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The conformation of the copolymer of styrene and spin-labeled methyl methacrylate adsorbed on nonpor-
ous silica from solution was investigated by the use of the ESR method. The attached segment fraction of
methyl methacrylate, Pmma, in the copolymer was evaluated experimentally. The attached segment fraction of
styrene, Pst, and the total attached segment fraction, Pror, in the copolymer were estimated by means of
numerical calculations from the value of Puma. The amounts of saturated adsorption, 4s, were obtained as a
function of the mole fraction of styrene in the copolymer. The A4s values of the copolymers through the mole
fractions of styrene of 0.8 increased slightly with the mole fraction of styrene. The As values of the copolymers
at the mole fractions of styrene in excess of 0.8 decreased steeply to that of the styrene homopolymer. The
change in the 45 values of the copolymers was explicable in terms of the changes in the values of the surface
coverage and the values of Pror. The adsorbed methyl methacrylate homopolymer had a flat conformation,
whereas the adsorbed styrene homopolymer had a loopy conformation. When the styrene content in the
copolymer increased, the adsorbed conformations of the copolymers varied gradually from the conformation of

511

the methyl methacrylate homopolymer to that of the styrene homopolymer.

A number of techniques have recently been applied
to the study of the conformation of the polymers
adsorbed at the solid-liquid interface; FT-IR,1-®
ESR,-14) NMR,15-17 ellipsometry,'81?9 and so on.
Fontana and Thomas first developed a technique for
the quantitative estimation of the segment fraction
attached to the surface sites, using infrared spectros-
copy.! Sakai and Imamura reported a procedure for
estimating the three components of adsorbed polymer
segments (train, short loop, and long loop or tail)
from the ESR spectra of spin labeled polymers.!) In
the same series of investigations,!¥ the dependence of
the adsorption of the methyl methacrylate homopoly-
mer on the molecular weight over a wide range with
reference to the molecular conformation was reported.

Several papers studying the segment fractions of the
adsorbed copolymers have been published recent-
ly.2021)  Kawaguchi et al. reported on the adsorption
of styrene-butadiene copolymers on the silica surface
using IR spectroscopy.2® They estimated the bound
fractions for the two monomer components as a func-
tion of the surface coverage (the fraction of surface
silanol groups occupied), 6ir, and of the compositions
of the copolymers. Herd et al., also using the IR
method, studied the adsorption of styrene-methyl
methacrylate copolymers and discussed the effect of
the addition of a different solvent on the equilibrium
adsorption.?).  However, they stressed the amount of
adsorption of the adsorbed copolymer and made a
slight reference to the conformation of the adsorbed
copolymer. Therefore, we will discuss in detail the
conformation of the adsorbed styrene-methyl meth-
acrylate copolymer (PMCS) using the ESR method,
based on the estimation of the values of Pyma and Psr.
At the present stage, it is impossible to deal with a
system with both copolymer components labeled or to
analyze the ESR spectrum for the dynamic behavior of

methyl methacrylate and the styrene segment indi-
vidually.

Experimental

Materials and Measurements. The copolymers of styrene
and methacryloyl chloride were prepared by radical poly-
merizations, using «,a’-azobisisobutyronitrile as an initiator
and benzene as the solvent. The copolymers were spin-
labeled by the reaction of the acid chloride moieties with 4-
hydroxy-2,2,6,6-tetramethyl-1-piperidinyloxyl in a benzene
solution in the presence of pyridine. The labeled copoly-
mers were precipitated by pouring the solution into
methanol; then, the unreacted chloride atoms in the copoly-
mers were replaced by methoxyl groups. The spin-labeled
methyl methacrylate homopolymer was prepared by the
procedure described in a previous paper.!! A styrene
homopolymer with a narrow molecular weight distribution
was purchased from the Pressure Chemical Co. The poly-
mer samples are characterized in Table 1.

The spin concentrations of the polymers used were in the
range of one label per 400 to 1000 monomeric residues. The
molecular weights and the M,/M, ratios were determined by

Table 1. Characterization of Polymer Samples Used
Polymer Mole fraction — ) I —
sample of styrene” My My/Mn
PMMA 0 200000 1.5
PMCS-17 0.17 127000 2.0
PMCS-67 0.67 155000 1.8
PMCS-81 0.81 136000 2.5
PMCS-87 0.87 115000 2.0
PMCS-91 0.91 132000 2.4
PMCS-96 0.96 96900 1.6
PMCS-99 0.99 80200 1.4
PS 1 207000 1.1

a) The mole fraction of styrene was determined by
means of FT-IR and tHNMR spectroscopy. b) My
and M./M, were determined by means of GPC in
THF.
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the use of the GPC method, calibrated with standard poly-
styrene. The mole fractions of the styrene in the copolymers
were determined by means of FT-IR and *H NMR analysis.

Cabosil M5, with a specified surface area of 220 m2g~! for
nitrogen adsorption, was used as the adsorbent. The silica
had a 2.2 nm~2silanol density on its surface. The silica was
essentially nonporous and had an average particle size of 14
nm.

Carbon tetrachloride was doubly distilled fractionally just
before use as the solvent.

The experimental techniques for the adsorption of poly-
mers on the silica adsorbents were basically the same as
those described in previous papers.1422) The polymer solu-
tion was added to the silica adsorbent, and the mixture was
stirred with a magnetic stirrer. The silica dispersions were
separated by the use of a centrifuge. The amounts of
adsorption, 4 (gm~2), of the methyl methacrylate homopo-
lymer and the styrene-methyl methacrylate copolymer were
determined by means of ESR spectroscopy by measuring the
difference in the polymer concentrations before and after the
adsorption. C. denotes the polymer concentration at the
equilibrium state after the adsorption. The peak-to-peak
signal amplitude for the polymer concentration in the ESR
spectrum was calibrated by simultaneous measurement on
an equal volume of the original solution. In the case of the
adsorption of the styrene homopolymer, the amount of
adsorption was determined by means of UV spectroscopy by
measuring the decrease in the intensity at 262 nm after the
adsorption. The amount of the saturated adsorption, As,
was determined by taking the maximum values at C<>1X10-3
gcm~3in Fig. 1.

The surface coverage (fraction of surface silanol groups
occupied), Oir, was determined by the procedure of Kawaguchi
et al. using infrared spectroscopy.l® The differential IR
spectra between the supernatant polymer solution and the
silica on which the polymer was adsorbed show two charac-
teristic bands: a band located at 3730 cm~! due to the free
silanol groups and another band located at 3520 cm~! due to
the interaction between the silanol groups and the polymer.
From the mole extinction coefficients (L. mol-!cm~1) at 3730
and 3520 cm~3, both the number of the free silanol groups
(Ss730) and the number of occupied silanol groups (Sss20) can
be determined, while the surface coverage, 6ir, can be calcu-
lated from this equation:

O1r = S3520/(Sa520 + S3730). (1)

In this experiment, we used 98.3 and 204 L. mol-1cm~! as the
mole extinction coefficients of 3730 and 3520 cm~! respec-
tively. All the IR spectra were recorded with a JASCO FT-
IR 7000 spectrometer.

The ESR spectra of the adsorbed copolymer were mea-
sured in a quartz sample tube which contained ca. 0.5 cm? of
a silica suspension after it has been sealed under nitrogen,
using a JEOL JES FE-3X spectrometer with a X-band
microwave, and 100 kHz field modulation.

Results and Discussion

The adsorption isotherms of the methyl methacry-
late homopolymer, the styrene homopolymer, and the
styrene-methyl methacrylate copolymers on Cabosil
M5 against the equilibrium concentration, C., in the
supernatant solution after the adsorption are illus-
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Fig. 1(a). Adsorption isotherms of PMMA and

PMCS on Cabosil M5 from CCls.
O: PMMA, A: PMCS-17, @: PMCS-67, A: PMCS-
81.
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Fig. 1(b). Adsorption isotherms of PMCS and PS on
Cabosil M5 from CCls.
O: PMCS-87, ®: PMCS-91, A: PMCS-96, A: PMCS-
99, O0: PS.

trated in Figs. 1 (a) and (b). The appearance of the
adsorption isotherms was of the high-affinity type.
Initially, the isotherms rose steeply with the increase
in the value of C. before they reached a plateau region.

The amounts of saturated adsorption, 4s, are plot-
ted as a function of the mole fraction of styrene in Fig.
2. The A; values of the methyl methacrylate homo-
polymer and copolymers are larger than that of the
styrene homopolymer. The A, values of the copoly-
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Fig. 2. The saturated adsorption, 4s, of PMMA,

PMCS, and PS against the mole fractions of styrene
on Cabosil M5 from CCls.
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Fig. 3. Plots of the values of 6z against the mole
fractions of styrene on Cabosil M5 from CCls.

mers through the mole fractions of styrene of 0.8
increased very slightly with the mole fraction of sty-
rene. The A;values at the mole fractions of styrene in
excess of 0.8 decreased steeply to the level of the styrene
homopolymer. This result is consistent with the
result of Herd et al.,2!) who reported the amounts of
styrene and methyl methacrylate copolymers adsorbed
onto the silica surface from a trichloroethylene solu-
tion. However, this result has now been resolved in
detail. Therefore, we tried to elucidate it on the bases
of the surface coverage, Oir, and the fraction of the
attached segment in the polymer, p.

In Fig. 3, the values of 6ir are plotted as a function
of the mole fraction of styrene. As may be seen in this
figure, the values of fir remained constant through
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the mole fraction of styrene of 0.8 and then decreased
steeply at the mole fractions of styrene in excess of 0.8.
The A; values of the copolymers at the mole fractions
of styrene in excess of 0.8 decreased, as is shown in Fig.
2. This decrease is caused by the decrease in the
values of 6, as is shown in Fig. 3; that is, it is
impossible for the copolymers at the mole fractions of
styrene in excess of 0.8 to bind effectively to all of the
silanol groups on the surface sites. As is shown in
Fig. 2, the 4, values of the copolymers through the
mole fractions of styrene of 0.8 increased very slightly.
This phenomenon is due to the increase in the loop
segments, because the Oir values of the copolymers
through the mole fractions of styrene of 0.8 were held
almost constant.

The analyses of the ESR spectra of the adsorbed
copolymers were performed using the procedure de-
scribed in a previous paper for the methyl methacrylate
homopolymer.1¥ The ESR line-shape observed from
the adsorption system was simulated by the summa-
tion of three model spectra: a triplet line with a
narrowed width showing high mobility, an interme-
diately broadened line showing a restricted segment
motion, and a powder pattern showing rigid immo-
bilization. The spectrum was normalized by the sig-
nal intensity obtained from a second integration of the
first-derivative spectrum. The amplitude of each
model spectrum was determined by a least-squares
method on the multiple regression to fit the summa-
tion of the three spectra with the observed spectrum.
The model spectra were selected to make the correla-
tion coefficient close to unity between the observed
spectrum and the summation of the three model spec-
tra. In the three-component analysis, a close curve-
fitting was found in every case.

Fontana and Thomas proposed the symbol “p’ as
the notation of the ratio of the segments attached on
the solid surface to the total segments of the adsorbed
polymer.)  Since the nitroxide-spin radicals are pres-
ent exclusively in the methyl methacrylate part, it is
thought that this value of p expresses the ratio of the
adsorbed segments in methyl methacrylate units in the
copolymer. Therefore, this value of p will be sym-
bolized by “Pmma” hereafter. “Psr” and “Pror’” repre-
sent the values of p for the styrene parts and for the
total segments respectively. It should be mentioned
that the styrene segments are attached only through
the hydrogen bond with the silanol groups on the
silica surface. The values of Pror and Psr can be
evaluated by means of numerical calculation from the
Puma value as follows.

From the experimental data of the amounts of the
adsorption of the copolymers, 4 (g m-2), and the com-
positions of the copolymers, fya and fsr, the numbers
of adsorbed methyl methacrylate monomeric units per
unit of area, nyya and the numbers of adsorbed
styrene monomeric units per unit of area, ngy, are
obtained by means of these equations;
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Nyma = A X fuma X Na/Muma, 2)
Nstr=A XfSTXNA/MST, (3)
where N4 is Avogadro’s number and where Muyma and
Mgy are the molecular weights of the monomeric units
of methyl methacrylate and styrene respectively.
The number of methyl methacrylate units attached
on the solid surface per unit of area, Nmma, 1s given by
this equation;

Numa = umaX Puma. (4)

According to our previous studies,?? the segments of
the methyl methacrylate homopolymer adsorbed on
the silica surface can be divided into two groups: one
is the segments attached through the hydrogen bond
between the carbonyl group of the polymer and the
silanol group on the surface site, while the other is the
segments attached except for the hydrogen bond.
The value of the segment fractions attached through
the hydrogen bond in the total train segments of the
adsorbed polymer, fys, is almost constant for each
copolymer. We used 0.34 as the value of fyg in this
experiment. Consequently, the number of Nwmma
multiplied by the fyg value is equal to the number of
methyl methacrylate units attached through the hy-
drogen bond.

If we know the occupied area per adsorbed methyl
methacrylate monomer on the solid surface, oyu4, we
can calculate the surface area occupied by methyl
methacrylate segments attached through the hydrogen
bond per unit of surface area; Smma (m2).

Smma 1s given by this equation;

Smma = Nwmma X oMma. (5)

Here, we adopted 3.62X10-1*m? as the oy value; it
was calculated from the data of the adsorption of the
methyl methacrylate homopolymer in Fig. 1 (a).

At the saturated adsorption, the area of the train
segments through the hydrogen bond with the surface
silanol site should be equal to the value of unit of area
multiplied by 6ir. Therefore, the remaining surface
area, Oir—Smma (m?2), should be equal to the area
occupied by styrene units per unit of area, Sst, because
the styrene homopolymer adsorbs only through the
hydrogen bond between the phenyl group of the poly-
mer and the silanol group on the surface site. If we
know the occupied area per adsorbed styrene mono-
mer on the solid surface, og;, we can calculate the
number of styrene units attached on the solid surface,
Njsr, by the use of this equation;

Nst=Sst/0sr. (6)

Here, we adopted 2.30X10-19m? as the value of ogy; it
was calculated from the data of the adsorption of the
styrene homopolymer in Fig. 1 (b). Consequently,
the fraction of the adsorbed units in styrene units in
the copolymer, Psr, is given by this equation;

Psr= Nsr/nsr. (7)
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Fig. 4. Plots of the values of Pmma, Pst, and Pror
against the mole fractions of styrene on Carbosil M5
from CCls.
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In the same way, Pror is expressed by this equation;
Pror=(Nwmma + Nst)/(nmma + nst). (8)

In Fig. 4, the values of Pumma, Pst, and Pror are
plotted as functions of the mole fraction of styrene.
As may be seen in this figure, the values of Puma
increased gradually with the increase in the mole
fraction of styrene, because the silanol group on the
surface interacts more strongly with the carbonyl
group of methyl methacrylate than with the phenyl
group of styrene. The values of Psr increased gradu-
ally to the value of 0.2 with the increase in the mole
fraction of styrene. When the styrene content in the
copolymer increased, the values of Pror gradually
decreased to the value of 0.2. This value of Pror for
PMCS-99 (shown in Table 1) is almost equal to the
value of p for the styrene homopolymer reported in
the literature,® using the infrared spectroscopy.
From the difference in adsorption ability between
methyl methacrylate units and styrene units on the
silica surface,? it can be understood why the values of
Pror decreased with the increase in the mole fractions
of styrene in the copolymer. Consequently, we can
make the following statement on the basis of the fir
values in Fig. 3 and the Pror values in Fig. 4. It is
possible for the methyl methacrylate homopolymer to
bind the silanol groups on the surface sites more
effectively than the styrene homopolymer; therefore,
the adsorbed methyl methacrylate homopolymer has a
flat conformation, however the adsorbed styrene
homopolymer had a loopy conformation. When the
styrene content in the copolymer increased, the
adsorbed conformations of the copolymers varied
gradually from the conformation of the methyl
methacrylate homopolymer to that of the styrene
homopolymer.
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The Pror values obtained by the present work
throughout the range of the mole fraction of styrene
are somewhat higher than those reported by Herd et
al., who used infrared spectroscopy.? Especially,
our adsorption data at a high content of methyl
methacrylate in the copolymer are remarkably larger
than those of Herd et al. However, at a low content
of methyl methacrylate, the difference is smaller.
This behavior results in the attached methyl methac-
rylate segments consisting of both the segments at-
taches through the hydrogen bond and the segments
attaches except for the hydrogen bond. The IR
method evaluates only the train segments adsorbed
through the hydrogen bond by utilizing the frequency
shift. The values of p proposed by Herd et al. under-
estimated because they did not take into account the
segments of methyl methacrylate attached except for
the hydrogen bond in the copolymer.

The amounts of the saturated adsorption of the
copolymers were not proportional to the composition
of the monomers, but they began to decrease abruptly
at a content of less than 0.2 monomer fraction of the
styrene. This behavior is interpreted as being accom-
panied by changes in the values of 0ir and Pror. Asis
shown in Fig. 2, the A, values of the copolymers
through the mole fractions of styrene of 0.8 increased
very slightly. This phenomenon is due to the
decrease in the value of Pror (i.e., the increase in the
loop segments), because the 61r values of the copoly-
mers through the mole fractions of styrene of 0.8 held
almost constant. The A values of the copolymers at
the mole fractions of styrene in excess of 0.8 decreased,
as is shown in Fig. 2. This was caused by the
decrease in the values of 61r; that is, it is impossible for
the copolymers at the mole fractions of styrene in
excess of 0.8 to bind effectively to all of the silanol
groups on the surface sites.
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