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The molecular-graded structures have been realized through
direct copolymerization of halogenated styrene and 2-ethylhexyl
methacrylate under ultra-strong gravitational field. The graded
structures were clearly confirmed by EPMA and NMR spectros-
copy.

Functionally graded materials (FGMs) showing composi-
tions and/or functions varying continuously or step-wisely have
become known since Bever and Duwez predicted their potential-
ity as functional materials.1,2 FGMs have attractive potential for
various industrial purposes such as materials for space systems,
power transmission, and distribution systems, optical fiber, etc.
Mostly inorganic FGMs are well known2 but recently, FGMs
have been realized for binary polymer blends. For example,
a dissolution and diffusion method was developed for blends
of poly(vinyl chloride)/poly(methyl methacrylate)3 and polysty-
rene/poly(2,6-dimethyl-1,4-phenylene oxide).4 A coating
method was applied for a THF solution from the blends of
poly(2-ethylhexy acrylate-co-acrylic acid-co-vinyl acetate)/
poly(vinylidene fluoride-co-hexafluoroacetone).5 However,
these methods were based on step-wise treatment and therefore
a molecular-scaled graded structure cannot be produced. Despite
many reports on FGM preparation from polymer blends, there is
almost no report on FGM preparation from copolymerization of
a monomer/monomer mixture, even though it would be a very
useful approach for creating FGMs.

In this communication, we demonstrate the first example of
molecular-scaled FGM preparation through copolymerization of
a monomer/monomer mixture. To accomplish our purpose, we
focused on carrying out copolymerization under a mega-gravity
field in a 106 G level although there have been only a few reports
of copolymerization under weak gravitational fields (103{104 G
level).6,7 Recently, we succeeded in building up a mega gravity
generator with jet power, which allowed sedimentation at an
atomic level in metal alloys at high temperatures.8 This gravity
is stronger than in the surface gravity on a white dwarf. Here,
if two kinds of monomers having different molecular density
(d) are exposed to a mega-gravity field and then the polymeriza-
tion is initiated, it is expected that copolymerization may pro-
duce a molecularly graded structure in the monomer composi-
tion because of prior sedimentation of a heavier monomer. On
the basis of this expectation, we selected halogenated styrene
(Mw ¼ 183:05, d ¼ 1:41 in p-bromostyrene) as a heavy mono-
mer and 2-ethylhexyl methacrylate (Mw ¼ 198:30, d ¼ 0:89)
as a light monomer and polymerized them, and painstakingly
developed a new mega-gravity generator that was usable at
relatively lower temperatures such as 80–100 �C.9

The first copolymerization was carried out using a one-to-
one mixture of p-bromostyrene (BrSt) and 2-ethylhexyl meth-
acrylate (EHMA). 110mL of the monomers and 0.1wt% of
benzoyl peroxide (BPO) as a radical initiator were enclosed
in a stainless-steel capsule (5mm i.d. � 10mm) at room temper-
ature and then placed at 100 �C for 24 h under 80� 104 G
generated by 14:3� 104 rpm in our gravity generator.

Figure 1a shows the EPMA photomapping image10 for the
polished surface of the resultant solid prepared under 80� 104 G
generated by 14:3� 104 rpm. The composition profile of bro-
mide showed distinctly that the amount of bromide increased
continuously in the direction of the gravitational field. No
similar composition change was observed in the sample prepared
under 2� 104 G generated by 2:23� 104 rpm as shown in
Figure 1c. Of course, an experiment under 1G did not show
any composition change. These results indicate that only an ul-
tra-strong gravitational field can induce selective sedimentation
for a heavy atom-containing moiety.

Figure 1. EPMA photomapping images of the resultant copoly-
mers prepared with (a), (c) BrSt–EHMA, (b) ClSt–EHMA,
and (d) BrSt–St. The monomer mixtures (1:1) with BPO were
exposed at 100 �C for 24 h under (a), (b), and (d) 80� 104 G
and (c) 2� 104 G.
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1HNMR spectroscopy10 provided the following important
information: firstly, there was no signal based on the vinyl
groups in the whole of the obtained bulk solid while the vinyl
groups are found at 5.7 and 5.2 ppm in BrSt, and 6.1 and
5.5 ppm in EHMA in CDCl3. This indicates that both monomers
were almost completely polymerized by the present procedure.
Supporting this, SEC analysis10 showed that there was no
trace of each monomer and that the average molecular weights
(Mw) were estimated to be 2� 105 and 7� 105 in the resultant
polymers prepared under 80� 104 and 2� 104 G, respectively
although we are still investigating how the gravitational field
influences to the degree of polymerization. Secondly, the
NMR analysis clarified the formation of a graded structure in
the monomer compositions as summarized in Table 1. This anal-
ysis was carried out by the following procedure: the capsule was
cut at a plane with a diamond cutter and then the resultant solid
was divided into five portions according to the direction of the
gravitational field. Each portion (copolymer) was dissolved in
CDCl3 and analyzed by 1HNMR spectroscopy. Each NMR
spectrum included signals due to the protons of poly(BrSt) and
poly(EHMA) but their compositions were different in each
portion. As is clear in Table 1, the sample prepared under
80� 104 G showed a distinct monomer composition change in
the direction of the gravitational field but the composition was
almost constant in the copolymer prepared under 2� 104 G.
Therefore, it can be concluded briefly that mega-level gravity
can induce molecular sedimentation to lead to a molecularly
graded structure.

In order to approach the mechanism of molecular sedimen-
tation, we followed further copolymerization for several interest-
ing combinations including mixed systems composed of p-chlo-
rostyrene (ClSt) and EHMA, styrene (St) and EHMA, and BrSt
and St. Their d ratios were 1.09/0.89, 0.90/0.89, and 1.41/0.90,
respectively. As a result, the ClSt–EHMA mixed system showed
a graded structure (Figure 1b) and composition change (Table 1)
in the direction of the gravitational field but no graded structure
was observed in the St–EHMA mixed system even under
80� 104 G. These results are reasonably understandable from
their d values. However, a confusing result was encountered in
the BrSt–St mixed system because there was no graded structure
(Figure 1d) regardless of the big difference in the d values. This
indicates that the density (molecular weight) difference is not a
sufficient condition to create a graded structure in copolymeriza-
tion and therefore other factors should be considered. Here, we

assume that molecular sedimentation can occur only for large
molecules such as oligomers (or polymers) but not for mono-
mers. On the basis of this assumption, the monomer reactivity
ratios may be an important factor, especially at the initial stage
of polymerization, because the monomer reactivity ratio of BrSt
for alkyl acrylate is much larger (r1=r2 ¼ 1:10=0:40 in methyl
methacrylate) than for St (r1=r2 ¼ 0:99=0:70).11 Another answer
may be due to molecular miscibility between monomers. Even
mega-level gravity cannot be overcome for selective sedimenta-
tion in a monomer–monomer mixed system.

In conclusion, we have realized a novel method to prepare
the binary molecular-scaled graded materials from direct
copolymerization of a monomer–monomer mixed system by
using mega-gravity field generator. This was only achieved un-
der an ultra-strong gravitational field such as a mega-G level.
The graded structure was confirmed both by a surface analysis
with EPMA and a bulk analysis with NMR spectroscopy, and
the composition changed continuously at a molecular level in
the direction of the gravitational field. The exact mechanism
of molecular sedimentation has not been specified but at least
molecular density (weight) must be one essential factor.
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Table 1. Compositiona of the resultant copolymers prepared
under strong gravity

BrSt–EHMA ClSt–EHMA

80� 104 G 2� 104 G 80� 104 G

BrSt
/%

EHMA
/%

BrSt
/%

EHMA
/%

ClSt
/%

EHMA
/%

Portion 1 35 65 49 51 42 58
Portion 2 43 57 51 49 48 52
Portion 3 52 48 50 50 51 49
Portion 4 62 38 50 50 51 49
Portion 5 65 35 50 50 54 46
aEach composition was determined by the proton ratio assigned
by the proton signals due to the phenyl (in BrSt or ClSt) and
diethylhexyl (in EHMA) groups. Solvent: CDCl3.
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