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Abstract
The interface structures of isotactic poly(methyl methacrylate) (it-PMMA)/alumina nanoparticle (Al2O3; ~40 nm) mixtures
from tetrahydrofuran (THF) solutions were investigated by X-ray diffraction (XRD), Fourier transform infrared (FT-IR)
spectroscopy, and differential scanning calorimetry (DSC). The mixtures of it-PMMA can form two amorphous phases with
different crystallinities depending on casting conditions from THF. These structures are metastable and have different
activation energies for crystal nucleus formation. The polymer interface on Al2O3 particles changes into a crystallizable
amorphous phase with a trans-gauche-rich chain conformation.

Introduction

In 1958, Fox et al. reported that the synthesis of stereo-
regular poly(methyl methacrylate) (PMMA) leads to three
types of crystallizable polymers [1]. The three polymer
types have different X-ray diffraction patterns and proper-
ties. The three types are isotactic polymers, syndiotactic
polymers, and isotactic-syndiotactic block copolymers. Fox
et al. also reported that it is possible to crystalize isotactic
poly(methyl methacrylate) (it-PMMA). It should be noted
that it-PMMA forms helical crystals with five monomeric
units per turn [2, 3].

Because of this, the crystallization behavior of it-PMMA
has received much attention. Kumaki et al. made it possible
to obtain molecular images of various polymer structures by
tapping-mode AFM for Langmuir–Blodgett films [4].
Crystallization of some polymers can be promoted by the
proper solvent or temperature [5]. The crystallization of it-
PMMA is a very slow process and is achieved by annealing
at a high temperature for several days or weeks in a melt-
cast or solution-cast it-PMMA film [6]. The crystalline
samples can be obtained by freeze-extracting it-PMMA

from a PEG solution and annealing at a temperature near the
glass transition temperature for 48 h [7].

It-PMMA has also received considerable attention due to
its ability to a form double helical structure [8]. By forming
complexes with solvents, it-PMMA is known to self-
aggregate to form double helical structures with obvious
crystalline characteristics [9, 10]. Its aggregation behavior is
strongly dependent on the degree of stereoregularity, sol-
vent and temperature [11]. It-PMMA forms a double helical
structure upon crystallization, and peaks appear at 2θ= 8°
and 31° in the X-ray diffraction pattern [12]. It-PMMA also
forms two-dimensional folded chain crystals composed of
double-stranded helices [13]. The structure and properties of
a polymer generally change at interfaces with other mate-
rials. Physical properties at the surfaces and interfaces of
polymer thin films are actively being studied [14, 15]. Glass
transition temperatures of the interface region changes due
to the strong interactions between the polymer and substrate
[16]. Tannenbaum et al. reported high density and con-
formational changes of PMMA at the interface through
various measurements of composites prepared by mixing
PMMA and various metal oxide particles [17–19]. The glass
transition temperatures of composite samples of PMMA and
Al2O3 are lower than that of pure PMMA [20–22].

PMMA is widely used as composites with inorganic
fillers. Metal alkoxides [23–25] or colloidal inorganic
nanoparticles [26–28] are generally used for studies on
PMMA/inorganic oxide materials. However, the structure
and physical properties of the polymer at the alumina
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nanoparticle interfaces in the composite are not fully
understood.

In this paper, we discuss the interface polymer structures
of it-PMMA/Al2O3 samples. By using samples with high
nanoparticle contents, the interfacial structure of it-PMMA
with a thickness of 100 nm thick can be characterized by X-
ray diffractometry (XRD), Fourier transform infrared
spectroscopy (FT-IR), and differential scanning calorimetry
(DSC).

Experimental procedure

Materials

Isotactic poly(methyl methacrylate) (it-PMMA, it= 97.1%)
was purchased from Aldrich. The glass transition tempera-
ture (Tg) of the as-received it-PMMA was measured to be
35 °C. Tetrahydrofuran (THF) was used to dissolve it-
PMMA. Alumina nanoparticles were spherical and were
purchased from Kanto Chemical. The average particle dia-
meter and density of γ-alumina (Al2O3) were reported by
the supplier to be 41.4 nm and 3.6 g/cm3, respectively.

Measurements

XRD patterns were obtained with a MiniFlex 300 (Rigaku,
Tokyo, Japan). The measurements were performed using
CuKα radiation as the X-ray source, a tube voltage of
30 kV, a tube current of 30 mA, a scan range of 4–40°, and
a scanning speed of 2° min−1. The XRD pattern of the
alumina particles was subtracted from the pattern of the
mixed samples to isolate the structural information of the
polymer.

FT-IR spectra were obtained using an FT/IR-4100
(JASCO, Tokyo, Japan) with a diamond cell (Type
DX2010, Sumitomo Electric Hard Metal, Tokyo, Japan).
The resolution, scan number and measured wavenumbers
were 2, 500, and 400–4000 cm−1, respectively.

DSC curves were obtained using DSC-60 (Shimadzu,
Tokyo, Japan). The nitrogen flow rate, heating rate and
measurement temperature range were 150 ml min−1, 20 °C
min−1, and −40 to 200 °C, respectively.

Preparation of isotactic poly(methyl methacrylate)/
Al2O3 nanoparticles mixture

THF-cast samples

The mixed samples of it-PMMA and alumina nanoparticles
were prepared as follows. Alumina nanoparticles were
heated for 2 h at 800 °C to remove residual water and
hydroxide groups from the nanoparticles using a muffle

furnace (FO100, Yamato Scientific, Tokyo, Japan) before
mixing. The amount of residual water was measured to be
less than 1.5 wt% by thermogravimetry. It-PMMA was
dissolved in THF to obtain solution with 0.1 g/ml, and
nanoparticles were added to this solution. This sample was
mixed for 20 min in a mortar, cast on an aluminum substrate
at room temperature and dried under vacuum. No residual
solvent was detected in these samples by FT-IR analysis.
Furthermore, no endothermic peak was observed at the
boiling point of THF by DSC. No endothermic peaks were
observed in any samples.

Melt-cast samples

The melt-cast samples were prepared in the same manner as
the THF-cast samples, then heated at a temperature (160 °C)
sufficiently higher than melting temperature for 2 min.
These samples were cooled to room temperature to form a
thin film, showed the same physical properties as received
it-PMMA.

Annealed samples

The annealed samples were prepared by heating the mixed
samples at 60 °C for 48 h using a vacuum drying apparatus
(DN43H, Yamato Scientific Co., Tokyo, Japan).

Results and discussion

Figure 1 shows the XRD patterns of the melt-cast samples
(it-PMMA bulk, it-PMMA/Al2O3 (30), and it-PMMA/
Al2O3 (50)). The numbers in parentheses indicate the
weight percentages of the nanoparticles in the samples. The
curves in the figure were calculated by subtracting the
pattern of the nanoparticles from those of the mixed samples
[29, 30]. Broad peaks typical of amorphous it-PMMA are
observed. The melt-cast sample of it-PMMA bulk shows a
main peak at 2θ= 13°. Comparing the results of each
sample, the main peak shifts to higher angles with an
increase of Al2O3 nanoparticles. In the it-PMMA/Al2O3

(50) sample, the peak position of the main peak was 1°
higher than that of the bulk sample, and a new broad peak
appeared around 2θ= 8°. Because the peak position chan-
ged beyond an experimental error, the addition of Al2O3

induced an amorphous structure slightly different from that
of bulk PMMA. The crystals of it-PMMA are reported to
have peaks at approximately 2θ= 7°, 14°, and 28° [12].
Because peaks also appear around these angles for the
crystals of it-PMMA, the appearance of a broad peak at this
angle means that a structure capable of crystallization is
formed at the interface [12].
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Figure 2 shows the DSC curves of the melt-cast samples
(it-PMMA bulk and it-PMMA/Al2O3 mixtures). The DSC
curve for it-PMMA bulk shows a glass transition at 35 °C,
while the DSC curves for the it-PMMA/Al2O3 mixtures
show glass transitions and a broad change at 0 °C. Ash et al.
reported that PMMA/Al2O3 nanocomposites have a glass
transition temperature 25 °C lower than PMMA [20–22]. In
addition, Fujii et al. reported that the glass transition tem-
perature of PMMA decreases on the surface [31]. The broad
change detected at 0 °C in Fig. 2 may be derived from the
structure of PMMA at the Al2O3 interphase structure.

Here, we assume that all the Al2O3 nanoparticles dis-
persed in the samples are spheres with a diameter of 41.4
nm. Further, the densities of the it-PMMA in a bulk state
and the interface have no significant difference. The ratio of
XRD pattern area of interphase to the peak area of it-
PMMA bulk corresponds to the weight ratio of it-PMMA
interphase and bulk. The thickness of the interphase of it-
PMMA/Al2O3 (50) is estimated to be about 5–10 nm. The
interphase also becomes thicker with an increase Al2O3.
This means the existence of chains restricted by the surface
of Al2O3 [29].

In fact, there is a high possibility that the nanoparticles
are aggregated in the samples. Therefore, it is expected that
the interface structure is formed around not all the nano-
particles, and that the thickness of the interface becomes
thicker than 10 nm in the sample with aggregates.

Figure 3 shows the XRD patterns of the melt-cast sample
(it-PMMA bulk) and the THF-cast samples (it-PMMA bulk,

it-PMMA/Al2O3 (30) and it-PMMA/Al2O3 (50)). The melt-
cast sample of it-PMMA has a main peak at 2θ= 13°. In
contrast, the THF-cast samples of it-PMMA have peaks at
2θ= 7, 14, and 28° [12], and the peaks are broader.
Therefore, the amorphous structure of it-PMMA is changed
by THF. Furthermore, the peaks shift to higher angles, and
the shape of the peak at approximately 2θ= 23–30° also
changes with the addition of alumina nanoparticles. From
the results of each sample, the peak of it-PMMA bulk
(THF-cast) at 2θ= 14° shifts to higher angles with an
increase of Al2O3 nanoparticles. This change is similar to
that of the melt-cast sample. Therefore, it was found that the
amorphous structure of it-PMMA was changed by THF,
and it-PMMA forms a novel amorphous structure at inter-
faces with alumina nanoparticles.

Figure 4 shows the DSC curves of the melt-cast sample
(it-PMMA bulk) and the THF-cast samples (it-PMMA bulk
and it-PMMA/Al2O3 mixtures). The DSC curve for the
melt-cast sample of it-PMMA bulk shows a glass transition
at 35 °C and no melting peak. In contrast, the THF-cast
sample of it-PMMA bulk shows a glass transition around 0
°C. The decrease in the glass transition temperature is also
observed for the mixed samples (THF-cast). The glass
transition temperature of PMMA surface decreases due to
adsorptions and contact with different materials [32, 33].
Therefore, the THF-cast sample (it-PMMA bulk) may form
a metastable amorphous structure.

Fig. 1 XRD patterns of melt-cast samples (it-PMMA bulk, it-PMMA/
Al2O3 (30) and it-PMMA/Al2O3 (50)). The curves in the figure were
calculated by subtracting the pattern of the nanoparticles from those of
the mixed samples

Fig. 2 DSC curves for melt-cast samples (it-PMMA bulk and it-
PMMA/Al2O3 samples). (2nd scan data) The heating rate was 20 °C/
min
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On the other hand, a melting peak was observed at 150 °
C for the it-PMMA bulk sample (THF-cast) and 130 °C for
the it-PMMA/Al2O3 mixed samples. As will be shown later,
annealing the THF-cast sample at a temperature slightly
higher than Tg produces crystals. During the heating scan of
the samples, it is possible that the it-PMMA bulk and the
mixed samples generated small crystals due to an effect
similar to what is seen in heat treatment.

Figure 5 shows the FT-IR spectra of the air dried samples
(it-PMMA bulk and it-PMMA/Al2O3 mixtures) in the
1000–1800 cm−1 range. The peak at 1065 cm−1 does not
depend on the conformation of the main chain. Therefore,
the FT-IR spectrum in Fig. 5 was normalized using the peak
at 1065 cm−1. The insert shows around the peak top at
1130–1220 cm−1 [1]. The absorption peaks at 1195, 1150,
and 1065 cm−1 are attributed to the anti-symmetric vibra-
tions of C–O–C, stretching vibrations of C–O coupled with
skeletal vibrations, and skeletal vibrations of the main
chain, respectively [34]. It is known that the absorption
peak at 1150 cm−1 increases as the content of trans–trans
conformations decreases in favor of the trans-gauche con-
formations. In the upper right of Fig. 5, the IR spectrum of
the peak at approximately 1165 cm−1, from which con-
formational information can be obtained, is shown in detail.
The peak of it-PMMA/Al2O3 was larger than the peak of it-
PMMA bulk. Therefore, the structure of it-PMMA/Al2O3

consists of a larger fraction of chains in trans-gauche con-
formations (helical).

On the other hand, it is known that it-PMMA crystallizes
due to the influence of solvent and temperature. It-PMMA is

crystallized by heat treatment for a long time at a tem-
perature slightly higher than the glass transition tempera-
ture, and as a result of the crystallization, a peak appears in
the X-ray diffraction pattern, and a melting peak appears in
the DSC curve [7].

Figure 6 shows the XRD patterns of the it-PMMA bulk
samples (melt-cast) annealed at 60 °C, which is near the
glass transition of amorphous bulk it-PMMA (melt-cast). A
peak caused by crystallization was observed at 2θ= 8.5° in
the it-PMMA bulk sample (THF-cast and annealed). There
was no obvious crystal peak for the it-PMMA/Al2O3 mixed
samples, but that shape of the peak at 2θ= 5–10° is dis-
tinctly different from that of the amorphous single peak of
bulk it-PMMA. Gradual crystallization may also have
occurred at the interface in this sample. The main peak
shifted to higher angles with the addition of alumina
nanoparticles in the THF-cast samples in Fig. 3. On the
other hand, the peak in Fig. 6 only became sharper, and
showed no significant change in the peak angles.

Therefore, when the it-PMMA is annealed and the it-
PMMA/Al2O3 mixture is cast from THF, a crystal structure
can be formed in the bulk material or at the interface,
meaning the amorphous structure partially crystallizes from
a nucleus in a helical conformation. Additionally, the

Fig. 3 XRD patterns of melt-cast sample (it-PMMA bulk) and THF-
cast samples (it-PMMA bulk, it-PMMA/Al2O3 (30) and it-PMMA/
Al2O3 (50)). The curves in the figure were calculated by subtracting
the pattern of the nanoparticles from those of the mixed samples

Fig. 4 DSC curves for melt-cast sample (it-PMMA bulk) and THF-cast
samples (it-PMMA bulk and it-PMMA/Al2O3 samples). (1st scan data)
The heating rate was 20 °C/min
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conformation changes very little at the interface even in the
annealed sample.

Furthermore, once it-PMMA is molten at 160 °C and
cooled to form a non-crystallizable amorphous, this ther-
mally stable structure is never changed by annealing.

From the experimental results so far, the amorphous
structure of the it-PMMA changes by THF casting, it-
PMMA has a crystallizable amorphous structure, and the
conformation of the chain is stable on the surface of alu-
mina nanoparticles. Therefore, during annealing for a long
time at a temperature near the glass transition temperature,
both the it-PMMA bulk sample and the it-PMMA/Al2O3

mixed samples will crystallize.
The following structural changes could be observed in

the it-PMMA. A double helical structure can be formed in
the samples cast from THF or annealed. The double helical
structure is immobilized at the interface with the alumina
nanoparticles. In a molten sample with Al2O3, strong
interaction between it-PMMA and Al2O3 prevents it-
PMMA forming the helical structure.

Conclusion

The metastable structures of it-PMMA at the interfaces with
Al2O3 nanoparticles were examined using XRD measure-
ments, FT-IR measurements and DSC thermograms. The
amorphous it-PMMA structure is changed by THF. A new
amorphous structure is also formed at the alumina nano-
particle interface. Furthermore, it-PMMA forms crystal
nuclei and crystallizes by annealing at temperatures near the
glass transition temperature. However, when annealing is
not performed, crystal nuclei cannot be formed at the alu-
mina nanoparticle interfaces, and a novel amorphous
structure different from the bulk state is formed. We believe
that it-PMMA crystallizes while forming a double helical
structure, its structure is retained at the alumina nanoparticle
interface, and melting causes the double helix to unravel.
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