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Abstract

The effects of tetrahydrofuran (THF) on the physical properties of poly(methyl methacrylate) at (PMMA )/silica nanoparticle
interfaces in polymer nanocomposites were investigated via differential scanning calorimetry (DSC), Fourier transform
infrared (FT-IR) spectroscopy, and X-ray diffraction (XRD) analysis. Amorphous structures containing PMMA chains with
large numbers of trans-gauche conformers were observed in the annealed samples. The amorphous structures in the samples
cast from THF suspensions contained PMMA chains rich in trans—trans conformers. These amorphous structures differed
from those of neat PMMA prepared without silica. Although the polymer chain mobility was reduced due to interactions
between PMMA and the silica nanoparticles, trans—trans-enriched PMMA chains within the amorphous structures were less
affected by these interactions. When the amorphous structures were heated above the glass transition temperature of PMMA,

the proportion of trans—gauche conformers increased.

Introduction

Poly(methyl methacrylate) (PMMA) is one of the most
important and widely used thermoplastic polymers due to
its outstanding transparency, processability, and durability
[1]. PMMA is thus frequently used as an organic glass or as
a covering for lighting fixtures. It is also commonly found
in optical devices, gratings, and waveguides [2, 3].
Recently, the demand for PMMA with enhanced perfor-
mance in industry and academia has increased [4]. Incor-
porating nanoparticles into PMMA to form nanocomposites
is an effective strategy for meeting this demand. Nano-
composites are often prepared by dissolving a polymer in an
organic solvent. It is thus necessary to investigate the effects
of solvents on the chain mobility and physical properties of
PMMA [5, 6]. The structure of PMMA is thought to be
affected by both the solvent and the nanofiller in polymer/
nanoparticle composites prepared via solution casting. It is
therefore imperative to elucidate the influence of solvents
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on the properties of PMMA and the interfaces between
PMMA and nanoparticles.

The effects of solvents on PMMA are usually investi-
gated using PMMA thin films cast onto solid substrates
[7, 8]. The chain mobility of a solvent-cast PMMA film
depends on the solvent used. Bulk syndiotactic poly(methyl
methacrylate) (s-PMMA) has an amorphous structure.
However, crystallization can be induced by ketone solvents
such as chloroacetone and diethyl ketone. Kusuyama et al.
[7] reported that crystallization in st-PMMA films cast from
chloroform solutions was induced by solvent. Kamei et al.
[8] reported that the crystallization of several polymers,
including PMMA, could be induced by exposure to a sui-
table solvent or thermal conditions.

The properties of PMMA at interfaces with inorganic
materials differ from those of bulk PMMA [9, 10]. Keddie
et al. [11] measured the glass transition temperatures (7s)
of ar-PMMA thin films on native silicon oxide substrates
using spectroscopic ellipsometry. They found that the
restriction of the chain mobility due to the strong interac-
tions between ar-PMMA and the native silicon oxide of the
substrate increased the T,. For thin films, it has been
reported that changes in T, are caused by the effects of the
free surface, chain confinement, interfacial interactions, and
molecular weight [12—15]. The structures and dynamics of
PMMA chains at solid interfaces have also been studied by
using PMMA thin films. PMMA chains aggregate and form
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a high-density layer at the interface with a solid [16—18].
Segment motion is restricted in this layer, and its T, is
significantly higher than the bulk 7, [19]. Most of these
studies were performed using polymer thin films on solid
substrates. Forrest et al. [20] reported that the 7, values of a
free-standing ultrathin polystyrene (PS) film and a sup-
ported PS film were lower than that of bulk PS. In addition,
the decrease in the 7, of the free-standing ultrathin PS film
relative to the bulk 7, was much larger than the decrease in
the 7, of a supported film relative to the bulk. This indicates
that the free surface of an ultrathin polymer film is an
important factor that also affects its 7,. Various factors
affect the Tys of polymer thin films, and thin films differ
from bulk samples in terms of their surfaces, interfacial
effects, and entanglements. These results indicate that in
addition to the solvent, the surface of a thin film and its
interface with the substrate can significantly affect the
structure of the PMMA.

In a thin film, the effects of both the polymer-substrate
interface and the molecular mobility of the polymer on the
thin film surface are large. In this study, we prepared PMMA
nanocomposites with high contents of silica nanoparticles.
These samples are much less affected by surface effects than
the thin film samples, and they accurately reflect only the
physical properties of the PMMA-silica interfacial regions. In
this paper, we investigated the molecular mobility of PMMA
in the interfacial region using a PMMA/silica nanocomposite
and the effects of tetrahydrofuran (THF) on the PMMA chain
mobility via differential scanning calorimetry (DSC), X-ray
diffraction (XRD) analysis, and Fourier transform infrared
(FT-IR) spectroscopy.

Experimental procedure
Materials

At-PMMA was purchased from Aldrich (St. Louis, MO,
USA). The average molecular weight (M,,), T,, and density
of ar-PMMA were ~120,000, 105 °C and 1.188gcm*3,
respectively. Spherical silica nanoparticles (p =2.2 gcm ™)
with diameters ranging from 18.8 to 83.6nm were pur-
chased from Kanto Chemical (Tokyo, Japan).

Sample preparation

PMMA (0.1 gmLfl) was dissolved in THF (bp 66 °C) in
sample vials. A polytetrafluoroethylene (PTFE) sheet was
used as the substrate on which the solution was dropped.
Since the interactions between PMMA and PTFE are very
weak, we expected that the substrate would not affect the
structure of the PMMA during the drying process. In
addition, since the solvent evaporates from the surface of
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the cast solution of the polymer on the substrate during the
drying process [21, 22], the residual solvent tends to remain
near the substrate. Therefore, the sample was first dried for
24 h in air at room temperature, then turned over and further
dried for another 24 h under the same conditions. The THF
solutions were cast onto PTFE sheets to prevent interactions
with the substrates at room temperature and allowed to air-
dry for 24. Since the solvent molecules were expected to be
concentrated at the interfaces between the polymer and the
substrate [21, 22], the cast samples were peeled from the
PTFE sheets, turned face down, and dried for an additional
24 h. The cast samples were then dried under vacuum for at
least 7 days. These samples were referred to collectively as
THF-cast samples, and they included neat PMMA (THF)
and PMMA/SiO, (THF). The amounts of residual solvent in
the THF-cast samples were determined from the difference
in the weight of the sample dropped on the substrate before
and after drying.

Mixed samples containing PMMA and silica nano-
particles were prepared by dispersing silica nanoparticles in
PMMA solutions in THF (0.1 gmL’l). The samples col-
lectively referred to as THF-cast samples were prepared
from pure PMMA in THF and PMMA/SiO, in THF. The
THF-cast samples were heated for 1 h at 180 °C, which was
above the T, of PMMA, and then allowed to cool slowly to
room temperature. These samples were referred to collec-
tively as melt samples, and they included neat PMMA
(melt) and PMMA/SiO, (melt).

To investigate the effects of the residual solvent on the
molecular mobility of PMMA, heat-dried samples, in which
the solvent was removed by heating, were prepared in addi-
tion to a THF-cast sample. The solvent was removed by
heating a THF-cast sample at 120 °C. This temperature is
higher than the 7, of PMMA and the boiling point of THF.
The amount of residual solvent was changed by changing the
heating time. These samples are called heat-dried samples.

Measurements
Differential scanning calorimetry (DSC)

The Tgs of the PMMA/silica nanoparticle mixtures were
measured using DSC. Each sample (8-10mg) was packed
into an aluminum pan, and DSC curves were obtained using a
DSC-6200 calorimeter (Hitachi High-Tech Science Corpora-
tion, Tokyo, Japan). The nitrogen gas flow rate, heating rate,
and measurement temperature range were 30mL min !,

10°C min~"!, and —40°C to 150 °C, respectively.
FT-IR spectroscopy

FT-IR spectra were obtained using an FT/IR-480 spectro-
meter (JASCO, Tokyo, Japan). A total of 128 scans with a
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Fig. 1 Glass transition temperature as a function of solvent content for
neat PMMA samples dried at different temperatures: solid lines cor-
respond to linear fit of the data

resolution of 2 cm ™! were acquired for each sample over the

spectral range from 400 to 4000 cm ™.

XRD analysis

XRD was performed using a MiniFlex 600 XRD instrument
(Rigaku, Tokyo, Japan) equipped with a CuKa radiation
source. The tube voltage, tube current, scan range, and scan-
ning speed were 40kV, 15mA, 3-40° (260), and 2° min’l,
respectively.

Results and discussion

Figure 1 shows T, as a function of solvent content for neat
PMMA samples dried at room temperature or at 120 °C.
The solid lines correspond to the linear fit of the data. When
the neat PMMA samples were dried at room temperature,
the 7, increases linearly with decreasing residual solvent.
However, even if the residual solvent is extrapolated to 0 wt
%, the Ty is significantly lower than the bulk T, despite no
residual solvent. The T, values of the heat-dried samples
treated at 120 °C also increase linearly with decreasing
residual solvent content. However, T, was significantly
different depending on the drying temperature even with the
same amount of residual solvent. In addition, when the
amount of residual solvent in the heat-treated sample was
extrapolated to 0 wt%, the T, was the same as that of neat
PMMA (melt). Although the residual solvent could not be
completely moved from the samples in this study, the
PMMA samples dried at room temperature have a distinctly
different molecular mobility from those in the heated
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118.8 °C
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_105.1°C

«— Endo.

neat PMMA
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20 40 60 80 100 120 140
Temperature [°C]

Fig. 2 DSC curves of neat PMMA (melt) and PMMA/silica nano-
particle composites (melt)

samples. Therefore, when the solvent was removed at room
temperature, a structure distinct from bulk PMMA was
formed due to the effects of the solvent, and this structure
was maintained even after the solvent was removed.

The DSC curves of the neat PMMA and PMMA/SiO,
melt samples are shown in Fig. 2. The numbers in par-
entheses indicate the weight percentages of the nano-
particles in the samples. For example, the PMMA/SiO, (30)
sample contained 30 wt% SiO,. The curves in the figure
were normalized by polymer weight [23, 24]. The DSC
curves in Fig. 2 are all Ist scan data. Based on the measured
weight of residual solvent, the melt samples in Fig. 2 con-
tain no residual solvent, and the T, of annealed neat PMMA
was the same as that of PMMA without solvent casting. The
DSC curve of the neat PMMA melt sample indicated a glass
transition at 98.5 °C. Glass transitions in the DSC curves of
the PMMA/SiO, (30) and PMMA/SiO, (50) melt samples
were indicated at 105.1°C and 118.8 °C, respectively.
Therefore, the T,s of the PMMA/SiO, melt samples
increased with increasing silica nanoparticle content. The
higher T,s of the PMMA/SiO, nanocomposites were
attributed to the inhibition of polymer chain mobility by the
strong interactions between the PMMA and the silica
nanoparticle surfaces [25-27].

The DSC curves of the neat PMMA and PMMA/SiO,
THF-cast samples are shown in Fig. 3. The DSC curves in
Fig. 3 are all 1st scan data. The neat PMMA (THF) sample
has a residual solvent content of approximately 2.3 wt%,
and the PMMA/SiO, (THF) sample has a lower residual
solvent content. The T, from the 2nd scan data of the THF-
cast samples was almost the same as the 7, from the 1st
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Fig. 3 DSC curves of neat PMMA (THF) and PMMA/silica nano-
particle composites (THF)

scan data of the melt samples. That is, when the THF-cast
sample was heated at a temperature sufficiently higher than
T, in the 1st scan, the residual solvent was evaporated, and
the structure was relaxed. The DSC curve of neat PMMA
(THF) showed a glass transition at 65.8 °C. The DSC curves
of the PMMA/SiO, (30) and PMMA/SiO, (50) THF-cast
samples indicated glass transitions at 66.9 °C and 68.7 °C,
respectively, and the 7, increased only slightly with
increasing silica nanoparticle content. The 7,s of the THF-
cast samples were thus much lower than those of any of the
melt samples. Ito et al. [28] completely dissolved PMMA in
organic solvents, including butyl acetate and acetone, and
obtained PMMA thin films via compression molding. They
reported that the T,s of the PMMA thin films were lower
than the bulk 7, which was due to the enhanced segmental
motion of PMMA with residual solvent. This was attributed
to the strong dipolar interactions between the solvent
molecules and the carbonyl groups in PMMA, which
reduced the number of interactions between the PMMA
chains. Barone and Salerno [29] reported that the 7, of
PMMA was strongly influenced by the solvent used for
preparation because polar groups in the solvent could form
hydrogen bonds with the polymer. PMMA interacted with
the solvent, which hindered the intramolecular interactions
within the PMMA chains [29, 30].

A PMMA thin film prepared from PMMA dissolved in
an organic solvent will have a lower T, than the bulk 7,
because the intramolecular interactions are weakened by
contact or interactions with the solvent. Zhang et al. [22]
reported that strong interactions between the polymer,
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solvent, and substrate decreased the mobility of PMMA
chains and the 7,. These phenomena are observed when
residual solvent is present in a PMMA thin film. The resi-
dual solvent is located primarily between the PMMA thin
film and the substrate. However, the THF-cast sample
prepared in this study had ~2 wt% residual solvent, and the
PTFE sheets used as substrates did not interact with the
PMMA. It was thought that the high-mobility region
resulting from strong interactions between PMMA and
THF, referred to as the high-mobility amorphous region,
remained after the residual solvent was removed.

The THF-cast samples had significantly lower T,s than
the bulk T, and their T,s had broader distributions. Feng
et al. [31] reported that the 7,s of surfactant-free PMMA
nanospheres in aqueous dispersions decreased significantly
with decreasing particle size and that the distributions of the
T,s broadened. Water absorbed by PMMA did not affect the
T,. They suggested that the density of the entangled chains
on the PMMA surface was lower than that in the bulk, while
the free volume and segment mobility were greater [32-34].
In addition, PMMA nanospheres with diameters of 50 nm
dispersed in n-heptane had a T, that was ~60 K lower than
the bulk T, Similarly, the Tes of the THF samples that did
not interact with the PTFE substrates were lower than the
bulk 7,. This was because interactions between most of
the PMMA chains in these samples were weakened due
to the interactions between the PMMA and THF. This
reduced the density of the entangled chains and enhanced
segment mobility.

Each of the PMMA/SiO, samples had a lower T, than
the melt samples. The presence of silica nanoparticles in the
melt and THF-cast samples restricted the movement of the
polymer chains and increased the T,. However, the mag-
nitude of the increase in T, was smaller for the THF-cast
samples than for the melt samples. Eriksson et al. [35]
investigated the dependence of 7, on the residual solvent in
the PMMA nanocomposites prepared from solutions of
PMMA in toluene or methyl ethyl ketone that contained
dispersed silica. The T,s of the PMMA nanocomposites
were lower when they contained 3 wt% or more of residual
solvent. They reported that interactions between the PMMA
and solvent molecules counteracted the effects of the filler.

We considered the results of this study as follows. In the
PMMA/SiO,/THF system, PMMA has high molecular
mobility in the THF solution because THF is a good sol-
vent. Therefore, the PMMA structure near the silica surface
is not dramatically different from that in regions other than
the interface (bulk region). When the solvent is evaporated
at a temperature below its T, the PMMA structure changes
during the evaporation process to fill the gaps where the
solvent molecules had been. Thus, we believe that the
resulting structure must reflect the PMMA structure in the
THF solution because the drying temperature is below T.
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Fig. 4 FT-IR spectra of the neat PMMA samples (melt and THF)

On the other hand, when the THF-cast sample is heat
treated at 7, or higher, it relaxes to a state closer to the
equilibrium state. This was why the Tys of the THF-cast
samples were lower than those of the melt samples.

FT-IR spectroscopy was used to evaluate the physico-
chemical interactions between PMMA and the silica nano-
particle surfaces and the effect of THF on the PMMA/silica
nanocomposites. The FT-IR spectra of the neat PMMA,
THF-cast, and melt samples from 4000 to 500 cm~! are
shown in Fig. 4. The characteristic THF peaks at 2975,
2865, 1070, and 912 cm ™' were absent in the spectra of the
THF-cast samples. In the spectra of the melt and THF
samples, no new peaks appeared at these wavenumbers, and
no peak shifts were observed. This indicated that the resi-
dual solvent contained in the sample is below the detection
limit of FT-IR spectroscopy and does not significantly affect
the FT-IR spectrum of PMMA [30, 36]. The FT-IR spectra
of the neat PMMA and PMMA/silica nanoparticle melt
samples from 1770 to 1690 cm™' are shown in Fig. 5. The
peak at ~1732 cm ™! was attributed to the stretching vibra-
tion of C=0 in carbonyl groups [37]. When the spectra of
the neat PMMA and PMMA/silica nanoparticle melt sam-
ples were compared, the peaks in the spectra of the PMMA/
silica nanoparticle melt samples were shifted to lower
wavenumbers. This shift is observed when carbonyl groups
are influenced by hydrogen bonding [38] or acid-base
interactions [39]. Fowkes et al. [40] reported that the car-
bonyl absorption band shifted to a lower frequency due to
interactions between the PMMA carbonyl groups and the
hydroxyl groups (silanol groups [41]) on the surfaces of
SiO, nanoparticles.

Although the structural changes in PMMA induced by
interactions at the interfaces with silica nanoparticles were
not analyzed in detail in this study, the shifts in the FT-IR
spectra in Fig. 5 suggested the restriction of carbonyl groups
through interactions with the surfaces of the silica

PMMA/SiO; (50) (melt)
- - - PMMA/SiIO; (30) (melt)
_____ neat PMMA (melt)
51 P N
g iy
2 L7
(@] Y \
.8 / ‘\
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'/ § 3
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Fig. 5 FT-IR spectra of neat PMMA (melt) and the PMMA/silica
nanoparticle composites (melt). The peaks are normalized to the peak
areas from 1770 to 1690 cm™' in each spectrum

Table 1 Positions of the FT-IR spectral peaks of neat PMMA (melt)
and PMMA/silica nanoparticle composites (melt)

Sample Peak position [cm™!]
neat PMMA (melt) 1733
PMMA/SiO, (30) (melt) 1730
PMMA/SiO, (50) (melt) 1728

nanoparticles. Table 1 shows the positions of the absorption
bands in the FT-IR spectra of the melt samples. The peaks
shifted to lower wavenumbers as the silica nanoparticle
content increased. Although the peak shift was slight, it was
reproducible.

The FT-IR spectra of the neat PMMA melt and the THF-
cast samples from 1300 to 1000 cm™' are shown in Fig. 6.
The peaks at 1195, 1150, and 1060 cm ™! were attributed to
anti-symmetric C—O-C vibrations, C-O stretching vibra-
tions coupled with skeletal vibrations, and skeletal vibra-
tions in the main chain, respectively [42, 43]. The intensity
of the peak at 1060 cm ™' did not depend on conformation of
the PMMA main chains, so the spectra were normalized to
the peak at 1060 cm ™. The intensity of the absorption peak
at 1150 cm™' increases with decreasing proportion of
trans—trans conformers, which is accompanied by an
increase in the proportion of trans—gauche conformers. The
intensities of the 1150 cm™! peaks in the spectra of the
THF-cast samples were lower than those of the 1150 cm™!
peaks in the spectra of the melt samples. Therefore, the
THF-cast samples contained larger proportions of chains
with trans—trans conformations.

SPRINGER NATURE
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Fig. 6 FT-IR spectra of the neat PMMA samples (melt and THF)
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Fig. 7 Peak shifts in the spectra of PMMA/SiO, mixed samples due to
the addition of SiO,. The dotted lines are included as guides

The peak shifts due to the addition of SiO, in the spec-
trum of each PMMA/SiO, mixed sample are plotted in
Fig. 7. The spectra of the THF-cast samples exhibited
smaller peak shifts with increasing SiO, nanoparticle con-
tent than those observed in spectra of the melt samples.
These results indicated that the high-mobility amorphous
regions created by interactions between PMMA and THF
molecules inhibited the interactions between PMMA and
the silica nanoparticles.

The XRD patterns of the neat PMMA and PMMA/silica
nanoparticle composite melts are shown in Fig. 8. The
patterns of the mixed samples were normalized by
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Fig. 8 XRD patterns of neat PMMA (melt) and PMMA/silica nano-
particle composites (melt)

subtracting the nanoparticle pattern [44, 45]. The pattern of
the neat PMMA melt sample contained a characteristic wide
diffraction peak at (26) 13.1°, which indicated that the neat
PMMA melt had an amorphous structure. The interplanar
spacing calculated from this peak was 6.32A, which
reflected the ordering of the PMMA main chains [46—48].
Peaks in the patterns of the PMMA/silica nanoparticle
composites shifted to higher angles with increasing SiO,
nanoparticle content.

The XRD patterns of the neat PMMA and PMMA/silica
nanoparticle composite THF-cast samples are shown in
Fig. 9. Diffraction peaks from (26) 10° to 20° in the pattern
of the neat PMMA THF-cast sample were broader than
those in the pattern of the neat PMMA melt. In contrast, the
peaks near (26) 16° in the patterns of the PMMA/silica
nanoparticle (THF) composites were slightly shifted to
higher angles. The shift was greater in the patterns of the
composites with higher SiO, nanoparticle contents.

The peaks in the patterns of the THF-cast samples were
broader than the peaks in the patterns of the melt samples.
These results suggested that interactions between the
PMMA and THF molecules weakened the interactions
between the chains and that the packing of the PMMA
chains was disturbed. Their structures remained dis-
ordered at room temperature even after the solvent was
removed. Since the peak shift observed with increasing
silica nanoparticle content was quite small, the chains in
the structure formed by PMMA and the solvent did not
interact significantly with the silica nanoparticles at the
interfaces.
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Fig. 9 XRD patterns of neat PMMA (THF) and PMMA/silica nano-
particle composites (THF)

The effect of THF on PMMA in interfacial regions was
investigated using PMMA/silica composites. DSC, FT-IR,
and XRD were used to analyze the melted and solvent-cast
neat PMMA and PMMA/silica nanoparticle composites. The
structure of PMMA was clearly different from that of the melt
sample after removing the solvent at room temperature. This
structure is maintained at room temperature even if the resi-
dual solvent is removed. The T,s of the PMMA/silica com-
posites were higher than that of neat PMMA. The results
confirmed that interactions between PMMA and the silica
surfaces restricted the movement of the PMMA chains. The
T,s of the THF-cast samples were lower than those of the melt
samples. This was due to the interactions between PMMA
and THF, which weakened the interactions between the
PMMA chains and increased chain mobility. This suggested
that the interactions between PMMA and THF were stronger
than the interactions between PMMA and silica. The FT-IR
results indicated that the interactions between the PMMA and
silica involved carbonyl groups in the PMMA and silanol
groups on the silica nanoparticles. The XRD patterns of the
solvent-cast samples contained broader peaks than the pat-
terns of the melt samples. The PMMA chains were thought to
be randomly arranged because the interactions between them
were weakened by their interactions with THF. PMMA chain
packing remained random at room temperature. Collectively,
the results showed that PMMA and THF formed an amor-
phous structure that differed from that of bulk PMMA.
PMMA interacted with silica nanoparticles, but the interac-
tions between the highly mobile chains in the amorphous
region and the silica nanoparticles were limited. We propose
for the first time that THF affects the interfacial regions of

PMMAVsilica nanoparticles. The effects of solvents on the
morphologies of the polymer chains in the PMMA/silica
interfacial regions will be explored in more detail in a
future study.
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