the quantity of hydrogen bonding. The
mixed solvents composed of m-xylene and acetic acid with different R, were used as
the casting solvents since the SMA component is insoluble in acetic acid at all. In
addition, small portion of acetic acid minimizes the change of solubility parameter of
the mixed solvents rather than pure acetic acid. The mixed solvents with different R,
match the PMMA/SMA (20/80) blend well to change the quantity of hydrogen
bonding between PMMA chains and acetic acid without an evidently variation of

solubility parameter.
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Fig. 2 FTIR spectra of (a) PMMA film cast from acetic acid, acetic acid and PMMA/acetic acid
solution, (b) real-time FTIR spectra of PMMA/acetic acid solution as the acetic acid volatilized
and (¢) PMMA films cast from acetic acid, m-xylene and their mixed solvent, respectively. The
four curves in (b) correspond to the time of the marked points (1, 2, 3, 4) in Fig. S4 in Supporting

Information.

3.2.Topological entanglement of molecules

Since the 5 wt% PMMA/SMA solution used here is in the concentrated regime [14,
40-42], polymer chains entangle with each other. Hence, the chain entanglement
density is very important for the properties of the resultant films. As mentioned in the
Introduction, there are topological entanglement [20-24] and cohesional entanglement
[25-27] in amorphous polymer.Since the topological entanglement can intuitively

demonstrate the long chain characteristics of polymers and is easily measured by
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experiments compared with cohesional entanglement, it is widely used to describe the
architecture structures of polymeric materials. Thus, the topological entanglements of
blend films were firstly investigated in this section. Rheological measurments were
adopted to obtain parameters related to the topological entanglements. As is shown in
the Experimental section, the tested samples were hot-compression molded by the
casting PMMA/SMA films at 160°C because the 200um casting films were too thin
for the rheological measurements. It must be pointed out that the annealing effect in
the hot-compression procedure will affect the storage modulus G’ and loss storage G"
slightly.(-shown in Fig. S3 in the Supporting Information) Consequently, on one hand,
we minimized the time of hot-compression procedure to reduce the annealing effects
on the samples; on the other hand, we adopt the same hot-compression process and
the same number of layers to ensure the variations of different samples are identical.
Based on above reasons, we believed that the comparison between the following
results in this work can effectually reflect the influence of hydrogen bonding between
casting solvents and polymer chains on the topological entanglements of the resultant

PMMA/SMA films.

In our previous study [5, 19], the entanglement molecular weight, M., defined as
the average molecular weight between adjacent temporary entanglement points, can
be calculated from the plateau modulus G (eq.1). By measuring storage modulus G’
and loss storage G" in rheological test, G can be determined by the MIN method

(eq.2) [43- 45] and the ‘Crossover modulus-based’ method (eq.3) [44] respectively,
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which is shown in the inlay of Fig. 3 schematically.

4 pRT

6Y =
N ™ 5 me

(D
In which p is the density, R is the gas constant, and T is the absolute temperature. In
this work, the values of M. were calculated from G3 obtained by the MIN
method(eq.2) [43-—45] and the ‘Crossover modulus-based” method (eq.3)[44]
respectively for comparison.

GI(\)lexp = G,(w)tan6—>min (2)

2.6310g(5%)
n

log (‘;—3) — 038+ 3)

T2 astog i)
The weight average molecular weight M, and number average molecular weight M,
for the blends were calculated using classic formula in polymer physics [38]:

M, = wiM,, + w,M,,, 4)

1 w1 Wy

M M Mg )

in which w is the weight fraction and subscripts 1 and 2 refer to blend components

1 and 2, respectively. The plateau modulus G3 calculated by eq 2, the crossover
modulus G, and M. calculated by MIN method and crossover modulus-based method
of the PMMA/SMA blend films cast from different mixed solvents are presented in
Fig. 3. It can be seen that Gy decreases and M, increases as the mass ratio of acetic
acid increases, indicating a entanglement depression in the resultant blend films.
Furthermore, as mentioned in Experimental section, the GY exp and Gy in the inset of
Figure 3 were obtained at the higher frequency than 0.1 rad/s, which means that these

moduli data for calculating are equilibrium value (indicated by Fig. S3 in Supporting

Information) and the the influence of hot-compression procedure can be ignored.
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As well known, the conformation of polymer chains in solution is significantly
influenced by the quality of solvent. As mentioned previously, due to the rapid
evaporation of the solvent, some chain conformation in the solution will survive in
the resultant films. Hence, molecular entanglement and chain conformation in the
blend films are closely related to the quality of casting solvent. The solubility
parameter 5 of PMMA and SMA is 9.0~9.5 and 8.7~9.1 cal"?-cm™?, respectively,
while J of m-xylene and acetic acid is 8.8 and 12.6 cal’-cm™?, respectively. The J of
mixed solvent can be calculated by using eq 6 [38], in which ¢ is the volume fraction
and subscripts 1 and 2 refer to solvent components 1 and 2, respectively.

Omix = 161 + 926, (6)
As is calculated using eq 6, the ¢ of casting solvents with different R, (0, 0.1, 0.2, 0.4)
are 8.8, 9.1, 9.4 and 10.1 cal" 2'cm'm, respectively. Obviously, the 46 between the
mixed solvents and PMMA/SMA blends changed little as R, increased, indicating
that in principle all of the casting solvents are near good solvent for this blend. In
spite of this, the differences among the solvents with different R,. are undeniable for
the different J, and J,, which represent the contribution of hydrogen bonding and
polar force in the three-dimensional solubility parameter, respectively [46]. The o, of
PMMA, m-xylene and acetic acid are 4.0, 0.5 and 3.9 cal” 2'cm'm, while the o, are
3.3, 1.5 and 6.6 cal"*-cm™?, respectively [46]. Similarly, J, and 0, of the mixed
solvents can be obtained according to eq 6. As R, increases, J, and J; of the mixed
solvents calculated using eq 6 generally get close to that of PMMA, meaning the

hydrogen bonding and polar force between PMMA chains and the solvents become



357

358

359

360

361

362

363

364

365

366

367
368
369
370
371
372
373

374

375

RSC Advances

stronger. As a result, the PMMA chains spread loosely in solvent with increasing R,
and the segmental alignment brings a local reduction of chain. It’s documented that
the PMMA chains and SMA chains are likely to entangle with themselves rather than
each other owing to their dissimilar chain structure [43, 47]. Hence, most of the
topological entanglements happen in the two components themselves. In the mixed
solvents with higher R,., less entanglement points are formed in the solution owing to
the more loose chain conformation. Therefore, the topological entanglement density
decreases with the increase of R, in the resultant films due to the chain memory

effect.

10' 1 N 1

00 01 02 03 04
R

ac

Fig. 3 Plateau modulus Gg) exp> crossover modulus G, and entanglement molecular weight
estimated using the ‘“MIN method’ (M,%) and the ‘Crossover modulus-based’ method (M,?) for
PMMA/SMA (20/80) blend films cast from solvents with different R,.. The inlay presents the
dependence of G', G" and tand on frequency for PMMA/SMA(20/80) blend film cast from
m-xylene at 160 °C, while the plateau modulus G exp and crossover modulus G, are determined

using the ‘MIN method’ and the ‘crossover modulus-based’ method, respectively.

3.3. Glass transition temperature and cohesional entanglement of molecules
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In order to clarify the influence of architecture structure on glass transition, 7,s of
the resultant films cast from solvents with different R,. were detected by the
broadband dielectric spectroscopy (BDS), which is based on the interaction of an
external field with the electric dipole moment of the sample and consequently has
been widely employed in a wide variety of scientific fields such as fuel cell testing,
molecular interaction, and microstructural characterization. Fig. 4 shows Tgs as a
function of R, for PMMA/SMA blend films by BDS measurements. One can find
that 7, increases with increasing the mass ratio of acetic acid. Usually, the glass
transition behavior of polymer film can be influenced by some factors such as chain
entanglement [5], substrate [48], interfacial conditions [49], film thickness [50] and
residual solvents [51-53]. In this investigation, the influences of substrate, interfacial
conditions, film thickness and residual solvents can be ignored because all the
experiment conditions are uniform and the residual solvents are removed completely.
Note that in most cases reported previously, the elevated 7, is related to the increased
entanglement degree [5, 7, 19, 54, 55]. In previous study [19], the T, of PMMA/SMA
blends increases when annealing time or temperature increases owing to the increased
topological entanglement density during the annealing process. Therefore, the 7,
should be positive correlated with the topological entanglement density. Considering
the decreased topological entanglement density in PMMA/SMA films with the
increase of R, as mentioned in last section, this phenomenon that 7, increases as the
extent of chain entanglement decreases is rather interesting. Lu et al. found that a

hydrophilic polymer polyacrylamide (PAL) presented an increased 7, with decreasing
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chain entanglement and they attributed it to the strong molecular interaction formed
between an amino group and a carbonyl group in PAL [56]. However, the
PMMA/SMA system differs from the PAL one. It is a hydrophobic one and there is
no intermolecular interaction between PMMA and SMA molecular, because the
hydrogen bonding only occurs between the polymer and the casting solvents during

sample preparation.

126

122

?

0.0 01 02 03 04
Rac

Fig. 4 T,s of PMMA/SMA (20/80) blend films cast from solvents with different R,. measured
by broadband dielectric spectroscopy with a heating rate of 3 °C/min at 10 Hz.

To explore the reason of elevated 7, in PMMA/SMA films cast from the mixed
solvents with R,., the cohesional entanglements in polymers mentioned above was
investigated. Previously, some evidences of cohesional entanglements have been
demonstrated by low wavevector wide angle neutron scattering [57], wide angle

X-ray scattering [58], high resolution solid state NMR experiments [59] and DSC
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[27]. Fig.5 gives the reversing and non-reversing heat flows of PMMA/SMA blend
films obtained by modulated DSC test. The reversing signal presenting glass
transition shifts towards higher temperature with increasing R,.. It is observed that 7,
obtained from MDSC is lower than that measured by BDS for each sample, but its
variation trend with R, is in good accord with the BDS result in Fig.4. These T,
differences obtained from two methods should result from the different testing
principle. On the other hand, there is only one non-reversing heat flow signal at 109.1
°C when the casting solvent is pure m-xylene, while another signal at about 116 °C
appears at higher temperature when hydrogen bonding exists between PMMA/SMA
and casting solvents. With the increasing of R, the signal at lower temperature
weakens and the one at higher temperature becomes stronger. The double-peak
behavior has been found in many systems [60-63], and one considers that the
temperature endothermic peak located in physically aged poly(DL-lactide) is induced
by the disengaging of the cohesional entanglements formed during physical aging
[63]. In this investigation, it is noted for the blend sample prepared by pure m-xylene,
its T, is about 112.1 °C and it is slightly higher than the peak temperature of 109.1°C
on the non-reversing heat flow curve. This endothermic peak at 109.1 °C should
present the energy barrier acquired of segment motion, which may induce by various
Van der waals interaction in these polymers including cohesional entanglement. For
the blend samples prepared by various mixed solvents, the endothermic peak at about
116 °C indicates that a greater energy barrier which segment motion must overcome.

With increasing R,., the endothermic peak at about 109 °C decreases and the one at



436

437

438

439

440

441

442

443
444
445

446

447

448

449

450

451

RSC Advances

about 116 °C becomes stronger, so Tes of these blends gradually rise. Thus, these
results clearly show that the endothermic peak at about 116 °C in PMMA/SMA blend
films should be ascribed to the cohesional entanglements induced by hydrogen
bonding between the polymer and the casting solvents. The enhanced signal at high
temperature indicates an increasing quantity of cohesional entanglements with

increasing R..

|

!

v
116.4°C

109.0°C

endo

Rac=0.4 109.1°C

100 110 120 100 110 120
Temperature(°C)

Fig.5 \Variation of reversing (a)and non-reversing (b) heat flow with temperature for
PMMA/SMA (20/80) blend films cast from solvents with different R,. measured by MDSC upon
heating.

As discussed previously, in the blends/mixed solvent solutions, the hydrogen
bonding and polar force between PMMA chains and the solvents become stronger
with increasing R,., hence the PMMA chains spread loosely and more segmental
alignment appears. Furthermore, there are more opportunities for local parallel

alignment neighboring segments to form cohesional entanglements in the
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cast-solution with increasing R,. Due to the memory effect, the amount of the
cohesional entanglements in the resultant blend films may also increase as R,
increases. [t was reported that the average cohesional entanglement spacing along the
chain was much smaller than that of the topological entanglement below 7, and the
cohesional entanglements prevented the occurrence of the long-range cooperative
conformational changes of the chain and the polymers presented a glassy state [26].
As the R, increases, the cohesional entanglement spacing along the chains become
smaller, so a higher temperature is acquired to offer a sufficient energy for the
polymer segments to overcome the baffle of cohesional entanglements. During
heating, the cohesional entanglements will gradually disentangle or vanish, so the
long-range cooperative motions are unlocked. Once the temperature reaches 7, the
cohesional entanglement spacing is large enough for rubber elasticity and
consequently the cooperative changes of conformation involving successive
backbone bonds are permitted [26]. Hence, even the topological entanglement density
decreases in samples cast from mixed solvents with higher R, T increases due to the
incremental cohesional entanglement, which might be destroyed during the high
temperature rheological tests at 160 °C. In accord with the previous study [45], the
cohesional entanglements are indeed important to the physical properties of polymers
near T, and in their glassy state. Furthermore, as discussed above, the cohesional
entanglement could be destroyed partially when the temperature exceeds the 7,. Since
the experiments in Figure 3 were conducted at 160°C, at which most of the

cohesional entanglement would be destroyed, consequently the contribution of
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cohesional entanglement to the plateau modulus can almost be ignored.

In addition, it needs to be pointed out that a fixed sample preparation condition
including concentration and casting method was chosen in order to make a reliable
comparison between experimental results. Furthermore, to obtain reliable
experimental results and conclusion, PMMA/SMA blends with other different
composition were also investigated. It is found that the experimental results of these
samples are rather similar to those of PMMA/SMA with composition of 20/80, as

indicated by Fig. S5 and Fig. S6 in Supporting Information.

3.4. Molecular dynamics

3.4.1. a-relaxation process

Rac=0 |
Rac =0.1 ]

< DO DO

B-relaxation

PEPRYYTY AW TTTY EETATWTTTTY BRI B ArwTTT BETArwTIT A w T BErArwrrT B ey

10" 10° 10° 10° 10°
fTHz

Fig. 6 Dielectric loss €” as a function of frequency for PMMA/SMA (20/80) blend films cast

from mixed solvents with different mass ratio of acetic acid at 130 °C. The solid curves represent

HN fittings of the data.

Usually, molecular dynamics is directly influenced by the chain entanglement. In
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order to investigate the effect of hydrogen bonding between polymer/solvent on
molecular structure of the resultant films, the molecular dynamics of PMMA/SMA
films was examined. Fig. 6 demonstrates the frequency dependences of dielectric loss
¢'" for PMMA/SMA (20/80) blend films cast from the pure m-xylene and mixed
solvents at a weight concentration of 5% at 130 °C. In the frequency range
investigated herein, three processes can be observed, namely ionic conductivity, o-
and [relaxation from low to high frequency, respectively. Similar to the
polyurethane/styrene-acrylonitrile system [64], the process of ionic conductivity is
attributed to the accumulation of charge carriers at the interface between PMMA and
SMA segments phase. The a-relaxation is related to the segment motion of the blends
and the f-relaxation corresponds to the partial rotation or conformational changes of
the -COOCHj; side groups around the C-C bond on the backbone of the PMMA
component [39]. In order to acquire more quantitative Information, the dielectric loss
of the complex dielectric function was analyzed according to the Havriliak-Negami
(HN) equation (eq. 7). It can be seen that the HN equation agrees well with the

experimental data [65].

Ae . O
[+ (wtpy)“HNIPEN ' 2gws )

& =€x +

in which w is angular frequency ( @ = 2xaf’), ¢ is the complex dielectric constant, &
and ¢, is dielectric permittivity of vacuum and the unrelaxed (w = o) value of the

dielectric constant respectively, de is the dielectric strength, and gy is the HN
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characteristic relaxation time. The exponents ayn and Sun (0<aun, fun< 1) are shape
parameters which describe the symmetric and asymmetric broadening of the
relaxation time distribution, respectively. Here, the i?:us presents the process of
ionic conductivity, in which ¢ is the dc conductivity constant, g is the dielectric
permittivity of vacuum and s (0 <s < 1) is a coefficient characterizing the conduction
mechanism. In this work, two HN functions and a conductivity process were used to
analyze the isothermal dielectric spectra. Furthermore, 7y is related to T
corresponding to the maximum of the dielectric loss by eq. 8 [65].

_ . XHNBHNT . _@HNT ~_1/a

—
N
T

—
=N
T

230 235 240 245 250 2.55
1000/T(K™)

Fig. 7 Dependence of dc conductivity on temperature for PMMA/SMA (20/80) blend films cast
from mixed solvents with various R,. at a concentration of Swt%. The solid curves represent
Arrhenius fittings of the data.
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In Fig. 6, the ionic conductivity processes of the resultant films are obviously
distinct. To further understand the effect of hydrogen bonding between solvent and
polymer on dc conductivity of the resultant films, dc conductivity were obtained by
fitting raw data in Fig.6 using eq.7. Fig. 7 shows the dependences of dc
conductivity on temperature for PMMA/SMA (20/80) blend films cast from mixed
solvents with difference R,. and the lines fitted by Arrhenius equation. It can be seen
that oof a given sample increases with increasing temperature, indicating that the
ionic conduction process is strengthened at elevated temperatures. It can be explained
by the increased mobility of ions at elevated temperatures and the enhanced wagging
vibration of molecular framework and side chains, as indicated by Ref 66.
Furthermore, there is no sharp change of the dc conductivity, meaning that no phase
transition process happens in the temperature range investigated. Compared with the
blend films cast from pure m-xylene, the dc conductivity of samples cast from mixed
solvents is lower. The conductivity activation energy can be obtained by Arrhenius
equation fitting, which is assumed to be the energy required to move the ion in the
ionic conductivity process. The activation energy values of different samples cast
from different solvents (R,. = 0, 0.1, 0.2, 0.4) are 102.39+2.6, 109.74+3.8, 118.66
+3.1and 124.30+3.2 kJ « mol™, respectively. As the mass ratio of acetic acid in the
mixed solvent increases, the increasing activation energy suggests it is more difficult
for the casting films to be conductive. It implies a more uniform structure in the blend
films cast from the mixed solvents due to the more homogeneous solution system. In

our previous work [14],it was found that PMMA/SMA blend film cast from DMF
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could present a higher oy, than that from chloroform, MEK and THF. If the hydrogen
bonding between PMMA and DMF plays an important role in the solution, the
PMMA/SMA chains should spread more homogeneous and the resultant film is more
uniform, as a result, a lower o4, than films cast from other solvents will appear.
However, the fact is opposite to the assumption. Therefore, in spite of the hydrogen
bonding between PMMA and DMF [3], the extraordinary performance of films cast
from DMF may result from the poor solvent property of DMF rather than the
interaction between PMMA and DMF.

Fig. 8 shows 7. of the a-relaxation as a function of temperature for PMMA/SMA
(20/80) blend films cast from m-xylene and mixed solvents with various R.
Meanwhile, the normalized ¢ of different blend films at 130 °C is presented in the
inlay. It can be observed that the a-relaxation peak shifts towards lower frequency
and 7, increases with the increase of R,,, indicating the decreased segmental motion
ability. These phenomena are similar to those for annealed films or films cast from
solutions with higher concentration in which a higher entanglement density and a
more compact chain conformation of polymer chains appears [14, 19]. According to
the data of entanglement density reported previously, both the annealing process and
larger solution concentration lead to a higher degree of topological entanglement
estimated by plateau modulus acquired in rheological tests, which is positive related
to the increasing 7m.x of a-relaxation. However, the increasing zm.x of o-relaxation
demonstrated in Fig. 8 does not correspond with the decreasing topological

entanglement density, which can be explained by the increasing cohesional
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entanglement. As discussed before, taking the topological entanglement results
estimated from Fig. 3 and the cohesional entanglement results obtained by Fig. 5, the
average cohesional entanglement spacing along the chain is much smaller than that of
the topological entanglement below 7, and the cohesional entanglement might play a
more important role than topological entanglement near and below 7, [26, 27]. The
increasing cohesional entanglements in the resultant films with increasing R,. will
restrict the segmental motion more. As a result, the 7,.x of the a-relaxation increases

with increasing R, in spite of the decreasing topological entanglement degree.

:
S
[=Y)]
=

O Rac=0

0 Rac=0.1

A Rac=0.2

-6 v Rac=0.4

2.25 2.30 2.35 2.40 2.45 2.50 2.55 2.60

1000/T(K")

Fig. 8 Relaxation time of the a-relaxation process as a function of temperature for PMMA/SMA
(20/80) blend films cast from different solvents at a concentration of 5 wt% measured by BDS.
The solid curves represent VFT fittings of the data. The inlays present the corresponding
normalized dielectric loss of different PMMA/SMA (20/80) blend films measured at 130 °C.

Tablel. Relevant fitting parameters for the VFT equation for PMMA/SMA blend films cast

from acetic acid/m-xylene mixed solvents with various R,,..

Solvent type logty (s) AK X10%) Ty(K X 10%)




591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

RSC Advances

R,=0 -16.4+0.8 1.72+0.21 2.7340.08
R,=0.1 -16.1+1.0 1.51+0.24 2.93+0.09
R,=02 -14.8+0.7 1.21£0.16 3.04+0.07
R,=04 -13.9+0.8 1.05+0.15 3.15+0.07

It is well known that the time-temperature superposition (TTS) principle and
equations, i.e. Williams-Landel-Ferry (WLF) equation, Vogel-Fulcher-Tamman (VFT)
equation and Arrhenius equation have been used in many aspects of polymer physics.
However, it is well accepted that the three equations have their own application
limitations. WLF equation is valid at the temperatures ranging from 7, to 7,+100 °C
for amorphous polymers [67, 68]. And VFT equation equivalent to WLF equation is
also applicable to describe the relaxations of segments in glass-forming liquids [69,
70] while Arrhenius equation for whole chain motion and secondary relaxations (J, v,
d-relaxation)of smaller motion unit than segments [71, 72]. To further understand the
segmental dynamics (a-relaxation) of the PMMA/SMA blends with different
entanglement states, the VFT equation (eq.9) was used to analyze the temperature

dependence of the relaxation time and the curves of fitting data are presented in Fig.

A
logTtmarx = logty + Py )

Where 7 is the relaxation time at infinite temperature, 4 is a numerical constant

related to fragility, and Ty is the so-called Vogel temperature, typically 30~70 K
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below T,. The parameters obtained from fitting by VFT equation to Tmax in Fig. 8 are
listed in Table 1. Obviously, the relaxation time % and the Vogel temperature Tj
increases with increasing acetic acid mass ratio in mixed solvents, which is in good
agreement with the 7, and zn. results discussed above. The decreased fragility
parameter 4 indicates an increase of fragility of the PMMA/SMA blend films [73]. In
the pure m-xylene solvent, the PMMA/SMA molecular chains spread
heterogeneously with curly molecular clews connected by loose chains, which is
similar to the polymer chains in poor solvents [74]. Meanwhile, the acetic acid in
mixed solvents provides hydrogen bonding with PMMA chains, which makes the
PMMA/SMA blends dissolve better and impenetrate more homogeneously. The loose
chains linking the clews play a vital role in the PMMA/SMA blend films cast from
m-xylene which makes most contribution to the toughness of the system. Considering
the more homogenous chain structure in PMMA/SMA blend films cast from mixed
solvents and the less loose chains with higher R, it’s intelligible that the
PMMA/SMA blend film becomes more fragile with the increasing mass ratio of

acetic acid in mixed solvents.
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628  Fig. 9 Relaxation time distribution of PMMA/SMA (20/80) blend films at 130 °C cast from
629  different solvents at a concentration of 5 wt% by BDS.

630
631 Furthermore, by analyzing the relaxation time distribution G(7) quantitatively, the
632 mechanism of intermolecular interaction between acetic acid and PMMA molecules

633  isrevealed. The G(7) can be obtained from the following equation[65].
634

ap o;
635 G(1) = (t/Ttan)*P sin(B6)

nt((t/tgn)?%+2(t/TuNn)% cos(na)+1)g

(10)

636 In which

0= arctan< sin(rra) )

(t/tyn)% + cos(ma)

637 Fig. 9 shows the G(7) curves for various PMMA/SMA (20/80) blend films at 130
638 °C by BDS measurements. There are two different relaxation modes in the
639  investigated temperature and frequency range, namely, the a-relaxation at a longer
640  relaxation timescale and f-relaxation at the shorter one. As shown in Fig. 9, the
641  o-relaxation peak shifts towards longer average relaxation time with increasing Ry,

642 indicating an increase of a-relaxation time. In despite of G(7) shifts towards longer
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relaxation time, no obvious distribution broadening of the a-relaxation is observed. It
means that the heterogeneity of the segmental dynamics in the films is hardly
influenced by the change of blends architecture and chain entanglement caused by the
hydrogen bonding between PMMA and acetic acid. To further discuss the
heterogeneity of the segmental dynamics, the shape parameters of a-relaxation peaks
were also analyzed. The amn and fian which describe the symmetric and asymmetric
broadening of the relaxation time distribution are listed in Table 2. For the films cast
from pure m-xylene and mixed solvents with various R, the values of ogn and Sin
are close to each other. Hence, the o-relaxation width and symmetry are considered
to be almost unchanged in PMMA/SMA blend films cast from mixed solvents with

different R,..

Table 2 Shape parameters of the a-relaxation at 130 °C for different PMMA/SMA (20/80) blend
films cast from solvents with different ratio of acetic acid at the concentration of 5 wt%.

Solvent type OHN fun

R,.=0 0.688+0.008 0.455+0.001
R,.=0.1 0.706+0.018 0.427+0.007
R,.=02 0.697+0.003 0.442+0.011
R,.=04 0.711+0.001 0.425+0.002

[-relaxation process

In Fig. 9, it is seen that the boundary between o and f-relaxation time distribution
moves to a longer time with increasing R,. in the G(7) curves, while the average
relaxation time of f-relaxation is hardly changed. The pf-relaxation of the

PMMA/SMA blends reflects the partial rotation or conformational changes of the
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-COOCH; side groups around the C-C bond in the main chain of the PMMA
component [39]. The S-relaxation is relatively weak compared with the a-relaxation
due to the facts that only 20 wt% PMMA in the blends and the f-relaxation of SMA
cannot be observed in temperature and frequency ranges investigated [5]. The
average ability of the -COOCHj3 to rotate partially or to change the conformation is
considered to be unchanged with the increase of R, on the basis of the unchanged
f-relaxation average distribution time.

In order to further investigate the S-relaxation, frequency sweep at 50 °C was
carried out. Fig. 10 shows the normalized dielectric loss £” as a function of frequency
for PMMA/SMA (20/80) blend films. It is seen that the f-relaxation peaks remain
around 10°-10* Hz and little difference appears in the peak positions of blend films
cast from mixed solvents with various R,. It declares that the average ability of
-COOCH; in PMMA molecular to rotate or to change its conformation will not be
affected by the variation in architecture in the films cast from different mixed
solvents. In other words, the hydrogen bonding between solvents and PMMA hardly
affects the average mobility of -COOCH3 in resultant blend films. With the increase
of R, the boundary between - and f-relaxation moves towards lower frequency,
which corresponds to the G(7) curves in Fig. 9. This may be ascribed to the shift of
the a-relaxation with increasing R, so the merged boundary of o~ and frelaxation
shifts accordingly. In fact, besides the average mobility of -COOCHj3, the
homogeneity of p-relaxation is almost unchanged because the peaks in the

normalized curves coincide. Above all, neither the dynamics nor the distribution of
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P-relaxation in solvent-cast PMMA/SMA films is influenced by the hydrogen
bonding between solvent and polymer chains, indicating that the local environment of

the segments is not changed.

max

(X
[}
o Rac=0.1
A Rac=0.2
v Rac=0.4
10" 10" 100 100 100 10 100 10°

Fig. 10 Normalized frequency-dependence of dielectric loss &' for PMMA/SMA (20/80) blend
films cast from mixed solvents with different R, at 50 °C.

4. Conclusion

The hydrogen bonding between PMMA and acetic acid during casting film has a
distinct effect on the molecular architecture of PMMA/SMA in solutions, which can
lead to the pronounced changes of macroscopic properties and molecular dynamics in
the resultant PMMA/SMA blend films. 7, increases and the o-relaxation shifts to
lower frequency, indicating a pronounced inhibiting effect on segmental dynamics in
blend film cast from mixed solvent with increasing hydrogen bonding between

PMMA and acetic acid. In mixed solvent with higher R, there are more
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opportunities for the local parallel alignment neighboring segments to form
cohesional entanglements. As a result, although the topological entanglement density
obtained by rheological measurement decreases, the cohesional entanglement in the
film rises as R, increases, which restricts the segmental motion and plays a vital role
in molecular dynamics near 7,. The molecular dynamic results obtained from
broadband dielectric spectroscopy also confirm the role of cohesional entanglement.
The dc conductivity decreases due to the more uniform structure in PMMA/SMA
(20/80) blend film with increasing R,. while the width distribution of a-relaxation nor
the dynamics of f-relaxation in these films is influenced by hydrogen bonding since

the unchanged local environment of the segments.
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Caption for Figures and Tables

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

Schematical of toplogical entanglement and cohesional entanglement. Reproduced with

permission from 1997, Wiley VCH.

FTIR spectra of (a) PMMA film cast from acetic acid, acetic acid and PMMA/acetic acid
solution, (b) real-time FTIR spectra of PMMA/acetic acid solution as the acetic acid
volatilized and (c) PMMA films cast from acetic acid, m-xylene and their mixed solvent,
respectively. The four curves in (b) correspond to the time of the marked points (1, 2, 3, 4)
in Fig. S4 in Supporting Information.

Plateau modulus Gg exp> crossover modulus G, and entanglement molecular weight
estimated using the ‘MIN method’ (M%) and the ‘Crossover modulus-based’ method
(M,?) for PMMA/SMA (20/80) blend films cast from solvents with different R,.. The
inlay presents the dependence of G', G and tand on frequency for PMMA/SMA(20/80)
blend film cast from m-xylene at 160 °C, while the plateau modulus G exp and
crossover modulus G, are determined using the ‘MIN method’ and the ‘crossover
modulus-based’ method, respectively.

Tys of PMMA/SMA (20/80) blend films cast from solvents with different R,. measured
by the broadband dielectric spectroscopy with a heating rate of 3 °C/min at 10 Hz.
Variation of reversing (a) and non-reversing (b) heat flow with temperature for
PMMA/SMA (20/80) blend films cast from solvents with different R,.. The DSC results
were obtained in the modulated mode upon heating with temperature modulation
amplitude of 0.5°C and an oscillation period of 60s.

Dielectric loss €” as a function of frequency for PMMA/SMA (20/80) blend films cast
from mixed solvents with different mass ratio of acetic acid at 130 °C. The solid curves
represent HN fittings of the data.

Dependence of dc conductivity on temperature for PMMA/SMA (20/80) blend films cast
from mixed solvents with various R,. at a concentration of 5wt%. The solid curves
represent Arrhenius fittings of the data.

Relaxation time of the a-relaxation process as a function of temperature for PMMA/SMA
(20/80) blend films cast from different solvents at a concentration of 5 wt%. The solid
curves represent VFT fittings of the data. The inlays present the corresponding
normalized dielectric loss of different PMMA/SMA (20/80) blend films measured at 130
°C.

Relaxation time distribution of PMMA/SMA (20/80) blend films at 130 °C cast from
different solvents at a concentration of 5 wt%.

Fig. 10 Normalized frequency-dependence of dielectric loss &' for PMMA/SMA (20/80) blend

films cast from mixed solvents with different R,. at 50 °C.

Table 1 Relevant fitting parameters for the VFT equation for PMMA/SMA blend films cast

from acetic acid/m-xylene mixed solvents with various R,..

Table 2 Shape parameters of the a-relaxation at 130 °C for different PMMA/SMA (20/80)

blend films cast from solvents with different ratio of acetic acid at the concentration of 5

wt%.



