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Surface Pressure from Block Copolymers with One Block Forming
a Monolayer and the Other Block Dangling in Solution'
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ABSTRACT: Surface pressure has been measured as a function of surface concentration for monolayers of
poly(dimethylsiloxane)-polystyrene (PDMS-PS) diblock copolymers, PDMS-poly(a-methylstyrene)
(PDMS-PaMS) multiblock copolymers, and the respective homopolymers, spread on the surface against air
of tricresyl phosphate at 26 °C. A sparingly soluble monolayer was formed by PDMS homopolymer. No
surface pressure was associated with either PS or PaMS homopolymer; these appeared to pass into bulk solution.
For the block copolymers, at low surface concentrations the surface pressure was indistinguishable from that
for PDMS homopolymer at the same concentration of PDMS. At higher concentrations the surface pressure
exceeded this value, to an extent which increased with increasing surface concentration of PS or PaMS. The
supplemental surface pressure from dangling chains was calculated by subtraction. The findings are in qualitative
agreement with theoretical predictions by de Gennes, Alexander, and Cantor that osmotic interactions between
polymer chains dangling into a liquid from an interface contribute substantially to the reduction of surface
tension. Idealizations in the theoretical models are noted.

Introduction

Block copolymers are amphiphilic and can behave as
surfactants. At small concentrations in a liquid they can
concentrate at the surface, lowering the surface tension
considerably.! This property finds technological appli-
cations in blends of immiscible polymeric liquids.? At
higher concentrations, block copolymers can assemble into
micelles? or other organized structures. They can bring
into solution material that is otherwise insoluble.® The
outlook for understanding this behavior appears in some
respects more favorable for uncharged amorphous block
copolymers than for surfactants of the traditional type.®
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The absence of charges simplifies the situation compared
to that for surfactants with polar heads. And in contrast
to small nonionic surfactants, the long length of flexible
polymers makes possible predictions based on the statis-
tical thermodynamics of homopolymer solutions, which is
relatively well understood. Study of block copolymers for
the elucidation of surfactant action has been urged.®?®

A theory for the interaction between polymer chains
dangling from one end into a liquid has been proposed by
de Gennes,® Alexander,” and Cantor.® A parallel can be
drawn between the dangling chains -and the tails of con-
ventional small amphiphilic molecules. In the theoretical
models, at a water—oil interface a hydrophilic and a hy-
drophobic block straddle the interface, each dangling into
the liquid for which it has affinity; at a liquid—air interface
one of the blocks adsorbs tightly, riding on the surface as
a buoy which traps the other. In both cases there is con-
sidered to exist a well-defined surface phase of polymer
in thin three-dimensional solution, but attached to the

© 1985 American Chemical Society
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interface, whose thermodynamics can be analyzed in a
manner similar to that for a macroscopic polymer network
swollen with solvent. The key prediction is that osmotic
interactions between dangling chains can reduce the sur-
face tension considerably. The amount by which the
surface tension is reduced from that of the pure liquid is
the surface pressure.

This paper reports experimental findings for block co-
polymers with configurations close to those postulated
theoretically. These configurations were more difficult to
achieve experimentally than might be expected. They were
achieved at the surface against air of tricresyl phosphate:
here poly(dimethylsiloxane) (PDMS) forms a sparingly
soluble monolayer,'%!! while polystyrene (PS) and poly-
{a-methylstyrene) (PaMS) spread at the surface appear
to go into bulk solution. Tricresyl phosphate is known to
be a better than 6 solvent for PS.12

Theory

The Gibbs free energy AG of an assembly of polymer
chains attached to a liquid interface, each dangling an
average distance L into an adjoining liquid to form a
surface phase with polymer volume fraction ¢, sufficiently
high that dangling chains overlap, has been described by
de Gennes® and Cantor:®

AG/RT = 3n,L% /2L + nyIn (1 - @) + xny¢, (1)

Assumptions contained in eq 1 are discussed in the Con-
clusions section. The last two terms on the right are the
Flory-Huggins?’ osmotic free energy of mixing for poly-
mers attached to the surface. This tends to promote low
polymer concentration by stretching the chains. The first
term is the Gaussian elastic free energy of stretching. The
numbers of solvent and polymer molecules are n, and n,,
respectively; the average chain end-to-end distance is L,
at infinite dilution and L otherwise; x is the Flory-Hug-
gins?’ polymer—solvent interaction parameter, k the
Boltzmann constant, and T the absolute temperature. The
linear dimension a of a lattice site is the same for mono-
mers and solvent molecules (the case if these dimensions
are different is treated by Cantor®) and N is the number
of monomers per polymer chain. Equation 1 depends on
the system’s interfacial area A by the identity ¢, =
noNad/AL.

The surface pressure = = ~(dAG/dA),, rp is determined
once the average chain dimension L has been specified by
minimizing the surface phase’s free energy with respect
to L. For this calculation it is convenient to expand eq
1 in powers of ¢,. For chains present at small concen-
trations in a liquid of better than O solvent quality, terms
in ¢, and higher may be neglected, and the results are

L « N3/ - x)!/2 @)
T« 1\1—2/305/3(1/2 - X)Z/B (3)

Here the approximation L2 = Na? is made for convenience
and the total area A has been expressed as surface mass
concentration ¢ = w/A, where w is the mass of dangling
chains. For the semidilute region of volume fractions (coil
overlap accompanied by low overall polymer concentra-
tion), Alexander” has obtained a similar prediction, = «
¢!1/8 for polymers of high molecular weight, from scaling
arguments.

At higher concentrations or in a poor solvent, terms of*

higher order make important contributions to the free
energy. However, the power-law dependencies on degree
of polymerization N and surface concentration c are at first
not vastly different. If the term proportional to ¢,® in the
expansion of eq 1 were to dominate, = « N-1c% if the term
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Table 1
Characterization of the Copolymers
M,
code? PDMS block  PS or PaMS block® copolymer
Diblock Copolymer
0.71 13800 33400 47200
0.76 13700 43600 57300
Multiblock Copolymer
0.14 25000 4100 80000
0.24 13200 4100 60000
0.39 6400 4100 30000
0.66 2150 4100 20000

s Also weight fraction PS or PaMS. ®PS for diblock copolymers,
PaMS for multiblock copolymers.

proportional to ¢,* were to dominate, = « N#/3¢7/3; and
so forth. The actual surface pressure would of course
include contributions from all these terms.

Experimental Section

Materials. Two families of block copolymers were studied.
Two diblock copolymers of poly(dimethylsiloxane) (PDMS) and
polystyrene (PS), prepared'® by anionic polymerization, were
generously donated by Professor J. V. Dawkins of the Lough-
borough University of Technology. The number-average molecular
weights M,, of the copolymers and of each of the copolymer blocks
are listed in Table I. The ratios M, /M, of weight-average to
number-average molecular weight were less than 1.25. In addition,
a family of multiblock copolymers consisting of alternating units
of PDMS and poly(a-methylstyrene) (PaMS) were prepared at
the Centre de Recherches sur les Macromolécules with the kind
assistance of Dr. Philippe Chaumont. The number-average
molecular weights M, of the copolymers and of each of the co-
polymer blocks are included in Table I. The synthesis by con-
densation of oligomers has been described previously.* The
terminal blocks were either PDMS or PaMS, at random. Al-
though M,,/M, was typically 3 for the copolymers, for the PDMS
blocks it was typically 1.5 and for the PaMS blocks 1.1. In Table
I, each copolymer is identified according to its weight fraction
of PS or PaMS.

Two samples of linear PDMS homopolymer, polymers C and
D in ref 11, were generously donated by Dr. J. A. Semlyen of the
University of York. They had M,, = 6300 and 14800, and their
ratios M, /M, were less than 1.2. Additional samples of PDMS
homopolymer, generously donated by Dr. C. Millet and Dr. G.
Soula of Rhane-Poulenc Recherches, were used in exploratory
experiments. Samples of PS and PaMS homopolymers had M,
= 17500 and 4100, respectively, with M, /M = 1.1.

For the monolayer studies, tricresyl phosphate (Fluka), a
mixture of isomers used as received, was the liquid support. Its
surface tension at 26 °C, measured by the de Noty ring method
using the corrections of Harkins and Jordan,'® was 37.71 dyn/cm.

Methods. The apparatus and detailed methods are described
elsewhere.!! The monolayer experiments were carried out at the
Collége de France, at 26 °C in a thermostated Teflon trough. The
surface pressure was usually measured by the Wilhelmy method,
using a sandblasted platinum plate 2 cm long. Previous exper-
iments!! have shown that direct measurement by the Langmuir
method gave the same results for PDMS homopolymer spread
on tricresyl phosphate and consequently that the contact angle
of tricresyl phosphate was zero on the Wilhelmy plate. For the
PDMS homopolymers, measurements in independent experiments
were reproducible to better than 0.05 dyn/cm when the surface
pressure was less than 1 dyn/cm and were somewhat less re-
producible at higher surface pressures; discrepancies are ascribed
to changes in the zero described below. For the block copolymer
monolayers, additional uncertainty in the surface pressure owing
to partial dissolution of the polymers at high surface concen-
trations is described below.

The polymers were spread from chloroform or benzene solutions
at concentrations between 0.05 and 0.5 mg/mL. The spreading
solvents were spectroscopic grade (Merck) and were used as re-
ceived. The surface concentration was almost always varied by
successive compression. Probably because of slow diffusion on
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Figure 1. Surface pressure at 26 °C of tricresyl phosphate bearing
PDMS of number-average molecular weights 6300 and 14 800,
plotted against surface concentration of polymer.

the surface, the equilibration time was as long as 15 min for PDMS
homopolymers when the surface pressure was low, and as long
as 1 h for the copolymers, but not more than 2 min even for the
copolymers when the surface pressure exceeded 2 dyn/cm. The
rate of deposition onto the liquid surface did not affect the results
except for the diblock copolymers, as described below. It was
verified periodically that the residual surface pressure on nom-
inally clean surfaces, measured at a time corresponding to the
duration of a typical experiment after the surface was cleaned,
was less than 0.3 dyn/cm at maximum compression.

Tricresyl phosphate tended to climb the platinum plate by
capillary action, increasing the weight of the plate and generating
spurious surface tension. To avoid this as much as possible,
measurements were made with the plate submerged except for
a few millimeters, and its stem tightly bound with Teflon tape.
Errors of several dyn/cm resulted when these precautions were
not taken.

Results

Homopolymers. When tricresyl phosphate surfaces
upon which PS or PaMS homopolymers had been spread
were compressed, no surface pressure could be detected
by either the Wilhelmy or Langmuir method, even upon
compression to nominal polymer surface concentration
corresponding to over 50 times full surface coverage. The
polymers apparently passed into bulk solution.

That PDMS forms a sparingly soluble monolayer on
tricresyl phosphate has been shown previously.!®!! In
Figure 1, the surface pressure = is plotted against surface
concentration of polymer for PDMS homopolymer of two
molecular weights. The reproducibility of measurements,
and the property that except at dilute concentrations the
surface pressure associated with a linear polymer is inde-
pendent of the polymer molecular weight,!® are illustrated.
Consideration of molecular models!”!® shows that full
monolayer coverage of the surface corresponds to a con-
centration somewhat under 1 mg/m? At concentrations
less than this the transition zone occurs; here the surface
pressure rises much faster than proportional to the surface
concentration of polymer. The plateau zone follows at
higher concentrations: this is usually interpreted!®!® as
collapse of the polymer to a three-dimensional state. That
the plot is so featureless in the plateau zone up to surface
concentrations exceeding seven full monolayers is in con-
trast to the situation for PDMS spread on water?® and
suggests that on tricresyl phosphate well-defined multi-
layers do not form. PDMS probably collapses into tricresyl
phosphate rather than into the air.
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Figure 2. Surface pressure at 26 °C of tricresyl phosphate bearing
PDMS homopolymer (solid line) and PDMS-PS diblock co-
polymer 0.76, plotted logarithmically against surface concentration
of PDMS. Points: open circles, copolymer spread dropwise over
10 min; filled circles, copolymer spread dropwise over 2 h. Dashed
line: curve for quick deposition shifted to pass through filled
circles.

Previous experiments have shown that measurements
of the surface pressure of PDMS are quantitatively re-
versible on the experimental time scale of 2 h in the
transition zone up to the inflection point.!! Experiments
past the transition zone were also quantitatively reversible,
but some irreversibility (on the order of 0.5 dyn/cm) ap-
peared followed expansion back to 5 dyn/cm. This is
believed to reflect in part the slow kinetics with which
collapsed PDMS adsorbs back to a monolayer state.

PDMS-PS Copolymers. Figure 2 shows typical re-
sults. The surface pressure = is plotted logarithmically
against the surface concentration of PDMS moieties, and
results from Figure 1 for PDMS homopolymers are in-
cluded for comparison. The open circles represent an
experiment after copolymer 0.76 was spread at a normal
rate, over the space of 10 min. The logarithmic slope in
the transition zone is the same as for PDMS homopolymer,
but the points are displaced to higher apparent surface
concentrations of PDMS. When the copolymers were
spread over the space of 30 min (not shown), the dis-
placement on the logarithmic concentration scale was less,
but the logarithmic slope the same. The discrepancy in
concentrations disappeared completely when the co-
polymer was spread sufficiently slowly. The filled circles
in Figure 2 represent an experiment after copolymer 0.76
was spread over a space of 2 h to a PDMS surface con-
centration before compression of only 0.1 mg/m? These
results are quantitatively indistinguishable, over a 25-fold
span of surface pressure, from those for PDMS homo-
polymer. As shown in Figure 4, the same was found for
another family of block copolymers, for which the data did
not depend on the rate of spreading. In Figure 2, the
dotted line reproduces a smoothed curve through the open
circles, but shifted 0.20 logarithmic units to lower surface
concentrations. Although in the transition zone the surface
pressure is indistinguishable from that attributable to the
PDMS, beyond the transition zone the surface pressure
is higher than can be explained in this way.

It appears likely that upon spreading at a normal rate,
substantial quantities of the PDMS-PS copolymers dis-
solved before local copolymer concentrations on the surface
could equalize by surface diffusion. The relatively long
times needed for surface pressure to stabilize after surface
area was changed have been noted already. Moreover,
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Figure 3. Surface pressure at 26 °C of tricresyl phosphate bearing
PDMS homopolymer (solid line) and PDMS-PS diblock co-
polymers, plotted against surface concentration of PDMS.
Fractional PS composition of copolymers is indicated in the figure.
Reversibility of measurements for copolymer 0.71 is illustrated
by comparison of measurements when surface concentration was
changed by compression (@) and by subsequent expansion (@).

surface pressures greater than about 5 dyn/cm diminished
slowly with time, indicating that dissolution was occurring
when the surface concentration was high. The rate of
decay was roughly 0.1 dyn/cm per min at 10 dyn/cm and
0.5 dyn/cm per min at 18 dyn/cm. Because the rate of
equilibration of the surface pressure after compression was
more rapid at higher surface pressures than at lower, by
performance of the experiments as rapidly as was con-
sistent with equilibration it was possible to make mea-
surements which were nearly reversible on the time scale
of the experiments (cf. Figure 3). Still, because of the
empirical shifts in concentrations, measurements for the
diblock copolymers are less reliable quantitatively than
those for the multiblock copolymers described below.

In Figure 3, findings for the PDMS-PS block co-
polymers of 0.71 and 0.76 fractional PS composition are
compared with the behavior of PDMS homopolymer.
Because the polymers were deposited over the space of 10
min, their concentrations have been scaled empirically to
get agreement at low surface pressures with the findings
for PDMS homopolymer. The plot is of surface pressure
against surface concentration of PDMS, and surface
pressures below 4 dyn/cm are not shown. Reversibility
of the measurements is illustrated for copolymer 0.71. The
strong effect of the dangling PS chains on the surface
pressure is clearly noticeable on this linear plot. Where
the surface pressure of PDMS homopolymer bends into
a plateau, the surface pressure of the block copolymers
continues to climb.

PDMS-PaMS Copolymers. Figure 4 plots logarithmic
surface pressure against logarithmic surface concentration
of PDMS. For these block copolymers with shorter dan-
gling chains, the rate of spreading did not matter. For
fractional PaMS compositions 0.14, 0.25, and 0.39 (not
shown), surface pressures in the transition zone match
those for PDMS homopolymers, but beyond the transition
zone exceed them, just as for the PDMS-PS block co-
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copolymers, plotted logarithmically against surface concentration
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Figure 5. Surface pressure at 26 °C tricresyl phosphate bearing
PDMS homopolymer (solid line) and PDMS-PoMS multiblock
copolymers, plotted against surface concentration of PDMS.
Fractional PaMS composition of copolymers is indicated in the
figure. Reversibility of measurements for copolymer 0.39 is il-

lustrated by comparison of measurements when surface concen-

tration was changed by compression (-O) and by subsequent
expansion (-@).

polymers. For copolymer 0.66, the surface pressure at all
concentrations exceeds that attributable to the presence
of PDMS blocks alone.

Figure 5 plots linear surface pressure against PDMS
surface concentration for the entire family of PDMS-
PoMS copolymers. Surface pressures below 4 dyn/cm are
not shown. The curves fan out dramatically at high surface
concentrations, to an extent that increases with increasing
content of dangling chains. By doing experiments suffi-
ciently rapidly at high surface pressures that the co-
polymers did not dissolve on the time scale of the exper-
iments (typically 20 min), it was possible to make reversible
measurements of surface pressure up to nearly 18 dyn/cm
in regions where PDMS homopolymer of the same surface
concentration was associated with a surface pressure of
only 13 dyn/cm. Only for copolymer 0.66 were measure-
ments not reversible, except at surface pressures below
about 12 dyn/cm. Two measurements at higher surface
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pressures are included for copolymer 0.66 to indicate the
qualitative trend in the data. In Figure 5, reversibility is
illustrated for copolymer 0.39, the copolymer which had
the next-greatest tendency to dissolve at high surface
pressures. The agreement between the open circles, in-
dicating measurement during compression, and the filled
circles, indicating measurement during subsequent ex-
pansion, is excellent.

Discussion

The supplemental surface pressure Ar from dangling
chains was calculated from the data in Figures 2-5, by
subtracting at each PDMS surface concentration the
surface pressure of PDMS homopolymer at the same
surface concentration. For the multiblock copolymers, this
difference is plotted in Figure 6 against the surface con-
centration of PaMS. The length of the dangling PaMS
blocks is the same for all the polymers; it is the fractional
PaMS composition that is varied. The curves for polymers
of lower PaMS composition (i.e., higher PDMS compo-
sition) generally rise earlier and more steeply, probably
reflecting interactions between the PDMS buoys and the
dangling chains. However, these differences are small in
view of the nearly fivefold difference in P«MS composition.
For all the curves, the supplemental surface pressures rise
faster than simply proportional to the PaMS surface
concentration. They appear to extrapolate to Ar = 0 at
about 0.5 mg/m? suggesting that the character of the
curves is different below this concentration. For the
PDMS-PS diblock copolymers, the supplemental surface
pressure varies with surface concentration in a similar
fashion, as shown in Figure 7, and Figure 2 shows that here
Ar = 0 within experimental uncertainty up to roughly 2
mg/m? dangling chains.

It is possible to gauge the concentrations of dangling
chains in the surface layers. The onset of average overlap
between chains should be roughly at the surface concen-
tration c¢*,p, = M/N,Rg,% where M is the polymer mo-
lecular weight per mole, N Avogadro’s number, and Rg,
the polymer radius of gyration parallel to the surface. The
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Figure 7. Supplementary surface pressure Ar for PDMS-PaMS
and PDMS-PS block copolymers, plotted logarithmically against
surface concentration of PaMS and PS, respectively. Points: as
in Figures 3 and 6.

value R, can be estimated as R (the radius of gyration
in isotropic solution); and R can be roughly estimated as
its value extrapolated to the block molecular weight ac-
cording to known variations with molecular weight in
toluene. For dangling PS chains with M = 40000, one
obtains®! R =~ 65 A and c*;p = 0.5 mg/m? For dangling
PoMS a similar calculation®® generates a similar estimate
of ¢*,p, but this is probably quantitatively meaningless in
view of the unknown average configuration of these short
chains which are attached to the surface by both ends on
the average. Despite the numerical uncertainties, it does
appear that, for both families of block copolymers, the
concentrations above which supplemental surface pressure
was observed are reasonable ones for an effect attributed
to osmotic interactions between overlapping dangling
chains.

Logarithmic plots of supplemental surface pressure
against surface concentration of dangling chains are shown
in Figure 7. Curves through the points appear parallel
within the rather large experimental uncertainty, although
to avoid prejudicing the conclusions no curves have been
drawn. For both families of copolymers, the findings are
consistent with a power-law relation between Ar and
surface concentration, with power between 1.5 and 2, as
predicted by eq 3. For the multiblock copolymers, the
findings are shifted to lower concentrations, the lower the
PaMS composition of the copolymer, indicating that the
contributions of the dangling chains and of the PDMS
monolayer are not strictly separable. However, for all the
copolymers the character of curves through the points
seems to be the same or nearly the same. The shifts are
believed to reflect interpenetration of the dangling PaMS
and of the collapsed PDMS monolayers, but no quanti-
tative interpretation of the interaction is offered at this
time. For the diblock copolymers, the onset of detectable
supplemental surface pressure occurs at much higher
surface concentrations of dangling chains. At the same
surface concentration, Ar from the PS dangling chains is
about one-tenth that from the shorter PaMS dangling
chains, consistent with eq 3 and the associated discussion.

It is puzzling that theoretical predictions based on a
virial expansion for low volume fractions of polymer are
consistent with the findings in Figure 7. The volume
fractions of polymer in the surface layers were apparently
rather high. For the PDMS-PS copolymers, arguments
similar to those already made estimate the volume con-
centration to be c¢*;p = 0.2 g/cm? at average overlap be-
tween chains. The polymers were then compressed a factor
of 4 in surface concentration. One can speculate that
competing influences on the free energy canceled one an-
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other to some extent at high polymer volume fractions.
Higher order terms in the virial expansion of eq 1, tending
to be manifested in stronger dependence of surface pres-
sure upon surface concentration, would have been offset
if the dangling chains tended to escape the surface by
dragging some portion of their PDMS buoys into the un-
derlying liquid. Tendencies of the polymers to dissolve
entirely at high surface pressures were in fact observed,
as mentioned above. In future work it will be desirable
to have more direct probes of surface structure than just
the surface pressure.

Conclusions

The chief conclusion of this study is that osmotic in-
teractions between polymer chains dangling into a liquid
from an interface can contribute substantially to reducing
the surface tension, as predicted by de Gennes,® Alexan-
der,” and Cantor.?

Although the theoretical predictions are confirmed
qualitatively, two features of the models®® in their present
forms are found to be rather strong idealizations. First,
the models assume that the adsorbing copolymer blocks
are utterly insoluble in the underlying liquid, whereas
experimentally the block copolymers showed marked
tendencies to leave the liquid surfaces at high surface
pressures. It is doubtful that a state of vanishing surface
tension® could be achieved experimentally in these systems.
Second, the models assume that tendencies of dangling
chains to stick to the surface or avoid it are negligible. In
this study and in an earlier one,” some difficulty was
encountered in finding an experimental system which
avoided adsorption of the dangling chains. The com-
pression experiments described above show that this was
the case here; but in the system poly(ethylene oxide)-
water, for example, the polymer forms a stable monolayer
in spite of its solubility with water in all proportions.?2*
In the present system one expects some tendency of the
dangling chains to avoid the surface, both the entropic
reasons? and because the enthalpic interaction with the
surface?® may a~tually be repulsive. It appears that in
future theoretical work, these idealizations should be re-
laxed.
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