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ABSTRACT: Adsorption of a synthetic rubber, polybutadiene onto a white carbon surface, 
i.e., nonporous silica (Aerosil 130), from cyclohexane solutions at 35°C was studied by IR 
spectroscopy and differential refractometry. The observed infrared frequency shifts of the silanol 
groups for 1,7-octadiene and for a mixture of cis- and trans-2-octene, which are the monomeric 
analogues of poly butadiene, and also for poly butadiene, are attributed to the interaction between 
the silanol groups of the Aerosil 130 silica and the double bonds of these compounds. Adsorbance 
(A) was determined using a differential refractometer, while both the fraction of the surface sites 
occupied (0) and the fraction of the adsorbed segments per polymer chain (p) were determined by 
IR spectroscopy. The experimental values of A, e, and p observed in the plateau region of the 
·adsorption isotherms were independent of molecular weight. The data were compared with the 
theory of Roe formulated for a lattice model. There was qualitative agreement between the 
observed data and Roe's theory. 
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In the 1940s and 1950s, the adsorption of natural 
rubber1 and synthetic rubbers such as polyisoprene 
and styrene-butadiene rubber (SBR)2 - 9 onto car
bon blacks were extensively studied in relation to 
the development of rubber technology. As a result, 
it was found that adsorption of rubbers is controlled 
mainly by the interaction between the double bonds 
in rubber and the active sites on the carbon black 
surface. However, a fully adequate characterization 
of the carbon black surface used as the adsorbent 
was not possible at that time, the information being 
limited to only the adsorbance, which is expressed 
as the weight of adsorbed polymer per weight of the 
adsorbent. This retarded the quantitative interpre
tation of-the interaction between the double bonds 
in rubber and surfaces. 

Theories of polymer adsorption· have been de
veloped, and several important quantities such as 
adsorbed thickness t, adsorbance A, the fraction of 
the surface sites occupied e, and the fraction of the 
adsorbed segment per polymer, p, can be calculated 
as functions of molecular weight, polymer con
centration, and the polymer-solvent, polymer-

substrate, and solvent-substrate interaction 
parameters. 10 -! 3 

If a well characterized substrate such as silica 
particles, for which the number of surface sites is 
known, is used as an adsorbent, a quantitative 
theoretical check for the values of A, e, and p can be 
made. Thus, in a previous paper,14 we used the 
Aerosil 130 as a substrate and measured A, e, and p 
for the adsorption of polystyrene onto the silica 
from cyclohexane solution at the theta temperature, 
and compared the observed values with the theories 
of Silberberg10 and of Scheutjens and Fleer.14 

From a practical standpoint, instead of carbon 
blacks, silica particles have sometimes been used as 
a reinforcing material for elastomers. The name 
"white carbon" has been used in common for these 
particles. Botham and Thies15 have studied the 
adsorption of polybutadiene onto a silica surface 
from perchloroethylene solutions, but, limited the 
measurement to only the adsorbance and made no 
comparison with theories. In this paper, a well 
characterized Aerosil silica 130 was used as an 
adsorbent and adsorption of poly butadiene, a typi-
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Table I. Characteristics of polybutadienes 

Samples 

PBR-1 
PBR-2 
PBR-3 
PBR-4 

Mw X 10-3 

gmol- 1 

126 
173 
241 
314 

l'll 

dlg-l 

1.86 
2.39 
3.01 
3.69 

cal synthetic rubber, from cyclohexane solutions at 
35°C was examined by using IR spectroscopy and 
differencial refractometry to clarify the nature of the 
interaction between rubbers and silica surface. A 
frequency shift in the silanol groups of the Aerosil 
silica caused by the interaction between the silanol 
groups and the double bond of polybutadiene was 
observed, and the 8 and p values were determined 
by IR spectroscopy. The data were compared with 
the theory of Roe. 11 

EXPERIMENTAL 

Material 
Polybutadiene manufactured by Asahi Chemical 

Industry Co. as NF-55A was fractionated at 25°C 
into nine fractions using isobutylacetate as a solvent 
and ll).ethanol as a precipitant. The fractionated 
samples were freeze-dried from benzene solutions. 
Their molecular weights were determined by gel 
permeation chromatography. Intrinsic viscosities of 
polybutadienes in cyclohexane at 35°C were mea
sured by a Ubbelohde viscometer. The content of 1-
4 cis, 1-4 trnas, and 1-2 additive in each fraction of 
polybutadiene was determined from the IR spectra 
of films prepared by casting benzene solutions onto 
a glass plate. The bands of particular interest were 
located at 967 cm- 1 (1-4 trans), 911 cm- 1 (1-2 
additive), and 724 cm- 1 (1-4 cis), respectively. 
Extinction coefficients determined by Binder16 were 
employed for the quantitative determination of 1-4 
trans, 1-2 additive, and 1-4 cis contents. The charac
teristics of the polybutadiene samples are given in 
Table I. 

Cyclohexane was purified by the previously de
scribed method.14 Extra pure grade 1, 7 -octadiene 
and a mixture of cis- and trans-2-octene were used 
without further purification. 
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Contents of 

1-4 cis 1-4 trans 1-2 additive 

% % % 

55 34 II 
56 34 10 
58 32 10 
51 38 II 

The nonporous Aerosil 130 silica supplied by 
Degussa A. G. (West Germany) were used as the 
adsorbent after cleaning it by the procedure de
scribed in a previous paper.14 The concentration 
of surface silanol groups was determined by the 
method of Boehm and Schneider17 to be three 
silanol groups per 100 A2 . According to the manu
facturer, the particle diameter was 160 A with a 
surface area of 141m2 g- 1. 

Adsorption of Polybutadienes onto the Silica 
Twenty-five ml of polybutadiene cyclohexane so

lution of known concentration were mixed with the 
silica (usually about 0.025 g) in a stoppered cen
trifuge tube and the mixture was gently stirred by a 
magnetic chip for 20 h at 35°C. The silica suspen
sions were centrifuged at 5,000 g for 5 min to 
sediment the silica and then the supernatant was 
carefully removed. The concentration of poly
butadiene CP in the supernatant was measured by a 
Wood differential refractometer at a wavelength of 
546 nm. The relevent concentration of poly
butadiene was determined from a calibration curve. 
Adsorbance (gem -z of silica), A, was determined 
from the difference between the amount of the 
polybutadiene initially added and that in the super
natant, and also from the amount of the silica 
added. 

The method for IR measurements on the sedi
mented silica and the silica immersed in 1,7 octa
diene and also in 2-octene was similar as describ
ed previously. 14 

The method for calculating for the fraction of the 
surface sites occupied, 8, and for the fraction of 
segments adsorbed, p are described in a previous 
paper.14 
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RESULTS 

Adsorbance 
Adsorption isotherms of the samples studied are 

shown in Figure 1. Initially, the adsorption iso
therms rose steeply with increasing equilibrium 
polymer concentration and reached a plateau re
gion. These isotherms are of the high affinity type, 
showing that the adsorbance at a bulk equilibrium 
polymer concentration of 0.1 g/ 100 ml is well in the 
plateau region for all samples. The adsorbances are 
summarized in Table II for all the samples. The 
adsorbance in the plateau region was almost con
stant and independent of molecular weight. 
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Figure 1. Adsorption isotherms of polybutadiene: (), 
PBR-1; PBR-2; (), PBR-3; e, PBR-4. 

4000 3500 3000 

Wave number 1 cm-1 

Figure 2. Infrared spectrum of Aerosi1 130 in cyclo
hexane, in the presence of polybutadiene of PBR-2. 
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Fraction of Surface Sites Occupied, 8 
The differential infrared spectrum between the 

supernatant polybutadiene solution and the silica 
on which polybutadiene was adsorbed, shows two 
characteristic bands in Figure 2; one band located at 
3,680 em -r is assigned to the isolated silanol groups 
and the other located at 3,500 em -I, is assigned to 
the attached double bond of polybutadiene, i.e., the 
-CH=CH- group attached to the isolated silanol 
groups. Thus, both the number of free silanol 
groups and the number of the occupied silanol 
groups can be determined, provided the extinc
tion coefficients for the respective groups are 
known. For the free silanol groups/4 the extinction 
coefficient at 3,680 cm- 1 was determined to be 55.6 
I mol- 1 cm- 1 . 

The IR spectra of the silica immersed in 1, 7 
octadiene and 2-octene, which are considered to be 
model compounds to the monomer unit of poly
butadiene because of their double bonds, are shown 
in Figure 3. The observed absorbance at 3,375 em -r 
can be attributed to the interaction between the 
double bonds in these model compounds and the 
silanol groups on the silica surface. The shift of the 
silanol groups due to the model compounds is 
greater than that due to polybutadiene, possibly 
because of the difference in the strength of the 
interaction between the silanol groups and the 
double bonds in the model compounds and poly
butadiene as well. However, we have assumed that 
the extinction coefficient, 134 I mol- 1 em -r at 

".:::.::::::>:,\ 

rr·' ...... 
( 

\ ·,_ -·-- /' ... /··--...... . 

.... ) 

4000 3500 3000 

Wave number 1 crri1 

Figure 3. Infrared spectra of Aerosil 130 immersed in 
(--) cyclohexane, (----) 1,7-octadiene, and (---) 
2-octene. 
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3,500 em -t of the double bond in polybutadiene is 
equal to that of the model compounds at 3,375 
cm- 1 

almost constant, being 0.2 for all the samples. 

DISCUSSION 
The fraction of the surface sites occupied, 8, can 

be calculated from the following equation, Frequency Shift of Silanol Groups Attached by 
Double Bonds 

(l) 

where s3,680 and s3,500 are the number of free sites 
and the occupied sites by double bonds, respec
tively. The value of 8, calculated from eq l are listed 
in Table II. These values increase with increasing 
bulk equilibrium polymer concentration for each 
molecular weight. The limiting value of 8 in the 
plateau region is 0.5 irrespecive of the molecular 
weight. 

Strong infrared frequency shifts of the silanol 
groups were observed for the silica immersed in 1,7-
octadiene and 2-octene which are analogous com
pounds of a monomer unit of polybutadiene. These 
shifts can be attributed to the interaction between 
their double bonds and the silanol groups, since 
Little and Mathieu18 previously observed by IR 
spectroscopy similar shifts of the silanol groups 
when CH2 = CH2 was allowed to adsorb on the 
silanol groups. The similar infrared spectroscopic 
shift observed for adsorbed polybutadiene is thus 
explained by the interaction between the double 
bonds of polybutadiene and the silanol groups. 
Moreover, with 1-octadecene, a similar frequency 
shift of the silanol was observed by Erkelens and 

Fraction of Segment Adsorbed, p 
The fraction of segments adsorbed, p, is sum

marized in Table II and decreases with increasing 
bulk equilibrium concentration for each molecular 
weight. The value of p in the plateau region is 

Table II. Adsorption data of polybutadienes on Aerosil 130 

Bulk 
Fraction of Fraction of 

equilibrium Adsorbance Surface excess 
segments surface 

Samples concentration 
adsorbed sites occupied 

Ax 107jgcm2 r r=efp 
C"x 102/gml- 1 

p e 

0.0015 0.16±0.01 0.77±0.08 0.34±0.03 0.61 ±0.03 0.44±0.04 
0.012 0.34±0.02 0.36±0.04 0.44±0.04 1.25±0.06 1.22±0.12 

PBR-1 0.032 0.60±0.o3 0.22±0.02 0.47±0.05 2.23±0.11 2.17±0.22 
0.12 0.70±0.04 0.21 ±0.02 0.51 ±0.05 2.60±0.13 2.43±0.24 
0.31 0.77±0.04 0.18±0.02 0.53 ±0.05 2.87±0.14 2.95±0.29 

0.0038 0.14±0.01 0.78±0.08 0.36±0.04 0.53±0.o3 0.46±0.05 
0.0083 0.37±0.02 0.37±0.04 0.48±0.05 1.37±0.07 1.28 ± 0.13 

PBR-2 0.027 0.65±0.03 0.23±0.02 0.53 ± 0.05 2.40±0.12 2.36±0.24 
0.12 0.75±0.04 0.19±0.02 0.53 ± 0.05 2.76±0.14 2.77±0.28 
0.32 0.75±0.04 0.16±0.02 0.49±0.05 2.79±0.14 3.10±0.31 

0.0023 0.16±0.01 0.70±0.07 0.35±0.04 0.58±0.03 0.50±0.05 
0.0060 0.39±0.02 0.27±0.03 0.46±0.05 1.45 ±O.o7 1.67 ± 0.17 

PBR-3 0.023 0.69±0.o3 0.21 ±0.02 0.48±0.05 2.55 ±0.13 2.23±0.22 
0.11 0.77±0.04 0.17 ±0.02 0.50±0.05 2.84±0.14 2.88±0.29 
0.32 0.70±0.04 0.18±0.02 0.49±0.05 2.60±0.13 2.70±0.27 

0.0023 0.16±0.01 0.67 ±O.o7 0.35±0.04 0.58±0.03 0.53±0.05 
0.0045 0.40±0.02 0.39±0.04 0.45±0.05 1.50±0.08 1.16±0.12 

PBR-4 0.016 0.75±0.04 0.20±0.02 0.50±0.05 2.76±0.14 2.51 ±0.25 
0.11 0.79±0.04 0.23±0.02 0.51 ±0.05 2.92±0.15 2.22±0.22 
0.32 0.75±0.04 0.19±0.02 0.51 ±0.05 2.76±0.14 2.61 ±0.26 
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Liefk:ens.19 The present experimental data are in 
.agreement with their results. When the observed 
small frequency shift of silanol groups adsorbed by 
polybutadiene is compared with the large frequency 
shift due to the model compounds, it seems likely 
that the interaction with the surface silanol groups 
is weaker for the double bond of polybutadiene 
than for that of the model compounds. Poly
butadiene has 1-4 trans, 1-4 cis, and 1-2 additive 
structures, and this structural irregularity may be 
responsible for this difference. 

Surface Excess r 
The surface excess, r, the total number of molec

ular segments adsorbed per lattice site, is an impor
tant· quantity, since it can be regarded as the 
adsorbed amount per lattice site when experimental 
data are compared with the theoretical treatment 
based on a lattice model. r is defined as, 

(2) 

where A is the adsorbance (gcm- 2 ), NA is 
Avogadro's constant, n0 H is the number of silanol 
sites per unit area, being 3 x 1014 in the present case, 
and Mu is the molecular weight of the butadiene 
monomer unit, () is the fraction .of surface sites 
occupied, and p is the fraction of adsorbed seg
ments. The values of r calculated from measured 
adsorbance are compared with the values of ()jp in 
Table II. We find that the values of r determined by 
the two methods are consistent. 

Comparison of Experimental Results and Theory 
Several theories for polymer adsorption are avail

able. In Silberberg's theory, 10 the loop-train con
formation is assumed, while Scheutjens and Fleer's 
theory13 is based on the loop-train-tail confor
mation. In these theories, p, e, and r are calculated 
as a function of Flory-Huggins parameter X· 
However, the published graphical results of these 
authors deal with only two cases: x=0.5 and x=O. 
The x parameter for polybutadiene--cyclohexane at 
3SOC was determined to be 0.45 from thermody
namic analysis using the Stockmayer-Fixman plot 
with the intrinsic viscosity data in Table I. Hence, 
we were unable to compare at the present stage our 
results with the theories of Silberberg10 and 
Scheutjens and Fleer.13 As an alternative, we select
ed the more comprehensive theory of Roe11 since it 
allows r to be evaluated easily as a function of X· 
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For this calculation, we used the computer program 
kindly furnished by Professor Roe. 

In Roe's theory, the close-packed hexagonal lat
tice is assumed and the simplifying assumption was 
made such that each segment of a polymer chain 
makes the same contribution to the density of a 
segment at any distance from the surface. This 
theory specifies no particular conformations for 
adsorbed polymers. Although p and 8 are not 
explicitly considered in Roe's theory, the value of p 
can be evaluated from the following equation, 

p=!/J/ /J1 !/Jz; (3) 

where 1/12 1 and 1/12 ; are the volume fractions of 
polymer in the first layer and in the i-th layer, 
respectively. The value of () was calculated by 
multiplying r by the calculated p value. The three 
important quantities of r, e, and p can be calculated 
as functions of polymer concentration, molecular 
weight, x parameter, and polymer-surface interac
tion parameter, Xs· Except for x, the other quantities 
are already known. Thus, we first attempted to 
evaluate x, so as to make a quantitative interpre
tation of the experimental data. 

Since the molecular weight dependence of r, (), 
and p was almost absent, we selected the sample 
PBR-2 with a molecular weight of 173 x 103 for 
comparison. In Figures 4, 5, and 6, r, p, and () for 
PBR-2 are compared with those calculated by the 
theory of Roe as a function of x,. We see that the 
calculated values of r, p, and () increase with 
increasing x,, but above Xs = 5.0, r, p, and 8 stay the 
same. As seen in Figure 6, the measureg value of () 
first sharply increases at the lower polymer con
centration and then becomes constant around 
CP=0.03 gjlOOml. The calculated value of 8 also 
shows a steep increase at a very low polymer 
concentration (less than CP=O.OOl gj100ml) and 
becomes independent of polymer concentration at 
higher CP. The measured values of () in the plateau 
region are in fair agreement with the calculated () 
value for x,=0.7. 

In Figures 4 and 5, the observed r first increases 
sharply and the observed p decreases with increas
ing polymer concentration; these values then be
come constant. A closer inspection of these figures 
reveals that the calculated values of both r and p 

show similar behavior; however, for all values of x, 
in the plateau region, the calculated r are always 
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Figure 4. Plot of r value vs. equilibrium poly butadiene concentration for PBR-2. The dashed lines were 
calculated by Roe's theory for different values of the polymer-surface interaction parameter, Xs· 
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Figure 5. Plot of p value vs. equilibrium polybutadiene concentration for PBR-2. The dashed lines were 
calculated by Roe's theory for different values of the polymer-surface interaction parameter, x,. 
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2 -1 

Cp x 10 I g ml 

Figure 6. Plot of fJ value vs. equilibrium polybutadiene concentration for PBR-2. The dashed lines were 
calculated by Roe's theory for different values of the polymer-surface interaction parameter, x,. 

smaller than these observed. The calculated p values 
are always larger than the observed p. Moreover, 
for Xs = 0. 7 the calculated value of r is one half the 
measured value of 2.8 and the calculated value of p 

is nearly twice as large as the observed p, as can be 
seen from Figures 4 and 5. If an extreme value of x., 
say 5.0, is chosen, the calculated value of r ap
proaches the measured value, but no complete 
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agreement between calculated and observed r can 
be made for any Xs· Thus, there is not available any 
one value of x, which can explain all three experi
mental quantities of r, p, and fJ at the same time. 
Nevertheless, it is important that Roe's theory can 
at least qualitatively explain the concentration de
pendence of r, and p, and fJ. The discrepancies 
between theory and experiment may be due to the 
following two reasons. The first reason may be the 
geometry of the silica surface; the silica particles 
used here are small spheres and have large curva
ture, while a plane surface was assumed in the 
theory. The second reason is possibly the structure 
of the polybutadienes employed in this study, con
sisting of 1-4 trans, 1-4 cis, and 1-2 additive struc

These structures should thus be considered 
copolymers. Strictly speaking, Roe's theory is not 
really applicable to copolymers. 

CONCLUSION 

From the IR spectra of silica on which poly
butadienes were adsorbed, it is concluded that the 
observed large frequency shift of the silanol groups 
was caused by interaction between the double bonds 
in polybutadiene and the surface silanol groups. 
This means that polybutadiene is tightly adsorbed 
on the silica surface of the silanol groups. The 
experimental aependence of fJ, p, and r on polymer 
concentration was found to be in qualitative agree
ment with the theoretical predictions of Roe. 
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