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Abstract The spin-label method was
used to study the structure and
molecular motion of poly(ethylene
oxide) (PEO) chains adsorbed on
a silica-tethered poly(methyl
methacrylate) (PMMA). Spin-labelled
PEO with a narrow molecular weight
distribution, having number averaged
molecular weight (M

N
)"6.0]103,

was adsorbed on the surface of the
silica-tethered PMMA with various
grafting ratios in carbon tetrachloride
solution at 35 °C. ESR spectra were
measured at various temperatures
after the samples were completely
dried.

The ESR spectra are composed of
two spectra arising from spin-labels
attached to ‘‘train’’ and ‘‘tail’’ seg-
ments, which are strongly and weakly
interacted with the silica surface,
respectively. The fractional amount of
the ‘‘tail’’ segments increases
extremely with the grafting ratio of

PMMA. Molecular mobility of the
PEO chains estimated from the
temperature dependence of the ESR
spectra also decreases significantly
with the grafting ratio of PMMA.

Structure and molecular motion
of the PMMA chains tethered on the
silica were also studied using the
spin-labelled PMMA.

Consequently, parts of the PEO
segments penetrate into the PMMA
chains and is adsorbed on the silica
surface (‘‘train’’ segments), whereas
parts of the PMMA segments pro-
trude from the surface. The other
PEO segments are entangled with the
tethered PMMA chains (‘‘tail’’
segments).
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Introduction

Many investigations by ESR method have been published
concerning adsorption of polymer on the silica surface
[1—6]. Kawaguchi and coworkers [7, 8] studied the ad-
sorption behaviors of poly(ethylene oxide) (PEO) and the
competitive displacement and adsorption of polystyrene
(PS) and PEO on a nonporous silica. They concluded that
PEO molecules were strongly attached to the silica surface

via hydrogen bonding between surface silanol group and
the oxygen atom in the etoxy segment of PEO.

In our previous papers [9, 10] the spin label method
was used to study the structure and molecular motion of
PS chains adsorbed on a silica tethered PEO in compari-
son with those of the tethered PEO. It was concluded that
the large PS molecules penetrated into the PEO chains
and were adsorbed on the surface as ‘‘train’’ segments,
whereas the small PS molecules were entangled with the
PEO chains. The interesting molecular weight dependence
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of the adsorption behavior suggests that in spite of the
immiscibility of PS with PEO, the PS molecules have
different interactions with the tethered PEO molecules
compared to the interactions between PS and PEO mol-
ecules in the homopolymer blend. It is well known that
PEO is miscible with atactic poly(methyl methacrylate)
(PMMA). At present, we are interested in the effect of the
tethered PMMA on the adsorption behavior of the PEO
chains and structure and molecular motion of the PEO
chains on the silica-tethered PMMA. The tethered
PMMA segments may be weakly adsorbed because of
their bulkiness, and the high miscibility of PEO with
PMMA may give rise to a unique adsorption behavior
unlike that in the system of PEO/PS.

In this paper, we report the adsorption behavior of
PEO, each structure and molecular motion of the PEO
and the tethered PMMA chains.

Experimental

Materials

A poly(ethylene oxide) having number average molecular
weight (M

N
)"6.0]103 (PEO-6) was purchased from

Katayama Science Co. (Tokyo, Japan). The polydispersity
of PEO-6 was(1.20. The PEO-6 was purified by precipi-
tating from chloroform solution by addition of diethyl-
ether and dried under vacuum for more than 1 d at room
temperature. Ends of the PEO chains were spin-labelled
by the method of Törmälä et al. [11].

The nonporous silica particles used for the adsorbent
were micro bead (70—230 mesh) silica gels purchased from
Nacalai Tesque Co. (Tokyo, Japan). The surface area of
the silica gels was 376 m2/g.

Grafting reaction

Methyl methacrylate (MMA) monomer was purified by
distillation. MMA, benzene, initiator (benzoyl peroxide)
and silica gels were put into a reaction vessel. The solution
containing the silica gels was purged using nitrogen gas at
70$0.5 °C. The grafting ratio increases with an increase
in reaction time. In order to compare adsorption behav-
iors of PEO on a silica tethered PMMA with those on
a silica tethered PS, styrene monomer was also graft-poly-
merized on the silica gel by the same method. A small
amount of labelled monomer, 4-(methacryloyloxy)-2,2,6,6-
tetra methyl piperidine-1-oxyl was added with the other
reagents and the silica gels in order to obtain the tethered
and spin-labelled PMMA sample [12—14].

After the grafting reaction was achieved, the PMMA
homopolymer was removed by extraction with acetone in
a Soxhlet for 60 h. The grafted silica was dried under
vacuum at 130 °C for 1 day. The grafting ratio (weight
ratio of PMMA to silica) was determined by pyrolysis
weight loss between 300 and 450 °C. TG (thermo-
gravimetry) measurements were carried out using
a Rigaku-TG 8110D calorimeter. TG scans were run from
20 °C to 600 °C at 5 °C/min.

Adsorption of poly(ethylene oxide)

Silica-tethered PMMA (0.2 g) was transferred to a 20 ml
flask containing 3 ml of CCl

4
. Next, SL-PEO (0.015 g) was

dissolved in 4 ml of CCl
4
. The polymer solution was trans-

ferred to the 20 ml flask containing the mixture of CCl
4

and silica gels. The polymer solution and the mixture in
the flask were shaken to attain equilibrium at 100 rpm in
a Yamato BT-23 water incubator attached with a shaker.
For all experiments, the temperature of the water incuba-
tor was controlled to 35.0$0.1 °C. The concentration of
the polymer solution, 2.1]10~3 g/ml does not exceed
a critical entanglement concentration [6]. After the ad-
sorption experiment was terminated, the supernatant was
carefully removed and dried in a vacuum oven at 40 °C for
several days.

ESR measurements

ESR measurements were carried out with a JEOL FE3XG
and a JEOL ME3XG spectrometer and connected
PC9801 computers.

Results and discussion

Absorption of poly(ethylene oxide) on a silica-tethered
poly(methyl methacrylate)

In order to study adsorption behaviors of PEO on a silica-
tethered PMMA (silica-t-PMMA), the intensity of the
ESR spectrum of nitroxide spin labels in the CCl

4
solution

was determined. Figure 1 shows plots of the concentration
of SL-PEO in the supernatant relative to the concentra-
tion before the adsorption as a function of adsorption
time. The decreasing of the intensity with an increase in
adsorption time should be caused by transfer of PEO
molecules in the solution to the silica gels. It was found
that PEO molecules were rapidly adsorbed on the silica-t-
PMMA, though the adsorption rate is lower than that on
non-grafted silica. For example, all PEO segments in the
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Fig. 2 (a) Comparisons of
observed (solid) and calculated
(dotted) ESR spectra of spin-
labelled PEO adsorbed on
silica-t-PMMA having the
grafting ratio of 13%. The
measurement was carried out at
203 K. The calculated spectrum
(a) is composed of two spectra
(b)

Fig. 1 The relative concentration of PEO spin labels in the super-
natant as a function of adsorption time for silica-t-PMMA having
GR"17% (s), silica-tethered PS having GR"4% (f), and non-
grafted silica (m)

CCl
4

solution were adsorbed on the silica-t-PMMA hav-
ing the grafting ratio (GR) of 17% for approximately
100 min. On the other hand, the adsorption rate of PEO
molecules on the silica-tethered PS was extremely low and
the adsorbed amount was small as indicated in Fig. 1.
Only 70% of PEO molecules in the CCl

4
solution were

adsorbed on the silica-tethered PS having the lower GR of
4% for 180 min. This different behavior is caused by the
different miscibility of PEO with PMMA from that with
PS. PEO molecules can penetrate into the tethered
PMMA phase easily and a part of the PEO segments can
be adsorbed on the silica surface because of the miscibility

of PEO with PMMA. On the other hand, the tethered PS
chains interrupt the PEO chains more severely from being
adsorbed on the silica surface because of the low miscibility.

Structure of PEO chains adsorbed on a silica-tethered
PMMA

We clarify the structure of PEO chains adsorbed on a
silica-t-PMMA surface by using two-component analysis
of ESR spectra of spin-labelled PEO (SL-PEO). In order
to obtain the exact parameters and clarify the structures of
the adsorbed PEO segments, spectral simulations for the
ESR spectra are performed [5]. Figure 2 shows an
example of the experimental and calculated spectra of
SL-PEO on the surface of silica-t-PMMA having the graf-
ting ratio of 13%. The outermost peaks in the high and
low magnetic field appear like plateaus in the ESR spec-
trum. The flat peaks suggest that two-component analysis
is reasonable for the ESR spectrum. The simulated spec-
trum (dotted line in Fig. 2a) by assuming two components
(dotted lines in Fig. 2b) shows a good agreement with the
observed spectrum (solid line in Fig. 2a). This result indi-
cates the classification of the spin-labels (A-labels and
B-labels having high and low values of hyperfine splitting
(hfs)) affected by different environments is a good approxi-
mation as discussed previously [5, 6]. The ESR para-
meters determined from the spectral simulation are shown
in Table 1.

The variation of A value in the table should arise
from the electric field of the polar group as concluded by
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Table 1 ESR parameters of spectra of SL-PEO adsorbed on the
silica-t-PMMA having the grafting ratio of 13%, determined from
the simulation spectrum mentioned in the text. The ESR measure-
ment was carried out at 203 K. Those of SL-PEO in the
homopolymer bulk observed at 77 K are also indicated

ESR Silica-t-PMMA SL-PEO/bulk
parameters #SL-PEO

A B

g
Z

2.0016 2.0017 2.0021
g
Y

2.0056 2.0060 2.0065
g
X

2.0078 2.0072 2.0080
1
3
(g

X
#g

Y
#g

Z
) 2.0050 2.0050 2.0055

A
Z

(mT) 3.50 3.18 3.30
A

Y
(mT) 0.48 0.55 0.43

A
X

(mT) 0.48 0.55 0.43
1
3
(A

X
#A

Y
#A

Z
) 1.48 1.43 1.39

Line width (mT) 0.64 0.31 0.83
Fraction (%) 88 12 100

Fig. 3 Schematic representation of structures of PMMA segments
on the silica-t-PMMA and the adsorbed segments. The meaning of
GR* is mentioned in the text

Fig. 4 Variation of ESR spectra of spin-labelled PEO adsorbed on
silica-t-PMMA with the grafting ratio. Solid and dotted lines indi-
cate observed and calculated spectra, respectively. The measurement
was carried out at 203 K

Griffith et al. [15]. The solvent dependence of ESR spectra
can be visualized as arising from changes in the relative
contribution of the two valence structures, (a) and (b), of
the neutral free radicals:

—N® —O®
®
) (a) ¢ —N0 —̀O®

®
~: (b)

D D
t-Bu t-Bu

The changes are caused by the electric field of the silica gel
surface. Structure (a) localizes it on the oxygen atom,
whereas structure (b) localizes it on the nitrogen atom, and
the electric field that tends to stabilize (b) is responsible for
the increased splitting due to the nitrogen nucleus. A spec-
trum with high A

Z
and A

i
values in comparison with those

in the homopolymer PEO, reflects a strong PEO—silica
interaction (A-labels) and another spectrum with low
A

Z
and A

i
values, reflects a weak PEO—silica interaction

(B-labels). The B-labels have the smaller value of A
Z

and
the larger A

X
and A

Y
. The partial averaging of A values

also suggests that the molecular motion of the segments,
weakly interacted with silica, have already occurred. It can
be considered that A- and B-labels reflect ‘‘train’’ and ‘‘tail’’
segments, respectively, as shown in Fig. 3.

Figure 4 shows the dependence of ESR spectrum of
SL-PEO adsorbed on the silica-t-PMMA on GR. It
should be noted that the shapes of the outermost peaks
vary remarkably with GR. The simulated spectra show
good agreement with the observed spectra. From the spec-
tral simulation, it was found that the dependence of the
ESR spectrum was caused by the variation of the frac-
tional amount of B-labels with GR. Figure 5 shows the
plots of the fractional amount at 203 K vs. GR. The
fractional amount of B-labels increases gradually and be-

gins to increase steeply around 13% with an increase in
GR. This result suggests two different adsorption behav-
iors below and above the crossover grafting ratio, GR*.
PEO chains are adsorbed selectively on the silica surface
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Fig. 5 Fractional amount of B-labels (%) of PEO at 203 K as a func-
tion of grafting ratio

which is not occupied by tethered PMMA chains and
adopt a flat conformation (‘‘train’’) at low GR(GR*. On
the other hand, at GR'GR*, the tethered PMMA chains
begin to interrupt PEO chains from moving to the silica
surface and take a ‘‘train’’ conformation. The PEO chains
are adsorbed indirectly on the silica, entangling with the
PMMA chains because the PMMA chains start to overlap
and protrude from the silica surface. Then, the fractional
amount of B-labels attached to the ‘‘tail’’ segment increases
steeply.

It can be considered that a tethered PMMA chain
occupies roughly an hemisphere with a radius comparable
to the Flory radius because of its bulkiness on the silica
surface. According to an occupied area of an hemisphere of
a tethered PEO of the Flory radius evaluated by Hommel
et al. [16], 0.15 g of PEO covers the whole surface, 376 m2

of the silica gel, 1 g. Consequently, the tethered PMMA
chains on the silica having GR*"13% cover approxim-
ately the whole surface of the silica when the PMMA
chains have the same molecular density as the PEO chains
of the Flory radius on the surface. At GR"GR* (ca 13%)
the tethered PMMA chains begin to interrupt all PEO
segments from being adsorbed on the silica surface,
directly.

Molecular motion of PEO chains adsorbed
on a silica-tethered PMMA

In order to evaluate the molecular motion of adsorbed
PEO chains related to the PEO-silica interactions, ESR

spectra were observed at various temperatures. Figure
6 shows temperature dependence of the ESR spectra of
SL-PEO adsorbed on the silica(a) and the silica-t-PMMA
having GR"17%(b). Multi-component spectra which are
not remarkable for the homopolymer bulk are observed in
the wide temperature range. The outermost splitting (2A

Z{
)

for both A- and B-labels narrows with increasing motional
averaging of the anisotropy of the hyperfine splitting due
to the nitrogen nucleus. Spectral components (‘‘s’’ and ‘‘f ’’)
of large and small 2A

Z{
values reflect immobile and mobile

labels, respectively. For instance, the A-labels convert from
the immobile labels to mobile labels with conformational
change of ‘‘train’’ chain to ‘‘tail’’ chain above temperatures
where a micro Brownian type molecular motion occurs.
On the other hand, the B-labels which take a ‘‘tail’’ confor-
mation (are entangled with the PMMA chains) and have
a low molecular mobility at low temperatures also convert
to the mobile labels when the micro Brownian type mo-
lecular motion starts. The spectra of the narrow line width
caused by rapid molecular motion appear at extremely low
temperatures in comparison with that in the homopolymer
PEO bulk. These facts suggest that the PEO chains have
a very broad distribution of correlation time of molecular
motion caused by the broad distribution of their adsorbed
structure. For example, the spectrum of the narrow line
width at 293 K is assigned to the end labels of the ‘‘tail’’
segments which move rapidly for the sample of GR"0%
(Fig. 6a) because of low segmental density. The high mobil-
ity is caused by the large free space around the PEO chains
because of their isolation from the other chains [17—19].
The line width of the narrow component for GR"17%
(Fig. 6b) is larger than that for GR"0% (Fig. 6a). This
experimental fact reflects the increase in the segmental
density of PEO and PMMA with an increase in grafting
ratio. The fractional amounts of spectrum of larger hfs
value for GR"0% are larger than those for GR"17%
in the whole temperature range. For example, a part of the
segments is still strongly interacted with the silica surface
at 373 K for GR"0%, but all PEO segments for GR"

17% move rapidly at the same temperature. The outer-
most splittings (2A

Z{
) for the SL-PEO on the silica are

plotted against temperature in Fig. 7. The value of 2A
Z{

is
a good measure of the mobility of the SL-PEO. The width
narrowed with an increase in temperature because of aver-
aging of the anisotropic g and hfs values. Both values of
2A

Z{
for the mobile and immobile labels are plotted at

higher temperatures above 293 K. The temperature de-
pendence of 2A

Z{
shows a remarkable change with the

grafting ratio. The values of 2A
Z{

for the immobile labels
are large in the whole temperature range and the immobile
labels are alive at high temperatures for the SL-PEO on
the non-grafted silica and the silica-t-PMMA having 4%
of grafting ratio. The values of 2A

Z{
for the immobile labels
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Fig. 6 Temperature dependent
ESR spectra of SL-PEO
adsorbed on the silica (a) and
silica-tethered PMMA having
17% grafting ratio (b).
Slow (immobile) and fast
(mobile) components are
indicated by ‘‘s’’ and ‘‘f ’’,
respectively

Fig. 7 Variations of outermost splitting (2A
Z{
) with temperature for

SL-PEO in solid bulk (m) and adsorbed on the silica-t-PMMA
having the grafting ratios: 0% (j); 4% (n); 13% (f); 28% (£)

decrease and the temperature where the components dis-
appear decreases with an increase in grafting ratio.

From these experimental facts, the following con-
clusions can be drawn:

1. Very strong PEO—silica interaction causes a hin-
drance to the mobility associated with the relaxation of the
PEO chains.

2. The mobile PEO segments are protruded from the
silica surface and/or entangled with the tethered PMMA
chains as concluded in the previous section. Molecular
mobility of the PEO chains in the PMMA matrices is
lower than that in the PEO matrices since the glass
transition temperature (¹

'
) of PEO (!65 °C) is lower than

that of PMMA (108 °C). The tethered PMMA chains slow
down the rate of molecular motion of the PEO chains in
the homopolymer bulk. Consequently, the transition tem-
peratures for the adsorbed PEO are higher than that for
the homopolymer PEO bulk, though the temperatures
decrease with an increase in grafting ratio.

Structure and molecular motion of PMMA chains
tethered on the silica

Figure 8a shows ESR spectra of SL-PMMA tethered on
the silica-t-PMMA having GR"39%, observed at 77 K.
The outermost splitting (2A

Z{
) is larger than for SL-

PMMA in the homopolymer PMMA bulk. The high value
is also caused by the electric field of the silica surface. In order
to obtain the exact ESR parameters, spectral simulations
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Fig. 8 ESR spectra of spin-
labelled PMMA adsorbed on
the silica surface having the
grafting ratio of 39% before (a),
(a@) and (b), (b@) the adsorption
of PEO. The measurement was
carried out at 77 K (a), (b) and
453 K (a@), (b@). Simulated (dot-
ted) spectra for the spectra ob-
served at 77 K are indicated

Table 2 ESR parameters of spectra of spin-labelled PMMA tethered
on the silica having the grafting ratio of 39% before the adsorption of
PEO, determined from the simulation spectrum mentioned in the
text. Those of SL-PMMA in the homopolymer bulk are also in-
dicated. The ESR measurements were carried out at 77 K

ESR Silica-t-SL-PMMA SL-PMMA/bulk
parameters

A B

g
Z

2.0021 2.0023 2.0020
g
Y

2.0055 2.0079 2.0064
g
X

2.0094 2.0079 2.0096
1
3
(g

X
#g

Y
#g

Z
) 2.0057 2.0060 2.0060

A
Z

(mT) 3.61 3.24 3.39
A

Y
(mT) 0.64 0.67 0.65

A
X

(mT) 0.64 0.67 0.65
1
3
(A

X
#A

Y
#A

Z
) 1.63 1.52 1.56

Line width (mT) 0.80 0.74 0.71
Fraction (%) 72 28 100

for the ESR spectra are performed. The spectra can be also
interpreted in terms of two components from two kinds of
labels, A- and B-labels. The simulated spectra show good
agreement with the observed spectra as indicated in Fig. 8.
The ESR parameters determined from the spectral simula-
tions are shown in Table 2. The high values of A

Z
(3.61 mT)

and A
i
("A

X
#A

Y
#A

Z
)/3 (1.63mT) are caused by the

strong electric field of the silica surface. For instance, the
PMMA segments connected with the SL-PMMA strongly
interacted with the silica as ‘‘train’’ segments. On the other
hand, the values of A

Z
(3.24 mT) and A

i
(1.52 mT) for the

tethered PMMA are nearly the same as those of SL-
PMMA in the homopolymer PMMA. This is a reflection
of the weak interaction of the tethered PMMA segments
with the silica. The fractional amount of B-labels, 0.28 is
large in comparison with that (0.00) for the adsorbed
SL-PEO on the silica at 77 K. The experimental fact is
caused by the different bulkiness of PMMA chains from
PEO chains. Figure 8b shows the ESR spectrum of SL-
PMMA at 77 K after the adsorption of PEO molecules.
The outermost splitting after the adsorption is small in
comparison with that before adsorption. From the simula-
tion, it is found that the fractional amount of B-labels
increases from 0.28 to 0.49 by the adsorption. This fact
suggests that a part of the PEO chains penetrate into the
tethered PMMA chains and is adsorbed near the silica
surface like as ‘‘train’’ segments, whereas a part of the
PMMA chains protrude from the silica surface as ‘‘loop’’

or ‘‘tail’’ segments. For instance, the conversion of ‘‘train’’
segments to ‘‘loop’’ or ‘‘tail’’ segments occurs partially on
the silica surface. The same experimental results for the
silica-t-PMMA have the low grafting ratios of 1.9% and
2.5%. Figure 8a@ and b@ show the ESR spectra of SL-
PMMA tethered on the silica-t-PMMA having
GR"39% at 453 K before (a@) and after (b@) the adsorp-
tion. The line width of the narrow component before the
adsorption of the PEO chains is larger than that after the
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adsorption. The fractional amounts of the spectrum of
larger hfs value before the adsorption are larger than those
after the adsorption. For example, a part of the PMMA
segments still have low molecular mobility at 453 K before
the adsorption (Fig. 8a@), but all tethered PMMA chains
move rapidly at the same temperature after the adsorption
(Fig. 8b@). These facts suggest that the PEO molecules give
rise to the conformational change of a part of PMMA
segments from the ‘‘train’’ segments to the ‘‘loop’’ or ‘‘tail’’
segments and accelerate the molecular motion of the
‘‘loop’’ or ‘‘tail’’ segments. Multi-component spectra (Fig.
8a@) which are not remarkable for the homopolymer bulk
are observed in the wide temperature range. The immobile
labels of the larger splitting than that for the homopolymer
bulk, which have strong PMMA—silica interactions are
detected even at high temperatures. On the other hand, the
extremely smaller splitting for the mobile labels should

reflect rapid molecular motion affected by the PEO mol-
ecules which are miscible with PMMA at molecular level.
Recently, Blum et al. [20] reported the deuterium NMR
line shapes of poly(vinyl acetate) adsorbed on silica, which
could be divided into rigid or mobile components. They
also interpreted the two-component spectra by a distribu-
tion of mobilities more heterogeneous than that of the
bulk polymer. In the present paper, we studied the ESR
spectra of spin-labels of adsorbed PEO and tethered
PMMA in the same matrices, silica-t-PMMA, individually
to evaluate the rates of motion of the respective polymers.
Both polymers have broad distributions of mobilities in
comparison with those of the bulk polymers. It seems that the
mobile PEO chains accelerate the PMMA chains and the
rigid PMMA chains slow down the molecular mobility of the
PEO chains. The change of molecular mobility should lead
to an increase in breadth of the relaxation phenomena.
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