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Adsorption of Polystyrene onto Silica at the Theta Temperature
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ABSTRACT: Adsorption of polystyrene having a molecular weight ranging from 600 to
2,000,000 onto Aerosif 130 from cyclohexane solutions at the theta temperature was studied by UV
and IR spectroscopy. Adsorbance, {4} was determined using UV spectroscopy while both the
fraction of the surface sites occupied, (2 and the fraction of the segments adsorbed per polymer
chain, (p) were measured by IR speciroscopy. Adsorbance increases with increasing molecular
weight up to M, = 50 x 10* and then levels ofl) The value of ¥ increases while the p value decreases
wilh increasing molecular weight. The close corrclation between the adsorbed amount I per site
determined UV spectroscopy and the ratio 2;p measured by IR spectroscopy can be observed except
for cases involving high molecular weight samples. The data were compared with the theories of
Scheutjens und Fleer and Silberberg based on a lattice model. There was excellent agreement between
the data and these theories.
KEY WORDS Adsorption [ Polystyrene | Silica ; UV Spectroscopy | IR
Spectroscopy | Adsorbance [ Surface Sites | Adsorbed Segments |

The major confronted central problems in the
study of polymer adsorption onto solid-surface are
clarification of the conformation of the adsorbed
polymer chains and the polymer solvent, polymer—
polymer, and polymer-substrate interactions as well,
In these problems, not only the extension of the
adsorbed polymer layer, f but also the adsorbance, 4
(gem™?) are crucially important. Besides the
adsorbance, the fraction of the sites occupied on the
solid surface, ¥ and the fraction of the segments
adsorbed per polymer chain, p are also necessary for
elucidating the conformation of the adsorbed
polymer chain. Theories developed since 1968 are
detailed in their prediction of the molecular weight
dependence of the adserbance, A, the fraction of the
sites occupied, Z, and the fraction of the segments
adsorbed, p.! ™ No unique experimental method
indicatling the extension of adsorbed polymer layer,
f, the adsorbance, A, the fraction of the siles
occupied, £, and the fraction of the segmenils
adsorbed, p simultaneously is available at the present
stage. Ellipsometry'®~'* provides the information of
the adsorbance, 4 and the extension of adsorbed
polymer layer, r but not the fraction of the sites
occupied, £ and the fraction of the segments

adsorbed, p. On the other hand, spectroscopy!® 17
can offer the adsorbance, 4, the fraction of the sites
occupied, 2 is unity and claimed that their data are
in quantitative agreement with the theory of
Silberberg! which is a loop-train model, and
spectroscopy except for the problem of the exlension
of the adsorbed polymer,

Recently, Linden and Leemput!” carried out the
adsorption of polystyrecne onto Aerosil silica
particles from cyclohexune at 35°C, using IR
spectroscopy. They found that (he fraction of sites
ocecupied, X is unity and claimed that their data is in
quantitative agreement with the theory of
Siliberberg! which is a loop-train model, and
neglected the contribution from the tails. We have
carricd out an adsorption study on the same system
and determined the adsorbance A, the fraction of the
siles occupied, X, and the fraction of the segments
adsorbed, p by using UV and IR spectroscopy;
however our data indicating the fraction of the sites
occupied, X is at variance with their findings,
Moreover, very rccently, Scheutjens and Fleer®
developed a theory based on a loop-train-tail model.
In this paper, we intend to compare our data with the
adsorption theories of Silberberg as well as that of
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Scheutjens and Fleer.

EXPERIMENTAL

Matzerials

The linear polystyrene samples, having a narrow
molecular weight distribution, were supplied by
ArRo Laboratories Inc. (A Series) and Pressure
Chemical Co. (P Series). The characteristics of the
eight polystyrens samples arc given in Table [. First-
grade cyclohexane was distilled, passed through a
silica gel column to remove aromalic impurities,
refluxed over sodium metal and then distilled
fractionally just before use. All polystyrene
cyclohexance solutions were filtered through a
millipere HA filter prior to measurements.

Table 1. Polymer characterization data
Samples® M, = 1077 MM,
A-l .6 1.07
A2 4.0 1.06
A-3 9.0 1.05
P-1 370 1.06
P-2 110.0 1.06
P-3 498.0 1.07
P-4 670.0 1.06
P-5 2000.0 1.06

* The A series were supplied by ArRo Laboratories Inc.
and the P series were supplicd by Pressure Chemical Co.

The nonporous silica Aerosil 130 supplied by
Degussa A. G. was used as the adsorbent. According
to the manufacturer, the particle diameter was 16 nm
with a surface area of 141 m? g~*. This material was
heated at 250°C for 18 h under vacuum to ensure an
average-surface-site density close to three OH
groups per 100 A217

Measurement Techniques

Adsorbance (4). Adsorbance, A (gem™2) per
unit arca was determined indirectly from the
concentration change in the supernatant solution.
Samples of silica suspensions containing polymer
were removed from a glass vessel following one day
of equilibrium at 35°C. The samples were centriluged
for 3 minutes at 5,000 g to settle the solid completely.
In a UV spectroscopy (Union Giken System 77-1}
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provided with a glass single cell of matched 10mm
path lengths, thermostatted in a water bath al 35°C,
the intensities of the supernatant solutions were
measured at /=263 nm. The relevent concentrations
were determined from a calibration curve,

Fraction of the Surface Sites Occupied (X). On
centrifuging the equilibrium adsorption mixtures,
the silica particles were setiled as a stable gel. A
portion of the gel (usually about 0.025 g) was then
weighted onto the polished face of a 13 mm diameter
of IR KBrcell. A part of supernatant solution was
put into an identical reference cell. Infrared
measurements were performed on a Nihon Bunko
Model IR-G spectrometer equipped with two path
length cells at 35°C.

The diffcrential infrared spectra obtained between
a cell containing only the supernatant polymer
solution and a cell containing the silica gel on which
polymer was adsorbed are shown in Figures la, 1b,
and lc for samples of A-1, A-2, and P-3. A band
3680 cm ™~ is assigned to the isolated silanols, while a
band located 3588 cm™! is assigned to the
attachment of the phenyl groups of polystyrene
chains on the isolated silanols. Thus, the number of
free sites (Siquo) @and that of the occupied sites by
phenyl groups {S,545) can be known using respective
extinction coefficients; the extinction coefficient at
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Fignre 1. Infrared spectra of Acrosil 130 in

cyclohexane, in the presence of polystyrene samples of
various molecular weights: (a) A-1: (b) A-2: (¢) P-3.
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Figure 2. Infrared spectra taken on a silica gel
immersed in (a} cyclohexane and (b} ethyl benzene.

3680 cm ™' on silica gel immersed in cyclohexane was
determined to be 55.6 Imol~! em ™! (Figure 2a). At
3588 cm ™! the extinction cocfficient for silica gel in
ethyl benzene was obtained at 115.11mol™! em™!
(Figure 2b). The fraction of the surface sites
occupied, £ can be calculated from the following
equation, using the value of ;45 and Ssegs,

= 83548/{S3588 1 Sse80) (1}

Fraction of the segmenis adsorbed (p). The
fraction of the segments adsorbed, p can be
calculated from the following equation derived by
Fontana and Thomas.'®

(wt. of attached polymer segments cm™ %)

2
{wt. of total adsorbed polymer cm ~2)

p:

The numerator in eq 2 is obtained from the product
of the number of the sites occupied by phenyl groups
and the molecular weight of a styrene monomer unit
M, whereas the denominator in eq 2 corresponds to
the adsorbance, 4.

RESULTS

Adsorbance

Adsorption isotherms are shown in Figure 3. The
adsorption isotherms display the typical shape with a
limiting platcau starting at a low bulk equilibrium
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Figure 3. Adsorption isotherms of polystyrene: O, A-

L. A2 O A3 0, P 0 P2 @, P-3-0, P4 0,
P-5.
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Figure 4. Logarthmic plot of the adsorbance at the

highest bulk equilibrium concentration vs. the molecular
weight.

concentration below 0.0001 gmi™! except for a
sample of A-1. The adsorbance data and the bulk
equilibrium concentration are summarized in Table
II. In Fipurc 4, for respective polymer samples, the
adsorbance obtained at the highest bulk equilibrium
concentration 1s plotted against the molecular
weight. At first, the adsorbance increases gradually
with the molecular weight up to M,,=49.8 x 10* and
then levels off.

Fraction of Surface Sites Occupied

The fraction of the surface sites occupied, X,
calculated [romeq 1, is listed in Table I1. The vajue of
Z obtained at the highest bulk equilibrium
concentration is plotted against the molecular weight
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Table II. Adsorption dala of polystyrenes onto Aerosil 130

Bulk
Polymer equilibrium Adsorbance,
samplcs concentration,
C,® 10° A 107
gm! 7! gem
0.044 .17
A-l 0.051 0.15
0.076 .16
0.0(39 (2.43
0.0098 0.50
A-2 0.025 0.59
0.040 (.63
0.0032 0.78
A-3 0.0042 0.79
0.028 (.74
0.0029 1.03
0.0063 1.20
P-l 0.019 1.20
0.025 1.25
0.0054 1.24
P-2 0.0063 1.40
0.034 1.62
0.0092 1.95
3 0.0065 2.00
P-3 0.018 2.20
0.019 2.10
P-4 0.027 2.45
0.012 240
P-5 0018 2.20
0.037

Figure 5. Scmilogarithmic plots of the {raction of the
surface sites occupied, (0, X) and the fraction of Lhe
segmenls adsorbed, (@, p) vs. the molecular weight.
Dependences predicted at the theta temperature: (- - ),
from Scheutjens and Fleer’s theory for the polymer—
substrate interaction parameter y,=1.3 and the volume
fraction of polymer, ¢*=10"7% ¢ —), [rom
Silberberg’s theory for the conformational parameter
(7ar)=0.1, y,==c, and $*=10 *; {1, =, W, p) from
Silberberg’s theory for (yrt=0.1, =13, and
Pr=10"2
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Fraction of Fraction of
the segments the sites Adsorbed amount
adsorbed, occupied.

J2 X r Xip
1.00 1-0.10 0.36- 0.04 0.33 0.36+0.04
0.98+0.10 0.30+0.03 0.29 0.31+0.03
(.99+0.10 0.32+0.03 0.31 132003
0.70+0.07 0.53+0.05 .83 0.76+0.08
0.934+0.09 0.56+10.06 0.97 0.60+0.07
(.59+0.06 0.51 +0.05 1.14 0.86+0.09
.56+ 0.06 0.45-+0.05 1.22 0.80+0.08
0.41+0.04 0.46 +0.05 1.51 1.12-0.11
0.38+10.04 0.43+0.04 1.52 [.13+0.11
0.474+0.05 0.53+0.05 1.43 1.13+0.11
.334+0.03 .79+ 0.08 1.99 2.39+024
(.30+0.03 0.62 - 0.06 232 207021
1.294+0.03 .68 +0.07 2.32 2.34+023
0.26+10.03 0.69+0.07 2.41 2.65+0.27
0.21+0.02 1.0 +0.10 2.39 476 +0.48
0.25+0.03 1.0 +0.10 270 4.00 +0.40
21002 0.59 1 0.06 3.13 2.80+028
0214002 1O +0.10 3.76 476+ 048
0.23+0.02 1.0 +0.10 3.86 4.34 043
.14 =001 0.73+0.07 4.24 3.21+0.52
0.18+0.02 0.70+0.07 4.05 3.804-0.39
0.11+0.01 0.88+0.09 4.82 8.00+0.80
0.22+0.02 1.0 +£0.10 4.63 4.55+046
0.13=0.01 1.0 +0.10 4.23 7.69=0.77
0.12=0.01 1.0 +0. 4.63 8.33-0383

in Figure 5 and increases with the molecular weight.
The Z value usually decreases with increasing bulk
equilibrium concentration as seen from Table TI

Fraction of Segments Adsorbed

The fraction of the segments adsorbed, p,
calculated from eq2, is listed in Table [T and
decreases with  increasing bulk  equilibrium
concentration. The p value at the highest bulk
equilibrium concentration decreases with increasing
molecular weight up to M, =11 x 10* and reaches a
limiting value of 0.12—0.18 as scen from Figure 5.

DISCUSSION

Molecular Weight Dependence of the Adsorbed
Amount
Adsorbance, A, is commonly expressed in
milligrams of polymer per weight {or better unit

Polymer J., ¥ol. 12, No. 4, 1980
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area) of the adsorbent. However, the adsorbed
amount, I', corresponding to the total number of the
scgments adsorbed per site is actually the quantity of
inlerest. Estimation of this quantity, I', is expected to
clari{y the conformation of the adsorbed polymer
chain. The important guantity, I, is defined by,

I'=(AN,){(ronM,} (3

where 4 is the adsorbance (gem™2), N, is
Avogadro’s number, #ngy is the number of silanol
sites per umit arca, cqual to 3x 10" OH groups
cm ™2, and M, is the molecular weight of a styrene
monomer unit. The I' so defined is suitable for
comparison with the theoretical I', based on a lattice
model since it is regarded as the adsorbed amount
per lattice site. In this respect, Acrosil Silica 130, used
in this experiment, behaves as a suitable adsorbent
since the number of site per unit area is known. I 1s
also difined as follows,

I'=ZXZip (4

In Table I, I” obtained by eq 3 is compared with X/p
and the Z/p is plotted against I in Figure 6. Except
for the higher molecular weight fractions of P-4 and
P-5, eq4 is satisfied and indicates that the
independent measurements of I' are in good
agreement. The reason for the large deviations of
points for P-4 and P-3 from the diagonal may be
attributed to the large unceriainly in IR
spectroscopy hampered by unstable gels obtained for
P-4 and P-5 samples.
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Tigure 6. Plot of the ratic Xip ve. I
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The experimental £ and p values are compared
with Scheutjens and Fleer as well as Silberberg’s
theories in Figure 5. As for the analysis of these
theories, the published results of these authors have
been used, although this procedure is far more
exacting and difficult. In Scheutjens and Fleer's
theory, the polymer—substrate  interaction
parameter, y,=1.3, the Flory-Huggins parametcr,
¥y=05 and the volume fraction of polymer,
&% =1073, which is close to the highest cquilibrium
concentration for respective samples. These values
were selected (or use in our experiments, Both the
theoretical £ and p are plotted in Figure 5 and fair
agreement can be observed. In Silberberg’s line, only
ai the molecular weight of 10* comparison was made,
assuming that the conformational parameter
(ar)=0.1, x,=13, x=035 and ¢*=10"2
However, no appreciable difference between these
theories has been observed. At the higher molecular
weight region, y,=o0 is assumed in Silberberg’s
theory, with the result that =1, which is near the
experimental point. As comparison shows, the
decision for theory preference is difficult, since both
theories can quantitatively explain the experimental
Z and p. However, it appears that y,=oc is too
extreme,

At the lowest molecalar weight, the degree of
polymerization is 6 and the adsorbed oligostyrene
lies flat on the surface, since p=1.

The adsorbed amount, I, determined by eq 3 at
the highest bulk equilibrium concentration, is plot-
ted against the molecular weight in Figure 7. Tn
Figure 7, comparison is also made with the theory of
Scheutjens and Fieer on choosing y,=1.3, y=0.5,
and ¢*= 10" One must remember that the theory
of Scheutjens and Fleer is wvalid only for
polymerization lower than 10%, ie, the rcgion
M<10°. It was found that the I calculated by
Scheutjens and Fleer’s theory is in excellent
agreement with the observed I'. For molecular
weights above 104, data was compared with that by
Silberberg’s theory. The adsorbed amount, I,
calculated by Silberberg’s theory for (ygy.)=0.1,
t=oc, y=0.5, and ¢*=10"%, is also shown in
Figure 7. Tn addition, only at a molecular weight of
10%, the value of I’ calculated by the theory of
Silberberg for (puy)=0.1, »,=13, y=0.5, and
¢* = 1072 is shown by u square in Figure 7. It is clear
that the calculated I from the theory of Silberberg is
also nearly equal to the observed I
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Figure 7. Semilegarithmic plot of the experimental
adsorbed amount., I' wvs. the molecular weight.
Dependences predicted at the theta temperature: (--- ),
from Scheutjens and Fleer's theory for y,=1.3 and
Pr=10"% (— - — - — 3, from Silberberg's theory for

(ya1.) =0.1, x,= o0,and ¢*=10"2; (), from Silberberg's
theory for (vg3.}=0.1, x.=1.3, and ¢*=10"2

In conclusion, both theories predict the
experimental observation quantitatively. However,
the conformation considered in both theories is
different. In Silberberg’'s line, a loop-train
conformation is assumed while Scheutjens and
Fleer’s theory is based on the loop-train-tail model.
Thus, we can not conclude which conformation is
predominant from the data of the adsorbance,
fraction of the surface sites occupied, X, and fraction
of the adsorbed segments, p without relying upon the
data concerning the cxlension of the adsorbed
polymer.
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