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The adsorbed amounts of cyclic and linear poly(dimethylsiloxane) fractions of heterogeneity indices
M, /M, ~ 1.05 on silica were investigated by Fourier-transform infra-red spectroscopy. It has been found
that at low molar masses the adsorption of cyclic polymer is greater than that of the corresponding linear
polymer, but at high molar masses the reverse behaviour is found. This is in agreement with the theoretical
predictions of van Lent, Scheutjens and Cosgrove. Adsorption of the polymers was investigated in two
different solvents, and it was found that the adsorption was greater from hexane than from

tetrachloromethane for both linear and cyclic polymers.
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INTRODUCTION

Polymer adsorption has been studied extensively by a
wide range of experimental techniques'. For homopoly-
mers it is now generally accepted that the adsorption of
high-molar-mass polymers leads to a highly extended
adsorbed layer?. The hydrodynamic thickness of this
layer in the plateau of the adsorption isotherm is thought
to be due to the preferential formation of tails. Both
theoretical and experimental results support this view?>.
However, an unambiguous test of this proposition would
be to compare adsorption results for systems in which
the formation of tails was excluded. An ideal system in
this respect would be to compare linear and cyclic
molecules of virtually the same chemical structure, and
to this end samples of poly{dimethylsiloxane) (PDMS)
have been used in this study.

The preparation and properties of sharp fractions of
both cyclic and linear PDMS have been described in
previous papers in this series*. Cyclic polymers with
number-average degrees of polymerization up to 500
have been obtained in gram quantities by prepara-
tive gel permeation chromatography (g.p.c.). These
materials have been characterized by dilute solution® and
bulk viscometry®, small-angle neutron scattering’,
photon correlation spectroscopy®, diffusion measure-
ments®!3 and 2°Si nuclear magnetic resonance (n.m.r.)
spectroscopy'*.

This paper presents adsorption data for a series of
cyclic and linear PDMS fractions on silica using hexane
and tetrachloromethane as solvents. The results of these
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studies are compared with the self-consistent mean-field
calculations based on the Scheutjens—Fleer (SF) theory?13.

EXPERIMENTAL

Materials

Fractions of linear  poly(dimethyisiloxanes),
(CHj;);3- SiO[(CH,4),Si0],Si0(CH )5, and cyclic poly(di
methylsiloxanes), [(CH;),Si0],, were obtained by
methods described previously'®!”.

The linear fractions, which were trimethyl-terminated,
were obtained by preparative g.p.c. (polymers L1-L5),
starting from Dow Corning dimethicones. The cyclic
fractions were recovered from ring-chain equilibrates in
toluene at 110°C before being separated into fractions
by preparative g.p.c. (polymers RI1--R4). Number-
average molar masses M,, number of skeletal bonds »
and ratios of M, /M, are listed in Table 1.

Adsorption studies by infra-red spectroscopy

The substrate used was Aerosil A-130 fumed silica,
diameter 16 nm, obtained from Degussa, which was used
without treatment. The solvents were spectrophoto-
metric-grade tetrachloromethane and h.pl.c.-grade
hexane. All adsorption measurements were carried out
on a Perkin—Elmer 1720 Fourier-transform infra-red
(FTi.r.) spectrometer.

A range of polymer solutions of known concentrations
were prepared in the solvents hexane and tetrachloro-
methane. Each polymer solution was added directly to
the substrate as received. The samples were sealed and
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Table 1 Characterization of the linear and cyclic PDMS

Fraction n M, (gmol™!) M,/M, R, (nm)°
Linear PDMS
L1 14 680 1.03 0.47
L2 134 5120 1.05 1.88
L3 350 13110 1.05 3.03
L4 573 21360 1.07 3.80
L5 1076 50000 1.16 5.20
Cyclic PDMS
R1 14 520 1.02 0.39
R2 137 5070 1.03 1.80
R3 334 12 360 1.01 2.12
R4 582 21530 1.09 2.83

R, denotes the radius of gyration

thorough mixing was ensured by shaking for 48 h. The
samples were then centrifuged for 20 min at 4000g and
the supernatant liquid removed carefully and analysed
by i.r. spectroscopy. All measurements were carried out
in an i.r. solution cell (sodium chloride), with a 0.2 mm
spacer for 10 scans. Calibration graphs for the peak at
1260 cm™! were determined for a series of polymer
solutions at different molar masses, which gave a linear
dependence on concentration. From these plots the
equilibrium concentration of the polymer in the super-
natant solution was determined. From this difference in
concentration the adsorbed amounts I" were calculated.
Adsorption isotherms were obtained as a function of
molar mass. Because of the uncertainty of the absolute
surface area obtained when redispersing silica in the two
solvents, the adsorbed amounts I' are expressed in
milligrams per gram. The results, however, were repro-
ducible, showing that aggregation (though of an indeter-
minate extent) could be effectively controlled using a
standard dispersal procedure. All measurements were
carrted out at room temperature, 298 K.

RESULTS AND DISCUSSION

Adsorption from tetrachloromethane

Figures 1 and 2 show adsorption isotherms for both
high- and low-molar-mass polymers from tetrachloro-
methane. It can be seen that for both samples the
adsorbed amount for cyclic PDMS is greater than for
the linear polymers and that the adsorption isotherms
are of the low-affinity type. Neither adsorption isotherms
show a clear plateau level and the adsorbed amount
continues to increase slowly with concentration, which
is in agreement with the results obtained by Brebner!®.
The adsorbed amount per unit surface area can be
calculated assuming that the geometric area of the
particle is preserved after adsorption. This approxima-
tion would give an upper bound for the surface area per
molecule I', and these are shown in Table 2. The values
are rather small compared to other systems®, even for
the high-molar-mass sample. The reason for this is partly
due to the fact that tetrachloromethane itself has a high
affinity for silica. It is proposed that the tetrachloro-
methane is weakly bonded to the surface hydroxyl groups
of the silica by van der Waals forces. Therefore the PDMS
is in competition for those sites and it is proposed that
PDMS adsorbs onto the silica from tetrachloromethane
by mechanism I, in Figure 3.

There are several mechanisms which the polymer,
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PDMS, is thought to adsorb on the surface of silica'®
and these are shown schematically in Figure 3.

One molecule of tetrachloromethane can be said to
occupy approximately 0.4 nm? of the silica surface. The
competition for surface sites by tetrachloromethane leads
to the observed situation in which less polymer is
adsorbed, but a greater dependence on molar mass might
be expected because the polymer is attached to the surface
at fewer anchor points.

Table 2 shows values of the plateau level adsorption
for a series of linear and cyclic PDMS samples adsorbed
from tetrachloromethane. From the adsorbed amount it
is straightforward to calculate the surface area per
molecule (S4/mol) and these values are also given.
Although it is a rather simplistic approach, it is however
instructive to compare SA/mol with the equivalent cross
section of the polymer in solution. This latter value
(47rR§, where R, is the radius of gyration) can be
calculated for known values of R,.

For low-molar-mass cyclics the ratio of SA/4nR2 > 1
(Table 2) whereas at high molar masses the reverse is
true. A similar behaviour is found with the linear chains,
except that much smaller absolute values are found. Small
chains do not form extensive tails and cyclic polymers
have no tails; therefore the values of the ratio for both
cyclic and linear polymers for the lowest molar mass
samples are similar (Table 2). However, the difference
begins to diverge with increasing chain length, and
compared to their size in solution the cyclic molecules
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Figure 1 Adsorption isotherm of cyclic (@) n=14 and linear
(O) n= 14 PDMS adsorbed on silica from tetrachloromethane
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Figure 2 Adsorption isotherm of cyclic (@) n=>582 and linear
(O) n=1573 PDMS adsorbed on silica from tetrachloromethane



Table 2 Results of adsorption studies

Cyclic and linear poly(dimethylsiloxanes). A. Patel et al.

No. of

polymer molecules

Fraction I' (mgm™?) M, (gmol™1!) adsorbed (10'7) SA/mol® (nm?) X-sect.” (nm?) SA/4nRE
Cyclic PDMS in CCl,
R1 0.4 530 4.54 22 1.9 1.16
R2 0.423 5220 0.49 20.5 226 0.91
R3 0.469 12520 0.26 443 56.5 0.78
R4 0.546 23440 0.14 71.3 100.6 0.71
Linear PDMS in CCl,
L1 0.315 690 2.75 36 2.8 1.29
L2 0.346 5390 0.39 259 44.6 0.58
L3 0.415 13760 0.18 55.1 115.8 0.48
L4 0.477 22900 0.13 798 1819 0.43
LS 0.623 58 000 0.06 154.7 3393 0.46
Cyclic PDMS in hexane
R1 0.877 530 9.96 1.0 1.9 0.53
R2 0915 5220 1.06 9.5 226 0.42
R3 1.008 12520 0.49 20.6 56.5 0.36
R4 1.108 23440 0.28 350 100.7 0.35
Linear PDMS in hexane
L1 0.785 690 6.81 1.5 2.8 0.53
L2 0.846 5390 0.94 10.6 44.6 0.28
L3 0.962 13760 0.42 23.8 115.8 0.21
L4 1.138 22900 0.30 334 181.9 0.18
LS 1.446 58000 0.15 66.6 3393 0.19
“Denotes the surface area per molecule adsorbed
"Denotes the equivalent cross-sectional area of polymer in solution (4nR2)
‘Denotes the ratio of the previous two quantities
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Figure 3 Some possible mechanisms of adsorption of PDMS onto the
surface of silica

virtually linear and suggest that at much higher values
of M, there will be a cross-over where the formation of
larger tails will lead to higher I'_,, values for the linear

max

POLYMER, 1991, Volume 32, Number 7 1315



Cyclic and linear poly(dimethylsiloxanes): A. Patel et al.

Xo=3:0 x=0-45

1.16 4 xs=2-0 x=0-45

0.96 4
xe=1-0 x=0-5

o
9
&

Adsorbed amount 8

-®- Cyclic -©- Linear

%6 5 A 5 5 5

logye bulk conc. ¢°,

Figure 5 Plot of theoretical adsorbed amount § as a function of the
bulk concentration ¢? for cyclic (@) and linear (Q) chains for ¥, =1,
2 and 3. Chain length r =18

species. The cyclic polymer is more compact (compare
R, values in Table 1) and this leads to a higher I, at
least at lower molar masses. In the adsorption from
tetrachloromethane, the low-affinity isotherms, and the
relatively low I',,,, values, do not strongly emphasize the
difference between linear chains and rings.

Figure 5 is a theoretical plot of adsorbed amount 8
against log bulk solution concentration ¢P, calculated
from the SF model. Values of x(0.5) and y,(1.0) have
been chosen to reflect best the adsorption and solution
properties of the system. One monomer has been taken
to be equal to one theoretical segment. The results
obtained experimentally in Figure 4 fit well in a
qualitative sense with the theoretical plot, although the
absorbed difference between cyclic and linear is consider-
ably less pronounced. Figure 5 shows that for these
thermodynamic values the adsorbed amounts for the
linear polymers are increasing more rapidly than the
amounts for the cyclics, and that a cross-over of the two
isotherms would occur at a higher value of bulk
concentration, which is in agreement with the experi-
mental data in Figure 4. As the y, value is increased
(xs = 2.0) a cross-over is indeed seen, and for y,=3.0 a
complete reversal is observed, whereby the linear polymer
adsorbs more than the corresponding cyclic one over the
whole concentration range.

Adsorption from hexane

In general, adsorbed amounts are lower from good
solvents than from poor solvents due to the favourable
polymer—solvent interactions that occur. However, two
factors must be considered: the polymer—solvent inter-
action parameter y and the segmental adsorption energy
parameter y,. Both a high y (poor solvent) and a higher
¥ (stronger attachments of segments) lead to higher
adsorbed amounts.

Work carried out by Brebner and coworkers!® has
shown that tetrachloromethane is a poorer solvent than
hexane for PDMS. The y value measured for hexane was
0.45 and for tetrachloromethane y was 0.5. This suggests
that adsorption should be greater from tetrachloro-
methane than hexane. However, this was not observed,
since tetrachloromethane is preferentially adsorbed on
the surface of silica compared to hexane.

In Figures 6 and 7 adsorption isotherms for both
low- and high-molar-mass polymers from hexane are
shown. Clearly, in comparison with Figures I and 2, the
adsorption from hexane is much greater than from
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tetrachloromethane. This can be rationalized in that
tetrachloromethane is adsorbed more strongly onto silica
than hexane, hence y (hexane) > y,(CCl,) and y, is more
important than y in determining the adsorbed amount.
The weak interaction of hexane with silica leaves vacant
hydroxyl groups to interact with the polymer, which may
then adsorb via mechanism II (Figure 3).

Figure 6 shows that at low molar mass the cyclic
polymers adsorb to a greater extent than the correspond-
ing linear ones, and that all the linear points are below
the cyclic points. The adsorption isotherm is also of low
affinity, and at low equilibrium concentration the
adsorbed amounts of cyclic and linear polymers are very
close. However, as the equilibrium concentration is
increased, the difference in adsorbed amount (I") between
the two increases on approaching the plateau.

Figure 7 shows that, at high molar mass, the adsorption
isotherm has a higher-affinity nature at low equilibrium
concentration, but even then the isotherm does not reach
a definitive plateau. The absolute values of I' in this case
are much higher than for the isotherms obtained from
tetrachloromethane. The difference in adsorbed amount
between the cyclic and the corresponding linear polymer
is less, but the reverse behaviour is observed; the linear
polymer now adsorbs to a greater extent than the cyclic
(all the linear points are above the cyclic points).

Comparison of the SA/4nR? values (Table 2) for
hexane show the same trend as for CCl,, but all values
are substantially less; from hexane both linear chains and
rings appear highly distorted compared to the solution
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Figure 6 Adsorption isotherm of cyclic (@) n=14 and linear
(O) n= 14 PDMS adsorbed on silica from hexane
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Figure 9 Plot of log,, theoretical adsorbed amount 6 as a function
of y, for cyclic (@) and linear (O) PDMS for y=0.45. Chain length
r=18 at bulk concentration ¢®=10"*

conformation, and hence the difference between linear
and ring polymers should be more pronounced.

Figure 8 is a plot of maximum adsorbed amount
against number of bonds (n) in hexane, which clearly
shows a cross-over point between linear and cyclic at
n =470 bonds. The adsorbed amount as a function of
the number of bonds is linear. These results are also in
agreement with the theoretical predictions in Figure 5.
From Figure 5, it can also be seen that a cross-over
occurs at a lower ¢? for a higher ..

In Figure 9 a plot of the log,, theoretical adsorbed
amount 6 against y, is shown, with a cross-over around
¥s=2.0 for x=0.45. If the slopes in Figure 4 were
extrapolated then a cross-over would occur at a similar
value of I to that in Figure 8. It was from this theoretical
plot that the y, values were chosen best suited to the
polymer— solvent systems: y,=2.0 for hexane and
«s = 1.0 for tetrachloromethane. With reference to Figure
5 it can be seen clearly that y, plays an important role
in adsorption. The adsorbed amount increases as g, is
increased (solvent—adsorbent interaction decreases,
favouring the polymer segments) whereupon a complete
reversal of adsorption is observed, i.e. linear polymer
adsorbing greater than the corresponding cyclic polymer.

The cross-over effect can be understood since at low
molar mass the difference in conformational entropy on
adsorption between cyclic and linear polymers favours
the adsorption of cyclics; whereas at high adsorbed

Cyclic and linear poly(dimethylsiloxanes). A. Patel et al.

amount the development of tails increases the adsorption
of linear polymers. Since a ring cannot form large tails,
it loses proportionally less entropy on adsorption than
a linear polymer.

CONCLUSIONS

The resuits obtained from the adsorption studies of cyclic
and linear PDMS from solution are in good qualitative
agreement with the theoretical predictions of Cosgrove
and coworkers'>. The theory predicts that under certain
physical conditions cyclic polymers adsorb to a greater
extent than their linear analogues at low molar mass.
However, under different conditions, the reverse behav-
iour is found. The cyclics can form large loops, but they
cannot form long extended tails, which predominate at
high molar mass and high adsorbed amounts with linear
polymers.
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