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Abstract

A new concept of utilization of particle-polymer hybrids as multifunctional additives for polymer
blends was introduced in this study. Graphene oxide particles with short densely grafted
polystyrene brushes (GO-g-PS) were prepared by surface-initiated atom transfer radical
polymerization (SI-ATRP). Melt rheology studies revealed that GO-g-PS suppressed the phase
separation of miscible poly(methyl methacrylate)/poly(styrene-co-acrylonitrile) (PMMA/SAN)
blends. The studies suggested specific interactions of GO-g-PS with the PMMA phase and this
was confirmed based on calculations of activation energies of segmental relaxations by broadband
dielectric spectroscopy (BDS). These unusual interactions of GO-g-PS with PMMA phase were
assigned to the specific and precise architecture of the GO-g-PS particles as well as chemical
nature of PS polymer brushes. The short chains of PMMA and PS provide miscibility originating
from UCST behavior of PMMA/PS blend of short polymer chains. Additionally, BDS also

revealed improved charge transport in PMMAJ/SAN blend in presence of GO-g-PS hybrid.
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1. Introduction

Polymer blends are interesting materials since they can provide attainment of novel properties that
are hardly achievable for parent homopolymers. Miscible polymer blends exhibit properties of
single phase materials. They are defined as homogenous alloys down to the molecular level [1].
Nevertheless, mixing is not ideal, the level of mixing approaches the segmental scale in
dimensions, and even structured morphology with several large nanometer sized domains can be
observed [2].

PMMAVJ/SAN blends are very special as they are only miscible under certain conditions. Their
miscibility is affected by several factors. The acrylonitrile (AN) content in the SAN copolymer
can be pointed out as the most critical parameter. The miscibility occurs only in the range of 9 to
33 wt.% of AN in SAN. Furthermore, it is affected by molar mass of the individual polymers, the
ratio of PMMA and SAN in the blend, and the temperature [3]. A lower critical solution
temperature (LCST) behavior can be observed in these blends. They switch from the miscible to
immiscible state with increasing temperature. The transition is related to separation of polymers
and formation of domains of particular compositions. The PMMA/SAN pair separate via the
spinodal decomposition mechanism. Once the domains are large enough the blend loses specific
properties, among them also transparency, thus this transition is observed as a cloud point. The
properties changes are unfavorable, therefore there is a tendency to retain the materials properties
in time and with increasing temperature.

The coarsening of the domains can be affected by filler addition. It has been shown, that the
utilization of graphene nanoparticles resulted in formation of smaller domains compared to the

neat blend [4]. The addition of sphere-like silica particles (3 wt.%) increased the decomposition



temperature (determined by melt rheology) by approximately by 10 °C for both 40/60 and 60/40
PMMA/SAN blends [5].

Recently, attention was directed to examination of particle-polymer hybrids as active functional
fillers. They impart the additional material properties; such as electrical, magnetic, or mechanical
reinforcement, according to particle nature, while the polymer grafts enable tailoring specific
particles interactions and also their location either in the preferred phase or at the interphase of
polymer blends [6].

GO-g-polymer hybrids were observed to significantly affect the performance of polymer blends
[7-9]. In respect to miscible PMMA/SAN blends, the GO modified with PMMA chains was
reported to affect morphology changes and resistivity of partially miscible PMMA/SAN upon
annealing [10]. In this case the PMMA chains were long and loosely grafted (Mn 51,000 g/mol,
0.008 chains/nm?) as the grating reaction was an uncontrolled mechanism. Modification of
graphene oxide with PMMA (Mn 57,000 g/mol or 34,000 g/mol) or SAN (M, 100,200 g/mol) was
reported to enhance the LCST of PMMA/SAN blends [11, 12]. Also, in these studies the
modification of the GO was performed under uncontrolled polymerization conditions resulting in
very low grafting density of 0.004 chains/nm? [11].

The results shown above can be considered promising. However, the interactions between the
polymer grafted onto particles and the host polymer are difficult to evaluate, because the polymer
corona in such systems is inhomogeneous. The remaining question is whether the already reported
effects could be amplified by appropriate selection of chemistry and architecture of the grafted
polymer chains. It was proved that the best particle dispersion can be obtained at “optimal” grafting
density [13]. While long brushes may provide entanglements with long polymer matrix chains, the

low grafting density may lead to poor efficiency in interactions due to the mushroom-like



morphology of low grafting density brushes on the particle substrate. On the other hand, too
densely grafted brushes provide attractive force that leads to particle flocculation and thus worse
dispersion in polymer melts [13]. Thus, the optimum grafting density lies in-between these
parameters, and therefore is rather difficult to reach by an uncontrolled polymerization procedure.
From that point of view, the well-defined architectures of polymer grafts may provide more
efficient interactions between the particles and components of the blends. The effect of well-
defined polymer brushes on the physical properties of partially miscible PMMA/SAN blends has
not been reported so far.

In the current study, a system based on short polymer brushes tethered on the graphene oxide
particles (GO) was introduced. Polymer chains were grafted from GO surface using the SI-ATRP
approach. SI-ATRP is a versatile method that allows tailoring the molecular architecture of the
tethered polymer chains [14] as well as controlling the electrical conductivity of GO [15-18].
Short chains are favorable with respect to electrical conductivity of partially reduced GO as they
do not significantly hinder the charge carrier movement. Thus, short polystyrene brushes were
grafted from GO surface (GO-g-PS) and composed with poly(methyl methacrylate)/poly(styrene-
co-acrylonitrile) (PMMA/SAN) blends. A substantial effect on the temperature stability and
viscoelastic properties upon addition of a tiny amount of GO-g-PS was demonstrated. The origin
of the favorable effect was elucidated and is ascribed to preferred interactions of the grafted
polymer brushes with the PMMA polymer chains, as was revealed by broadband dielectric
spectroscopy. The presented results demonstrate the importance of the well-defined architecture

of polymer brushes and its significance in the design of the properties of polymer blends.

2. Experimental part



2.1. Materials

The polymer matrices poly(methyl methacrylate) (PMMA, My ~120,000 g/mol and H = 2.19,))
and poly(styrene-co-acrylonitrile) (SAN, acrylonitrile 25 wt.%, My ~165,000 g/mol and & = 2.50)
were received from Aldrich and dried at 30 °C and 100 mbar overnight before processing.

Styrene (99 %), methyl 2-bromopropionate (MBP, 98 %), N,N,N" N ,N"-
pentamethyldiethylenetriamine (PMDETA, >99 %), copper bromide (CuBr, >99 %), 2-
bromoisobutyryl bromide (BiBB) (98 %), triethylamine (TEA, 98 %) and anisole (99 %), diethyl
ether (>99 %) were purchased from Sigma Aldrich (USA) and used without further purification.
Fuming nitric acid, potassium chlorate (KCI, p.a.), hydrochloric acid (HCI, p.a.), tetrahydrofuran
(THF, p.a.), acetone (p.a.), dimethylformamide (DMF, p.a.) all were purchased from Pentalabs

(CZ) and was used as received.

2.2. Methods
The molar mass (Mn) and dispersity (P) of the polymer chains were investigated by gel permeation
chromatography using a GPC instrument (PL-GPC220, Agilent, Tokyo, Japan) equipped with
GPC columns (Waters 515 pump, two PPS SDV 5 um columns (diameter of 8 mm, length of 300
mm, 500 A + 105 A)) and a Waters 410 differential refractive index detector at 30 °C. THF was

used as solvent and PS calibration was used for characterization of the molecular weight of PS.

Transmission electron microscopy (TEM) observations of unmodified GO particles and GO-g-PS
hybrids were performed using JEM-2100Plus electron microscope (Jeol, Japan) with acceleration
voltage 200 kV. The samples for the TEM analysis were prepared by dispersing the particles in
acetone using mechanical stirring for 5 min followed by 2 min of sonication and dropping the

resultant suspension onto a copper grid.



Transmission electron microscopy of PMMA/SAN blends and composites was performed on
TEcnai G2 Spirit Twin microscope (FEI, Czech Republic). The ultrathin sections (thickness ca
60 nm) for TEM were prepared by ultramicrotomy at room temperature (ultramicrotome Ultracut
UCT; Leica, Austria) and deposited on carbon coated TEM grids. The sections were stained in
RuOy4 vapor for 2 h in order to increase contrast between blend components. The stained sections

were observed using bright field imaging at 120 kV.

The thermal decomposition of the samples was on-line monitored using thermogravimetric
analyzer (TGA) operating at 10 K/min in a nitrogen atmosphere, coupled with Fourier-transform
infrared spectroscopy (FTIR) with a help of Nicolet iS10 equipped with TGA-IR module (Thermo
Scientific, USA). Identification of the synthesized materials were performed by X-ray diffraction
(XRD) using XRD diffractometer MiniFlex600 (Japan, RIGAKU) with Co Ka source (A of

0.17903 nm, operating at 40 kV and 20 mA) and scan range 20 between 5 ° and 90 °.

The surface area of samples in the form of powder was determined by using volumetric sorption

analyzer, Belsorp mini-11 (Microtracbel, Japan).

The pellets of GO and GO-g-PS were used for electrical conductivity measurements, a two—point
method at room temperature was applied with the help of an electrometer (Keithley 6517B,
Beaverton, OR, USA). The presented results are the average values from 10 independent
measurements.

The composites consisting of the neat GO and GO modified with PS (GO-g-PS) and corresponding
amounts of PMMA and SAN matrices were mixed using a twin-screw counter-rotating mixer
provided by Brabender (Duisburg, Germany) with a volume capacity of ~50 cm®. The instrument
was heated in all heating zones at the operating temperature of 150 °C, while the feeding time was
set to 1 minute followed by 5 minutes of compounding under a rotors speed of 50 rpm. The filler
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concentration was 0.5 wt.%. The low polymer content in GO-g-PS hybrids was omitted in the

calculations.

The polymer blends and their composites were characterized by melt rheology by using Physica
MCR 501 rheometer (Anton-Paar, Austria). The parallel-plate geometry with plate diameter 25
mm was used in all experiments, the gap was set at 0.95 mm. The strain was set to 1 % to ensure
the linear response in all measurements. The disk-shaped specimens for rheological measurements
(22 mm diameter and 1.4 mm thickness) were cut from a composite sheet prepared by compression
molding at 160 °C for 10 min. The samples were measured in the frequency range 0.1 to 628 rad
s1, and in the temperature range from 160 to 230 °C, with 10 °C steps. Each sample was measured
three times.

The dielectric measurements were performed using Broadband Dielectric Impedance Analyzer
(Novocontrol Technology, Germany) equipped with standard sample cell BDCS 140. Samples in
the form of a thin sheet (1 mm thick), were placed between the gold-plated electrodes (20 mm
diameter). The frequency sweep was measured in the range 0.1 to 10 MHz and temperature range

-150 to 150°C.

2.3. Synthesis

2.3.1. Graphene oxide and Graphene oxide modified with initiator
The synthesis of graphene oxide was performed according to a modified Brodie method [19]. The
ATRP initiator bromo-2-methylpropionyl bromide (BiBB) was introduced onto the surface of the
graphene oxide via esterification according to the literature [15]. The detailed description of both
procedures can be found in Sl.

2.3.2. Graphene oxide polymer hybrid



The polystyrene brushes were grafted from initiator modified graphene oxide (GO-I) under ATRP
conditions. The GO-I (1 g, 0.22 mmol Br) particles were put into a Schlenk flask, which was then
evacuated and backfilled with argon three times. Styrene (67.41 mL, 586.4 mmol), methyl 2-
bromopropionate MBP (0.1635 mL, 1.466 mmol), N,N,N",N"",N""-pentamethyldiethylenetriamine
PMDETA (0.3061 mL, 1.466 mmol), and anisole (67 mL) were purged with argon and added into
the system under argon flow. The freeze-pump-thaw cycles were performed four times, until no
bubbles released from reaction mixture. The CuBr catalyst (0.2103 g, 1.466 mmol) was quickly
added under argon flow into the frozen system. The molar ratio of reactants
[styrene]:[MBP]:[CuBr]:[PMDETA] was [400]:[1]:[1]:[1], the solvent anisole in the amount of 50
vol.% was added. Finally, the reaction was started by the immersion of the Schlenk flask into the
oil bath heated to 60 °C. The polymerization was stopped after 192 hours, at 8 % monomer
conversion (determined by *H NMR). The molar mass and D of the PS chains grown from the free
initiator were determined by GPC (THF, PS standard) and reached values of 3,200 g/mol and 1.09,
respectively. The electrical conductivity of GO-g-PS hybrids reached 6.8 x 10* S cm™. The pure
hybrids were separated from free PS by centrifugation followed by washing with THF. That
process was repeated several times until no polymer was precipitated from the solution decanted
from the hybrid particles suspension.
2.3.3. Preparation of GO-g-PS PMMA/SAN composites

The polymer blends were prepared by melt mixing using the Brabender internal mixer at 150 °C,
50 rpm, until constant torque was attained (10 minutes). All the components were dried (RT, 100
mbar, overnight) before blending. The concentration of GO and GO-g-PS was 0.5 wt.% to enable

comparison with the literature data [11].



3. Results and discussion

3.1. Characterization of GO-g-PS hybrids
The surface area of GO was determined by BET analysis and reached 9.04 m? g™*. The prepared
GO-g-PS hybrids were characterized by TGA with online FTIR monitoring to prove presence of
PS brushes. Three decomposition areas are visible in the TGA (see Fig. 1a). The first drop appeared
in the temperature range from 25 °C to 150 °C and is attributed to evaporation of adsorbed water.
At the temperature range from 150 °C to 250 °C, the decomposition of oxygen containing
functional groups takes place [20, 21]. The decomposition of polymer brushes grafted from GO
surface can be observed in temperature range 220 °C to 450 °C [18, 22]. Herein, the decomposition
of PS brushes started at 260 °C and finished at 450 °C. At this temperature range the FTIR spectra
of decomposed moieties in the form of gases were collected and analyzed (Fig. 1b). The
characteristic bands of aromatic structures are clearly seen in the spectra, the C-H bond is visible

at 3120 to 2880 cm%, and the C=C bond appears at 1461 cm™.

100
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Fig. 1. Thermogravimetric analysis with FTIR online monitoring of GO-g-PS: (a) TGA curve, (b)

FTIR spectra collected in temperature range from 260 °C to 450 °C.
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The amount of decomposed organic content in temperature interval from 250 °C to 450 °C was 8
wt.%. Considering the mass loss of neat GO and GO-I (Fig. S1) in this temperature range, 5 wt.%,
it can be assumed that PS chains represent 3 wt.%. Based on this information and the polymer
molar mass determined by GPC, the grafting density can be estimated, assuming the similar molar
mass of brushes grown from surface and sacrificial initiator [23, 24] the calculated grafting density
corresponds to 0.6 chains nm which is a relatively high value [25]. The exact formula utilized for
the grafting density calculation is given in SI. The molar mass of PS brushes used in this study
was 3,200 g/mol, which is a lower value than chain entanglement limit of PS, 31,200 g/mol [26],
thus the dense brush regime arrangement could be expected [27]. Molar mass was not determined
based on the cleaved PS from GO surface because of the low DP of the PS and low surface area
of GO. As can be seen from the TGA, the GO-g-PS shows lower amount of oxygen functional
groups compared to GO and GO-I (Fig. S1) which points to partial reduction of GO surface during
SI-ATRP and it is in agreement with our previous results [15].

The presence of the PS on the GO surface was also observed by TEM. The TEM images of neat
GO and GO-g-PS hybrids are shown in the Fig. S2a and S2b, respectively. The neat GO particles
show typical 2D structure and proper exfoliation after the oxidation procedure. The darker parts
can be recognized as two or three layers of individual GO sheet. The presence of the polymer shell
can be seen as substantial darker tone, which covers the GO surface and also exhibits the flossy-
like structure as was shown elsewhere [22, 28].

The GO modification with PS resulted in enlargement of spacing between the graphene layers, as
confirmed by XRD (Fig. 2). The characteristic peak of the crystalline graphitic structure is visible
at 31.2° 260. After oxidation the band shifted to 17.1° 26, confirming the increase of the inter-

layer distance. This was further enlarged after polymerization when the 26 shifted to 11.8°.
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According to the Bragg equation (1) the interlayer distance increased from 0.333 nm for graphite
t0 0.6021 nm and 0.871 nm, for GO and GO-g-PS, respectively.

nA = 2d sinf 1)
where n is a positive integer, d is the layer distance, 4 is a wavelength of incidence light and O is

a scattering angle.

—— Graphite
— neat GO
— GO-PS

Intensity (a.u)

U .

0 .10.20.30.40.50.60.70.80.90
20(°)
Fig. 2. XRD spectra of neat graphite, graphene oxide (GO) and polystyrene-grafted graphene oxide

(GO-g-PS).

3.2. Characterization of neat polymer blends and composites
Polymer blends of 40/60 and 60/40 PMMAJ/SAN ratios were studied. Both were filled with neat
GO and GO-g-PS polymer hybrid. The grafting of GO with PS brushes was expected to improve
the particle dispersion, and also affect the polymer blend performance. The molecular weight of
PS chains was targeted to approximately 3,000 g/mol. According to the literature, such value was

sufficient to observe an effect on polymer blend performance [29].
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3.2.1. Effect of GO and GO-g-PS on morphology of PMMA/SAN blends
At the LCST point the miscible blend passes through a phase transition and the morphology
changes into immiscible. The PMMAJ/SAN pair used in this study fits the miscibility window. The
miscibility was confirmed by TEM (Fig. S3), the ultrathin sections were treated with RuO4 vapors,
which would have allowed to differentiate SAN from PMMA in heterogeneous systems, as
evidenced elsewhere [30]. The fine homogeneous morphology of all PMMA/SAN blends is clearly
visible, similarly observed by other authors [31]. The addition of filler did not lead to phase

separation, as documented by Figs. S3b, c, e, and f.

3.2.2. Effect of GO-g-PS on basic rheological characterization
Melt rheology is frequently used to study the flow of polymer blends, including effects related to
morphological changes [32-35]. The PMMA/SAN blends were studied in frequency sweeps at 200
°C, 210 °C and 220 °C, respectively. The temperature 230 °C is a ceiling temperature for PMMA,
above it depolymerization followed by gelation would occur, especially in the presence of moisture
[33, 36]. Cross-linked structures are formed, and they provide long relaxation times. They appear
in frequency dependence of G’ as a flattening of the slope at low frequencies. In this region
morphological changes are observed as well. Therefore, the rheological studies were also
conducted below this temperature. In the Fig. 3 the dependence of complex viscosity (r*) against

angular frequency (w) of polymer blends and their composites is depicted in logarithmic scales.
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Fig. 3. The angular frequency dependence of complex viscosity of PMMA/SAN 40/60 and 60/40
matrices, composites containing 0.5 wt.% GO and GO-g-PS. The data collected at 200 °C (a, b),

210 °C (c, d).

At 200 °C, the effect of surface modification can be seen in Fig. 3 a, b, however it is more
pronounced at 210 °C (Fig. 3 ¢, d). When compared the values of * within the plateau region (0.1
Hz) at 210 °C the »* of 40/60 PMMA/SAN increased by 6 % and 41 % after addition of neat GO
and GO-g-PS, respectively (Fig. 3c). However, the most noticeable improvement of #* within the
same range of frequency is visible in the 60/40 system at 210 °C where the »* of 60/40
PMMA/SAN increased by 26 % and 58 % after addition of neat GO and GO-g-PS, respectively
(Fig. 3d). The effect of GO can be assigned to steric hindrance, while in the case of GO-g-PS the
specific interactions between components of PMMA/SAN blend and PS grafts present on the

surface of GO probably contribute in the increase of #*, as is discussed further. The effect is also
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visible from G’(w) dependence, Fig. 4. The temperature of 220 °C was selected because the

observed changes were the most significant under these conditions.

—4— PMMA/SAN GO —=— GO-g-PS T =220 °C
10° 10° E
10* F 10°F
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o (rad/s) o (rad/s)

Fig. 4. The angular frequency dependence of storage modulus (G ) of PMMA/SAN 40/60 (a) and
PMMAJ/SAN 60/40 (b) blends, and composites containing 0.5 wt.% GO and GO-g-PS. The data

collected at 220 °C.

The dependence shows an arc-like shape typical for homopolymers, the rubbery plateau followed
by the decrease of G’ with decreasing frequency. Slight narrowing of the slope at low frequencies
can be observed. It indicates the presence of phase-separated domains. In both 40/60 and 60/40
systems the composites with GO-g-PS provide the highest slope at low frequencies, while the
effect is more pronounced in the 60/40 system which proves that presence of GO-g-PS suppress

the phase separation.

3.3.3. Morphology effects studied by rheological measurement
The LCST transition of polymer blends can be studied using dynamic shear rheology. The

transition appears as a drift from semicircle in Cole-Cole plot [33]. The Cole-Cole plot represents
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the dependence of imaginary part of #*(n") versus real part of #* ( ") (where " =G' /o and 5 ' =
G"/w, and G’ and G’ represent the real and imaginary parts of the shear complex storage modulus,
respectively) . Below LCST, in homogeneous state, there is only one circular arc in the plot. Above
LCST, a tail or a second circular arc appears on the right-hand side of the arc, which indicates a
second relaxation mechanism and denotes a formation of second phase [33, 37]. It should be also
noted that the arc become smaller and located in left bottom corner as the material softens. For
better understanding the evolution of the Cole-Cole an example of dependence of PMMA/SAN
40/60 sample with temperature is depicted in Fig. S4.

The Cole-Cole plots of 40/60 and 60/40 blends and their composites are shown in Fig. 5. In the
40/60 blend system, the formation of the second arc related to phase separation starts at 220 °C in
both neat matrix and composite (Fig. 5¢). On the other hand, in the 60/40 blend system, the phase
separation begins to occur at around 210 °C (Fig. 5b), the second arc is clearly formed in the neat
blend as well as the GO composite, while in GO-g-PS composite the flattening of the curve can be
seen, but not the tail of the second arc yet. The PS brushes suppress the second arc formation in
this case. The tail of second peak clearly appeared at 220 °C. The precise determination of LCST
was not possible from the obtained data sets due to the fact that the measurements were performed
with 10 °C steps. But the results clearly show the effect of GO-g-PS on the LCST and are more
efficient in 60/40 blend composition. A similar observation was reported for PMMA/SAN blend
stabilized with silica nanoparticles grafted with PS brushes (silica-g-PS) [5]. The silica particles
were grafted with short (500 g/mol or 2,000 g/mol) chains and long (46,000 g/mol) that fully
screened the particle core. Regardless of preferred interactions and particle location upon
annealing, the enhancement of LCST was observed for all types of modified silica. A comparison

with the literature data suggests the GO-g-PS hybrids are more efficient then silica-g-PS particles.
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The incorporation of 3 wt. % of silica-g-PS into the 40/60 PMMA/SAN blend resulted in
enhancement of LCST by 2 °C, from approx.174 °C to 176 °C, and in the 60/40 PMMA/SAN
blend by approx. 10 °C, from 166 °C to 176 °C [5]. Herein, the enhancement of LCST for both
PMMAV/SAN ratios was in the similar range, i.e. up to 10 °C but it was achieved by adding only

0.5 wt. % of GO-g-PS hybrids, Fig. 5.
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Fig. 5. The Cole-Cole plots of PMMAJ/SAN 40/60 and 60/40 blends, composites containing 0.5

wt.% GO and GO-g-PS. The data collected at 210 °C (a, b) and 220 °C (c, d).
To provide quantitative comparison of the effectivity of the filler on the blend temperature
stabilization, the data were fitted by Cole-Cole model (2) [38]. The fitting of the main arc was

performed for 200 °C and 210 °C.
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n*=n,+n,—n,)x

[+ (i00)“]

(2)

where 7* is the complex viscosity, 7+ is the unrelaxed viscosity, 7o is the relaxed viscosity, i is the

characteristic complex number, wis the angular frequency (where o = 2xf), zis the relaxation time

and « is shape characteristic of the fitted curve where 0 < c.

The data fitted with the model are shown in Fig. S5. In Table 1, the parameters Ay, that correspond

to 70 - 17, and relaxation times 7 of the fit functions are summarized.

Table 1 Parameters of Cole-Cole model.

40/60 PMMA/SAN, 200 °C

60/40 PMMAJ/SAN, 200 °C

matrix GO 0.5 GO-g-PS0.5 | matrix GOO0.5 GO-g-PS 0.5

wt. % wt. % wt. % wt. %

An (Pa.s) 22190 25100 31570 22560 28930 34190
7 (s) 0.151 0.181 0.247 0202  0.242 0.390

a 0.600 0.599 0.591 0.583 0.580 0.5416
40/60 PMMAJ/SAN, 210 °C 60/40 PMMAJ/SAN, 210 °C

matrix GO 0.5 GO-g-PS0.5 | matrix GOO0.5 GO-g-PS 0.5

wt. % wt. % wt. % wt. %
An (Pa.s) 8340 9870 11950 8410 10730 13970
7 (S) 0.083 0.089 0.141 0.106 0.113 0.205)
a 0.598 0.586 0.581 0.557 0.551 0.545
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The value of z reflects the polymer chain mobility. The addition of neat GO resulted in slight
increase of  compared to neat matrix at both investigated temperatures, 200 °C and 210 °C which
points to a slight restriction of polymer chains of the polymer blend matrix in presence of GO. On
the other hand, the addition of 0.5 wt. % of GO-g-PS changed 7 of both 40/60 and 60/40 matrices.
At 200 °C the relaxation time of 40/60 PMMAJ/SAN blend increased from 0.151 s to 0.247 s, that
IS an increase by 64 %, and 7 reported in 60/40 PMMAJ/SAN blend was changed by 93 %. At 210
°C the zincreased from 0.083 to 0.141 s, i.e. by 70 % in 40/60 blend and by 93 % at 60/40 blend.
Similar trends are observed in Ax, which reflects the enhancement of viscosity. The more
pronounced effects of GO-g-PS appeared in 60/40 PMMAJ/SAN blend. The results obtained from

melt rheology suggest specific interactions of GO-g-PS with PMMA/SAN blend.

3.3.4. Elucidation of specific interactions of the filler and PMMA/SAN matrix
In order to attain a better understand the obtained results, we further focused on elucidation of
interactions of the GO-g-PS particles with individual components of the PMMA/SAN blend.
Theoretical prediction of GO-g-PS particle location above LCST in PMMA/PS blend was based

on the wetting parameter o, calculated from equation (3):

® = Ys—2 —VYs-1 (3)
Y12

where ys_1, ys—2 and y12 is interfacial tension between the filler and polymer 1, the filler and polymer
2 and the two polymers 1 and 2, respectively. If o > 1, the filler is mainly distributed in polymer
1; if  <—1, the filler is situated in polymer 2, and if —1 < @ < 1, the particles are located at the

interface between polymer 1 and polymer 2 [39].

19



The calculation of the wetting coefficient (Table S1) are based on values of the interfacial tensions,
adopted from literature, points to not-preferred interactions of GO-g-PS, either with PMMA or
SAN. This could suggest that the preferential particles location is at the interphase above LCST.
However, it should be mentioned that the calculations did not take into account the change of
polymer polarity with the temperature and the impact of molecular weight of polymers on the
surface tension. On the other hand, the miscibility of PMMA/PS blend was reported in a case of
linear polymers as well as polymer brushes systems [40-42]. Although the Flory-Huggins
interaction parameter reveals a strong repulsive interaction between PMMA and PS, miscibility
was observed for polymers with low molar masses above the UCST transition [43]. The blend of
silica particles grafted with PS brushes (6,500 g/mol, 0.76 chains/nm?) and PMMA brushes (6,800
g/mol, 0. 41 chains/nm?), respectively, both in the dense brush regime, were found to be miscible.
Such hybrids turned immiscible upon crossing a certain molar mass threshold [42]. The reason of
such behavior was assigned to the reduced segmental interactions of chemically different chains
due to dense brush arrangement, and presence of particles cores that decrease the segmental
contacts that would drive the phase separation.

The GO-g-PS hybrids exhibited similar features and full screening of the graphene oxide can be
expected due to high grafting density of tethered brushes. Thus, the interactions of PS chains with
PMMA phase could be expected. As was revealed by GPC measurements, the PMMA matrix have
broad distribution of molar mass, b = 2.19, therefore, the presence of sufficiently high content of
short chains fraction that could provide the partial interdigitation with PS brushes could be

expected.
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The interaction of GO-g-PS with PMMAJ/SAN and higher efficiency in 60/40 system could then
be ascribed to the combination of the effect of brushes chemistry and their uniform architecture as

well as the effect of particle core alone.

3.3.5. Specific interactions studied by dielectric spectroscopy

The specific interactions of the GO-g-PS with PMMA phase of PMMA/SAN blends were further
confirmed by the dielectric relaxation spectroscopy. Dielectric spectroscopy enables the study of
polymer chain dynamics in a broad frequency and temperature range and enables the study of the
interactions of particles with the polymer matrix through effects on relaxations. The relaxations of
the polymer backbones (), side groups (5, y) and charge mobility at the interface (interfacial
polarization or Maxwell-Wagner-Sillars (MWS)) can be identified and effects of the various types
of fillers on the mentioned processes can be specified [2, 44-46].

The detailed analysis of dielectric maps of neat PMMA and SAN components as well as analysis
of 40/60 and 60/40 polymer blends is shown in Fig. S6a, b, S7 and S8, respectively. To evaluate
the effects of the filler on the relaxation processes qualitatively, the activation energies (Ea) of the

transitions were calculated. The relaxation processes and their fits are shown in Fig. 6.

151 ap-relaxation of PMMA 15k . op-relaxation of PMMA
—~ 10F T 10t
z z
g 5 s

M—E Y

Or ot

a-relaxation of SAN a-relaxation of SAN
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Fig. 6. Dielectric relaxation maps for VFT and Arrhenius types of relaxations, where (a) are 40/60

and (b) are 60/40 PMMAJ/SAN-based blends: (red) PMMA/SAN, (blue) PMMA/SAN with GO,
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(green) PMMA/SAN with GO-g-PS. Black squares correspond to af-relaxation of pure PMMA,
black pentagons correspond to a-relaxation of pure SAN and black stars correspond to S-relaxation
of O-CHjs side groups from pure PMMA. In (a) right triangles correspond to of-relaxation of
PMMA in blends, diamonds correspond to £ relaxation in PMMA in blends, colored pentagons
correspond to a-relaxation of SAN in blends. In (b) triangles correspond to ¢f-relaxation of
PMMA in blends, stars correspond to fS-relaxation in PMMA in blends, circles correspond to a-

relaxation of SAN in blends.

Fig. 6 omitted the y relaxation since it followed linear temperature dependence of frequency peak
maxima. Therefore, the data were fitted with Arrhenius model (4), which allowed the calculation

of the E, transition.

E
f, =1, exp[k i‘r] 4)

B
where Ea is the activation energy, fo is the pre-exponential factor, T is thermodynamic temperature,
and kg is Boltzmann constant.

The results are listed in Table S2. The addition of either GO or GO-g-PS provides only negligible
changes of Ea in the both the 40/60 as well as 60/40 PMMAJ/SAN blends. Similarly, as can be seen
in Table 2, a negligible effect was observed for the g relaxation of PMMA studied in temperature
range from 0 °C to 100 °C. The « relaxations corresponds to micro-Brownian motion of the main
chain appeared at temperatures above Ty, in the range from 110 °C to 150 °C. In case of PMMA
the cooperative of relaxation was studied, due to the fact, that presence of neat « relaxation was

above the Tg and is hardly distinguishable, as was already discussed (SI). In both blend
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components, PMMA and SAN, the temperature dependence of fmax was non-linear and therefore

data were fitted with empirical VVogel-Fulcher-Tamman equation (VFT) equation 5.

f=f, eXp(R(TE——aT)j ®)

where f is the relaxation frequency, fo is the pre-exponential factor, Ea is the activation energy, T
is the thermodynamic temperature, To is Vogel temperature, and k is the Boltzmann's constant. The
all fit parameters are listed in Table S3. The « relaxation of SAN showed very small changes in

values of E, after addition of filler, up to approximately 3 %, Table 2.

Table 2 Parameters of VFT fits of PMMA of relaxation and SAN « relaxations, and Arrhenius

fit of PMMA p relaxation
Ea (kJ mol?)

VFT VFT Arhenius

VFT
af relaxation  arelaxation g relaxation

MWS

PMMA SAN PMMA
PMMAJ/SAN 40/60 65.6 63.0 27.7 35.6
PMMAJ/SAN 40/60 GO 68.9 63.9 28.6 36.4
PMMA/SAN 40/60 GO-g-PS 72.1 65.1 28.7 34.4
PMMA/SAN 60/40 66.3 64.2 29.9 35.0
PMMA/SAN 60/40 GO 75.2 65.5 30.3 35.1
PMMA/SAN 60/40 GO-g-PS 82.7 66.3 30.4 31.3

23



Such an increase may indicate rather limited specific interaction of GO-g-PS with SAN chains. In
the case of PMMA ¢ relaxation, the blend 40/60 exhibited values of activation energy of 65.6 kJ
mol?, while the blends with neat GO and GO-g-PS showed values of 68.9 and 72.1 kJ mol?,
respectively. This corresponds to an increase by 5 % and 10 % in case of GO and GO-g-PS,
respectively. Such changes of Ea indicate the more difficult PMMA backbone movement and thus
a reinforcing effect of the filler. In the 60/40 blend the effect is even more pronounced. The Ea
increased from 66.3 kJ mol™ for the neat blend to 75.2 and 82.7 kJ mol™ for neat blend with GO
and GO-g-PS, respectively, an increase of 14 % and 25 %. These results prove the presence of
favored interactions between GO-g-PS and the PMMA component of the blend. In addition, the
MWS polarization was significantly affected by the presence of GO-g-PS. As can be seen in Table
2, the values of activation energy decreased compared to neat blends in both 40/60 and 60/40
systems, indicating the decreased charge accumulation on the interface and thus energetically
easier electron mobility through the material, that results in the considerable enhancement of
electrical conductivity of the investigated samples. These findings were also confirmed by
decreasing relaxation time since the response to the applied electric field is due to the enhanced
mobility on the interface. The presence of GO-g-PS facilitates the movement of the charge carries
over the interface, that is related to improved electrical conductivity of the composite systems, as
was proved in Fig. S9. For instance, in the 40/60 blend system the ¢ of the blends was changed
nearly by 1.5-fold, from 5x10%* to 2x 10'? S/cm. Regarding the possible conductivity
improvement it should be also stated here that the filler (GO-g-PS) used in this study has
conductivity only in order of 10* S cm™, while utilizing the SI-ATRP approach for GO
modification it was possible to reach the conductivity of the hybrid particles in the single-step in

order of 10° S cm™ [15]. Thus, it can be assumed that the percolation of the conductivity can be
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achieved at even lower filler content. Although the absolute values of electrical conductivity are
low in the systems studied here (hybrid content 0.5 wt. %), this knowledge is beneficial for design

of novel conductive polymer blend composites.

4. Conclusion

The effect of GO-g-PS hybrid grafted with short dense brushes on temperature dependent
viscoelastic properties and molecular chain dynamic of miscible PMMAJ/SAN blends was
investigated. Taking advantage of the miscibility of short PS and PMMA chains, the utilization of
very small amounts of GO-g-PS hybrids led to an increase of the LCST, especially in a
PMMAJ/SAN 60/40 blend system. Both techniques, melt rheology and dielectric spectroscopy,
confirmed the preferred interactions of GO-g-PS hybrid with the PMMA matrix component.
Although the dense brushes do not provide chain entanglements with polymer matrix components,
they significantly improve the thermal stability of the blend as a consequence of modification of
the nature of the polymer surface, including both van der Waals interactions and depletion effect.
Additionally, the presence of semi-conductive hybrid particles GO-g-PS proved to facilitate the
charge transport at the interphase without the necessity of any annealing. Although the
enhancement of LCST in the presence of GO-g-PS is only in the order of several degrees, when
considering the time-temperature superposition principle, the stabilization of miscible
PMMAJ/SAN with only 0.5 wt. % of GO-g-PS hybrids can be significant in prolonging service
time. The results point out that the GO-g-polymer hybrids with short dense brushes are a promising
new type of multifunctional additives for polymer blends. Such knowledge is beneficial and
provides new perspectives for the future of materials design, including miscible PMMA/SAN

blends composites.
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Synthesis of graphene oxide

The synthesis of graphene oxide was performed according to the modified Brodie method [1].
Fuming nitric acid (100 %, 125 mL) was added to a reaction flask containing a magnetic stirring
bar. The mixture was subsequently cooled to approximately 0 °C in a water/ice bath and graphite
(10 g) was loaded to the flask. The mixture was stirred to obtain a homogenous dispersion.
Potassium chlorate (50 g) was slowly added to the blend while keeping the reaction at 0 °C. Upon
complete dissolution of the potassium chlorate, the reaction flask was loosely capped to allow
escape of the gas evolved and the mixture was stirred for 20 hours at 40 °C. After the end of the
reaction, the mixture was added to 1L of deionized water (DW) and centrifuged, this was done
three times. Then the GO was dispersed in 5 % HCI solution (3 L) to remove metal ions and
centrifuged. Finally, it was cleaned by DW and dried in a freeze-drier. The surface area of GO was

determined by BET analysis and was found to be 9.04 m? gL,

Synthesis of graphene oxide grafted bromo-2-methylpropionyl bromide (BiBB) ATRP
initiator

The ATRP initiator bromo-2-methylpropionyl bromide (BiBB) was introduced onto the surface of
graphene oxide via esterification according to the literature procedure [2]. The GO powder (2 g)
was added to three-neck round-bottom flask (250 mL), then the flask was evacuated and back filled
with argon several times. The THF (60 mL) was dried over sodium wires, freshly distilled and

added to flask with GO under argon flow. The mixture was sonicated for a short time in an
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ultrasound bath to disperse the particles in the solvent. Then the triethylamine (12mL, 86 mmol)
was added into the reaction flask under argon flow. The mixture was cooled down to -5 °C in an
ice/water bath and BiBB (7 mL, 57 mmol) was added dropwise. The reaction flask was sealed with
septum and kept under inert atmosphere through balloon filled with the argon. The mixture was
stirred at RT overnight (18 h), and then it was refluxed at 80 °C for one hour. The product was
purified by filtration with a PTFE 0.44 pm membrane. The reaction mixture was filtered and
washed with 100 mL acetone. Then it was dispersed in 200 mL DMF, briefly sonicated (30 s),
filtered, and washed with acetone. This procedure was repeated three times (until the filtrate was
clear). Finally, the product was washed with diethyl ether and dried in an oven at 60 °C for 12 h

under vacuum. This procedure yielded the graphene oxide containing the initiator (GO-I).

Results and discussion
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Fig. S1. Thermogravimetric analysis of neat GO, GO-1 and GO-g-PS.
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Grafting density (o) is defined as the number of polymer chains per surface area (chain/nm?). In
this manuscript the value was estimated based on the commonly used approach using My, values
obtained from GPC, polymer content (PC, -) determined by TGA , and surface area determined by
BET (SA, m?/g) analysis and Avogadro constant (Na, mol™) [3, 4]. The amount of polymer, M,
and Avogdro constant enables calculation of the amount of chains per 1 gram, and surface area
enables calculation of the number of chains per area. The estimatation of grafting density can be

then expressed by equation S1:

__PC N,
T M, SA

(S1).

Fig. S2. TEM micrographs of GO (a) and GO-g-PS (b).
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Fig. S3. TEM micrographs of PMMAJ/SAN blends with 40/60 (a, b, ¢) and 60/40 compositions (d,

e, f) showing neat blends (a, d), composites enriched with neat GO (b, €), and composites enriched

with GO-g-PS (c, f).

14000
PMMA/SAN . " .
12000  40/60 - "
= [ ]
10000
[ |
& 8000 .
©
& 6000 - . = 190°C
~ I ..o°°0. e 200°C
o ., A 210°C
e v 220°C
2000 L %AAA“AA“ ¢ 230°C
0 h " 1 " 1 " 1 " 1 " 1 1 " 1

0 5000 10000 15000 20000 25000 30000
7 (Pa.s)

35000 40000

38



Fig. S4. Cole-Cole plot of PMMA/SAN 40/60 at various temperatures.
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Fig. S5. Viscoelastic properties of 40/60 and 60/40 blends filled by neat GO and GO-g-PS at 200

°C and 210 °C. The data in Cole-Cole representation fit with Cole-Cole model.

The wetting coeficient calculations

It was not possible to predict the GO location in PMMAJ/SAN blend at higher temperatures (190°C
- 220°C) because, as far we know, there are no available data about the temperature coefficient.
Since the estimated grafting density of PS on GO surface is high (0.6 chains nm) it could be
assumed that that the interaction of GO-g-PS with PMMA/SAN matrices are provided only by the
accessible PS brushes. For that reason, GO was not included in the calculations. The interfacial
tensions were calculated using harmonic mean equations [5] (surface tension y of PMMA, SAN

an PS, and its dispersive y? and polar y* components taken for interfacial tensions y1» calculations
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are presented under Table S1). At all studied temperatures, from 180 °C to 220 °C, the wetting
parameter for PMMAJ/SAN/PS equals @ = 0.68, suggesting that when PS is tethered to GO surface
the obtained GO-g-PS hybrids are located at the interphase of PMMA and SAN. However, the
theoretical predictions do not take into account the change of polymer polarity with temperature

and the impact of the molecular weight of polymers on the surface tension.

Table S1 Calculated interfacial tensions y12 and wetting parameters « at varied temperatures T;

from 180 °C to 220 °C.

T [OC] Y12 [mN m-l]* w
PS/PMMA | PS/SAN | PMMA/SAN PMMA/SAN/PS
190 0.98 4.65 541 0.68
200 0.96 4.53 5.27 0.68
210 0.93 4.42 5.13 0.68
220 0.91 4.30 4.99 0.68

*Data used for y calculations of polymer surface tension at given temperature; PS: y = 40.7-
0.072(T-20), y*/y =0.17 [6]; PMMA: y =41.1- 0.076(T-20); yP/y =0.28 [6];SAN: y = 41.5- 0.07(T-

20, yPly =0.15)[7]

Dielectric spectroscopy

In the Fig. S6a the dielectric map of PMMA is shown. The relaxation of methyl groups bonded to
the main chain of PMMA (y relaxation) was observed at temperatures from — 140 °C to — 60 °C as
a small peak. The relaxation in the temperature range from -20 °C to 100 °C is attributed to the
partial rotation of the CH3COOCHj3 around the C-C bond linking the side groups to the main chain
of PMMA (5 relaxation). Above Ty, both «and the g processes relax, with increasing temperature
they split to appear as off cooperative relaxation [8-10]. Moreover, due to presence of both
relaxations « and the 5 above the Tg, it is difficult to fit the « relaxation in the measured frequency
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range [9] and therefore the « S relaxation was evaluated from the point of view of activation energy
similarly as was done by Soreto et. al. [11]. At high temperatures and low frequencies, the MWS
polarization is clearly visible. This polarization appears at the interfaces of components with
different relative permittivities and/ or electrical conductivities, then the charge remains blocked
at the interface that manifest itself as a polarization peak [12, 13]. In the dielectric map of SAN,
Fig. S6b, the relaxation of acrylonitrile side group (y ) from SAN appears in the temperature range
from — 150 °C to -50 °C as a small peak. Above Ty, « transition of SAN and also MWS at high
temperature and low frequencies can be seen. Here, all relaxation processes are well-

distinguishable especially « transition in comparison to neat PMMA.

Fig. S6. Dielectric relaxation map of PMMA (a) and SAN (b)

In the Fig. 7Sa and Fig. 7Sb the temperature dependence of 40/60 and 60/40 PMMAJ/SAN blend

systems are shown, respectively. The spectra collected at low frequency, 10 Hz, were plotted to

clearly observe all relaxations. The results are depicted in dielectric loss modulus (M)
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representation to avoid the contribution of electrode polarization, that appears at low frequency

and high temperatures and usually overlap MWS polarization [14].

In the both types of blends 40/60 and 60/40, the y relaxations of PMMA and SAN are overlapped

completely in the whole investigated temperature and frequency range, Fig. S8a and Fig. S8b,

respectively, therefore they were omitted in further discussion, since the effect of the

compatibilizer addition is hardly distinguishable. The g relaxation of PMMA was clearly visible

in case of both blends. The SAN « relaxation appeared from 110 °C to 150 °C. It overlaps with

PMMA «relaxation at low frequencies and PMMA of relaxation at higher frequencies. However,

in frequency dependencies measured over the temperature range from 110 °C to 130 °C the peak

maxima of both PMMA and SAN were able to be distinguished enabling the filler effects to be

followed, Fig. S7.
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Fig. S7. Temperature dependence of PMMA/SAN blends at measured 10 Hz a) 40/60 blend

system, b) 60/40 blend system
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Fig. S8. Frequency dependence of dielectric loss modulus of PMMA/SAN blends measured at 130

°C a) 40/60 and b) 60/40

Table S2 Activation energies of CN and CH3 based on Arrhenius

Sample SAN PMMA
y relaxation of CN | y relaxation of CH3
Ea (kJ mol™?) Ea (kJ mol™?)
PMMA X 16.8
SAN 171 X

PMMA/SAN 40/60 171 16.8
PMMA/SAN 60/40 17.1 16.8
PMMA/SAN 40/60 GO 17.2 16.9
PMMA/SAN 60/40 GO 17.2 16.9
PMMA/SAN 40/60 GO-g-PS 17.2 16.9
PMMA/SAN 60/40 GO-g-PS 17.2 16.9

Table S3 Parameters of VFT fits of PMMA ¢f relaxation and SAN « relaxations, and Arrhenius

fit of PMMA f relaxation
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ap-relaxation VFT a-relaxation [-relaxation
PMMA SAN PMMA O-CHs
SMMA/SAN logfo | To Ea logfo | To Ea log fo Ea
s | (K) [ (kKImolt) | (s1) [(K) | (kImolY) | (s | (kImol?)
40/60 -10.7 | 290 65.6 -10.1 | 341 63.0 -14.4 27.7
40/60 GO -10.9 | 298 68.9 -10.1 | 342 63.9 -15.2 28.6
40/60 GO-g-PS -11.2 | 305 72.1 -10.2 | 345 65.1 -15.4 28.7
60/40 -11.0 | 300 66.3 -10.3 | 343 64.2 -15.8 29.9
60/40 GO -11.4 | 310 75.2 -10.4 | 345 65.5 -16.1 30.3
60/40 GO-g-PS | -11.8 | 318 82.7 -10.5 | 348 66.3 -16.4 30.4
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Fig. S9. Frequency dependence of electrical conductivity of 40/60 (a) and 60/40 (b) blend system

at 120 °C
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