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ABSTRACT: Spread films of poly(ethylene oxide) (PEQ) and poly(vinyl acetate) (PVAc) were studied at
the interfaces of air/water (A/W) and heptane/water (O/W) by using the Wilhelmy plate method for static
surface tension measurements and the surface quasi-elastic light scattering (SLS) method for deducing the
dynamic surface viscoelastic parameters. Upon effecting precise measurements at A/W, we show that the
surface dilational elasticity determined from the Wilhelmy plate method and the longitudinal elasticity deduced
from SLS were the same for a wide surface concentration range. The surface longitudinal viscosity of PEQ
films was shown to be less than that of PVAc films by a factor of 10 or more. To our knowledge, this is the
first report of a study of homopolymers spread as films on any oil/water interface by the SLS technique. We
have found that the surface pressure can be calculated from the SLS data because of the decoupling of the
longitudinal waves from the transverse capillary waves. The dynamic surface pressure thus obtained agreed
with the static surface pressure determined by the Wilhelmy method over the whole concentration range of
PVAc. The transverse viscosity could also be calculated exactly for PEOQ and PVAc and was found to be close

to zero in both cases.

Introduction

Interfacial activity of a water-soluble polymer, poly-
(ethylene oxide) (PEQ), is an interesting subject!? which
also commands significant technological implications be-
cause many nonionic surfactants contain the ethylene
oxide moiety. Although experiments with spread films of
PEO at the air/water interface (henceforth denoted as
A/W for short) have been published,’? those on oil/water
interfaces are yet to be found in the literature. On the
other hand, studies of adsorbed films at O/W as contrasted
to spread films have been reported.>* Some reviews®®
covering a wide range of surface-active polymers are
available in the literature. This is the second” in a series
of papers comparing surface-active polymeric materials at
A/W and at the heptane-water interface (henceforth de-
noted as O/W) by the surface quasi-elastic light scattering
(SLS) technique. The purpose of this paper is twofold.
We present the results of SLS experiments, performed at
A/W with sufficient precision to allow a quantitative
comparison of film elasticities obtained by SLS and the
static Wilhelmy plate method. Further, upon making
minor optical modifications of the SLS instrument, ready
access to the oil/water interface has been accomplished.”®
The experiments on homopolymer films at O/W serve to
elucidate the advantages and disadvantages of the SLS
technique at O/W compared to A/W.,

The SLS technique has only begun to be exploited for
polymeric films. It has a potential of providing a new set
of approaches to polymeric monolayers and films on var-
ious interfaces. Recently, there has been an active interest

"Permanent address: Department of Industrial Chemistry, Fac-
ulty of Engineering, Mie University, Tsu, Mie 514, Japan.

at A/W with respect to small molecule amphiphiles®4
such as fatty acids using SLS, but the interpretation of any
viscoelastic parameters extracted from SLS is complicated
by the various phase transitions and also by the fact that
small molecule amphiphile monolayers are inherently less
stable than polymer monolayers.® Thus, we have also
chosen to study poly(vinyl acetate) (PVAc) because it
forms stable films of the “expanded type”, in addition to
PEO for comparison sake.

Some of the questions which must be answered before
SLS can be accepted as a well-validated technique deal
with the interpretation of viscoelastic parameters; how to
compare them with the results of other techniques and
deciding which film viscoelastic parameters can actually
be extracted by SLS. For film-covered surfaces there is
an inherent coupling between the longitudinal (containing
shear and dilational components!®) waves and transverse
capillary waves. For film-free liquid interfaces, the ca-
pillary wave motion is governed completely by the inter-
facial tension and the densities and viscosities of the two
phases. With a film present, the situation becomes more
complicated. An additional film viscoelastic parameter!?
is defined by making the surface tension complex, i.e., o*
= ¢ - iwy, where u is the transverse surface viscosity and
w = 27f, — i27(Afs./2), f, and Af, . being the frequency shift
and corrected frequency full width at half-height, re-
spectively, of the power spectrum of scattered light. Even
though the longitudinal waves have a negligible contribu-
tion to the light scattering intensity, these waves couple
with the transverse capillary waves. The longitudinal
waves are governed by a complex elasticity, ¢* = ¢ - fwx
where ¢ and « are the longitudinal elasticity and viscosity,
respectively. The longitudinal elasticity ¢ contains a shear
component as stated above which cannot be separated
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from the dilational part by SLS.!® Goodrich has given
plausible physical pictures of the above-mentioned vis-
coelastic parameters.6

To provide an idea of the dependence of the two ex-
perimental quantities f, and Af, , on the viscoelastic pa-
rameters, Hard and Lofgren® have calculated f, and Af, .
as functions of ¢ and « at A/W. According to their cal-
culations, f, is weakly dependent on ¢ whereas Af,, is
strongly dependent. For example, Af,, increases by almost
200% at a value of the reduced elasticity ¢/¢ = 0.2, which
is just the ratio of the longitudinal elasticity to the surface
tension. The dependence of f, and Af,. on the other film
viscoelastic parameter u has also been calculated by Lan-
gevin,!2

Similar calculations can be done at the oil/water in-
terfaces with two additional quantities, the viscosity and
density of the second phase. Solving the dispersion rela-
tion with six input parameters (the densities and bulk
shear viscosities of the two liquids and the scattering wave
vector k and the interfacial tension o), one obtains the
dependence of f, and Af; . on e at different values of « and
u. These calculations were presented earlier’ for k = 459
cm™ and ¢ = 50.83 dyn/cm at O/W where the independ-
ent variable is expressed as the reduced longitudinal
elasticity ¢/¢. Since the densities and viscosities of the two
phases are comparable at O/W, there exists negligible
coupling between the longitudinal waves and transverse
waves.!” This was clearly illustrated by the above-men-
tioned calculations. In the most sensitive case, i.e., x = 0,
4Af,. is changed only by about 8% as the coupling becomes
progressively more efficient from the bare interface, i.e.,
¢/c = 0, to the maximal extent when the reduced elasticity
reaches a value of 0.2. At A/W, the maximal change in
Af; . comes to almost 200%. These calculations also in-
dicate that f; is mildly affected by ¢/ s, which is not very
different from A/W. Predictions of the dispersion relation’
also indicated that u, if present, could have a large effect
on the light scattering spectrum, which is rather similar
to the predicted effect for A/W.1?

Finally, we address some of the questions raised in the
literature dealing with film viscoelasticity. Before doing
so, we designate the dynamic viscoelastic parameters as
those extracted from SLS measurements. There is still
a controversy dealing with the question of whether the
dynamic transverse surface viscosity even exists at A/W.
In Langevin’s analysis,!? the transverse viscosity was ex-
tracted from her SLS data for various polymer and sur-
factant monolayers. Crilly and Earnshaw have found a
finite value of the dynamic transverse viscosity for a
monolayer of glycerol monooleate at A/W*? and also for
a bilayer of the same material suspended in water.!%%
Other authors!®!3!4 studied the same system as Langevin'?
and found no need to invoke the transverse viscosity when
fitting their data with the dispersion relation. Recently,
we have also found the transverse viscosity to be close to
zero at A_/ W and O/W for a PEO-polystyrene block co-
polymer.

The controversy over the transverse viscosity may never
be resolved experimentally because there is no easy way
of comparing it to the corresponding one obtained by other
methods. On the other hand, the longitudinal dynamic
elasticity obtained by SLS and the static counterpart ob-
tained by the plate method have been extensively com-
pared.®!1"1¢ The comparison gives rise to further insight
into the dynamic longitudinal elasticity despite its
“contamination” by a shear component,!® while the static
elasticity is purely dilational. This comparison so far has
been quite qualitative, even with the improvement of ex-
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perimental precision. This is because the most widely
studied monolayer samples such as fatty acids'®!* have
biphasic regions, wherein the comparison of the static and
dynamic longitudinal elasticities is complicated by the
phase coexistence. PVAc and PEO however give rise to
one phase for all surface concentrations; thus a quantitative
comparison of the surface elasticities obtained by the two
methods can be made.

Experimental Section

Materials. PEO of various molecular weights with M, /M,
less than 1.05 were from Toyo Soda Co. (supplied by Varian
Associates, Sunnyvale, CA). Three samples were used here and
they are identified by molecular weights in kilograms per mole.
The 145K and 594K samples were dehydrated by evacuation at
107 Torr for 48 h at room temperature. They were found to be
indistinguishable from an undried 252K sample as far as the
surface experiments were concerned. PVAc was polymerized by
free radical polymerization and purified by reprecipitation in
methanol.?* Only one fraction having a molecular weight of 114K
was used for this study. Earlier, it has been shown that there
exists no molecular weight dependence for PVAc?! for SLS ex-
periments in the range of 55K-1150K.

The heptane (Aldrich, 99%) was purifed with 60-100 mesh
Florisil magnesium silicate and then doubly distilled. The water
used here was house distilled water further purified with a Milli-Q
filtering system (Millipore) with one carbon and two ion-exchange
filters. Dichloromethane (Aldrich, spectro grade, Gold Label) was
used without further purification as the spreading solvent. All
glassware and Teflon were cleaned with a sulfuric acid-Nochromix
(Godax Labs. Inc., New York) solution.

Methods. Since our experimental methods have been described
elsewhere,” we present only a brief summary here. Both SLS and
static measurements were performed simultaneously in a Lang-
muir trough milled out of Teflon having the dimensions of 28.5
c¢cm X 11.1 cm X 1.0 cm, enclosed in a Plexiglass box (68 cm X
30 cm X 24 ¢m) with the relative humidity kept at 70%. For the
Wilhelmy plate method, a 1.0 cm X 2.5 cm sandblasted platinum
plate and a smaller 0.4 cm X 1.73 cm platimum plate were used
for A/W and O/W, respectively. The plates were suspended from
a Cahn 2000 electrobalance by a fine stainless-steel wire. The
surface temperature was controlled to 0.1 °C at 25 °C by cir-
culating thermostated water through a glass coil placed at the
bottom of the trough. For O/W, another (deeper) Teflon trough
(10.8 cm X 10.8 cm X 1.7 cm) was substituted. The temperature
was controlled to £0.1 °C at 25 °C by water circulation through
the brass casing of the sample cell. The deeper trough allowed
us to immerse the plate completely. The size of the prism, which
was used as the light pipe for O/ W, limited the thickness of the
heptane layer to 0.4 cm; hence unlike for A/W, SLS and static
measurements were not performed simultaneously. For the sake
of consistency, we did try to perform the experiments sequentially
under identical conditions.

For A/W, the polymer was spread from dichloromethane so-
lution and the surface concentration was controlled by a sliding
Teflon barrier. Two different methods were used to spread the
polymer on the heptane/water interface. The continuous addition
method was performed by layering successively small amounts
(uL) of a dichloromethane solution of the sample onto the in-
terface. Blank experiments with just dichloromethane were
performed to confirm that solvent alone had no effect on the
interfacial tension. The other method was to spread the sample
onto the air/water interface first and subsequently layer heptane
onto the water phase. This method gives more complete spreading
in most cases but of course is rather tedious. It is referred to as
the single-shot method because the entire procedure must be
repeated for each surface concentration.

The SLS instrument and its calibration at A/W have been
previously reported.? The same instrument was modified by using
a 4-cm BK-7 glass equilateral prism as a light pipe to access O/W
without being interfered with by the air/oil interface. The in-
strumental calibration at O/W has been described,” hence only
the important equations for the frequency width correction will
be given here. The calibration method was experimentally verified
by correctly determining the interfacial tensions of water and



2734 Sauer et al.

Macromolecules, Vol. 20, No. 11, 1987

Table I
Calibration Summary at 25 °C
order k/cm™ f./Hz Af gpea/Hz Au;/mm Afi/Hz Afyo/Hz ot/ (dyn/cm) n/ep
Air/Water
4 262 5689 630 0.72 401 374 71.3 0.95
5 323 7821 754 0.635 393 549 72.0 0.92
6 385 10176 1015 0.76 514 755 72.0 0.89
7 445 12597 1200 0.72 523 972 71.6 0.86
71.97¢ 0.890¢
Heptane/Water
5 335.8 5110 740 0.61 235 665
6 400.0 6625 950 0.48 201 907 (50.8) 0.39)
7 460.7 8168 1240 0.67 301 1167
8 522.7 9856 1540 0.69 330 1470
50.8° 0.39°
¢Reference 38. *Reference 39. °Reference 40.
several immiscible organic solvents.® T IPV A T
The power spectra obtained on a spectrum analyzer (Nicolet, Air/ W acfer (A)

444A) were fitted to a Lorenzian profile to obtain a frequency
shift, f, (or peak frequency), and an observed full width at the
half-height, Af ., which had reproducibilities of approximately
0.5% and 5%, respectively. Before f, and Afg,.q can be used in
the dispersion relation, the instrumental width Af; must be
subtggcted from Af.q by using eq 1 giving the corrected width
Af 8,c

Afye = Dfoped = Bf2/ A obsd (1)

The instrumental width Af; is simply due to a finite spread of
k vectors, and Af; is related to the instrument profile Au;, which
is the diffraction spot full width at half-height in the plane of the
photocathode. The method of determining the diffraction spot
width for each diffraction order was given previously for A/ W#
and for O/W,” and representative values are given in Table I
Following Hard et al.,® eq 2 is used to find the instrumental width
which is then substituted into eq 1. Here, df,/dk is experimentally

Af, = 23/%x(df, /dk)(cos 8 /RN Au; @)

determined by performing the experiment at several k vectors,
where k = (2r/)) sin ¢ cos 6 and the scattering angle is ¢. The
incident angle measured normal to the interface is § (64.4°), R
is the distance from the interface to the photomultiplier (356.0
cm), and X is the laser wavelength (He/Ne, 632.8 nm).

Results

In order to contrast the polymer interfacial properties
and the SLS technique itself at A/W and O/W, we have
performed a series of experiments as a function of polymer
surface concentration at both interfaces. Static surface
tension measurements using the Wilhelmy plate technique
were performed simultaneously with all SLS measure-
ments at A/W; this was imperative in precise calculations
of € and « from the two SLS parameters, f, and Af,, be-
cause we set the dynamic surface pressure = equal to the
static surface pressure m,, Hence, 7, must be known ac-
curately.

Turning to the results, we present them in order of
PVAc and PEO in the following sequence: (1) the SLS
results at A/W relative to Af, . and f,, (2) the corresponding
ones at O/W, and (3) the deduced = from SLS at O/W and
the measured =, with the plate method. At the end of the
presentation for each polymer a brief comparison of the
results of A/W and O/W will be given. Finally the two
samples will be contrasted to conclude this section.

Poly(vinyl acetate). The results of the Lorentzian
analysis of SLS spectra at A/W are presented in Figure
1 for PVAc at three different k values. A plot of Af, . vs
I is shown in Figure 1A. Instead of being monotonic with
respect to I', there exists a rather complex structure in the
plot; in fact there are two prominent maxima, one at 5 X
1078 mg/cm? and the other at 16 X 10~° mg/cm?, and the
second has a smaller amplitude than the first. The fre-
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Figure 1. (A) Corrected frequency width vs surface concentration
for 114K PVAc at A/W at different k vectors. The smooth curves
are drawn over the data points to show the trend. (B) Frequency
shift vs surface concentration for PVAc at A/W at different k
vectors,

quency shift f; vs ' is shown in Figure 1B. Unlike Af,,
f is relatively monotonic with T it begins with a value
remaining about the same as that of bare water or possibily
increasing slightly upward until T' equals about 4 X 107
mg/cm? before a rapid decrease sets in. At around I' =
18 X 1075 mg/cm?, there is a small bump which is not so
obvious in the figure but was confirmed to be above the
experimental scatter for all three k values. These obser-
vations of Af, . and f, for PVAc are all in accord with the
earlier reports; first by Langevin!? and second from this
laboratory® where we have extended the range of T well
over that of Langevin, resulting in finding the second
maximum in Af, .. The interpretations and significance
of these findings will be deferred to later. For the moment
we continue on with the presentation of the results.
For PVAc spread at O/W using the continuous addition
method, we show Af,. vs T' in Figure 2A and f, vs T in
Figure 2B. The difference in Af,, vs I" for A/W and O/W
is rather striking. We see in Figure 2A only a mild max-
imum at around (3-5) X 10 mg/cm? amounting to no
more than 30-100 Hz above that of the bare water value.
Similarly for f, vs T, the difference between the profiles
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Figure 2. (A) Corrected frequency width vs surface concentration
for 114K PVAc at O/W at different k vectors. The smooth curves
are drawn over the data points to show the trend. (B) Frequency
shift vs surface concentration for PVAc at O/W at different k
vectors.

in Figures 1B and 2B is noteworthy; f, in O/W decreases
rapidly starting at T' = 3 X 10" mg/cm? and the final
difference between those of bare water and high coverage
limit is much larger than in the A/W case.

As discussed in the introduction, the longitudinal mode
decouples from the transverse mode on O/W. As a con-
sequence, the dispersion equation can be solved directly
for the two parameters of the complex interfacial tension,
a*(T') = o(T") — iwu(T), namely, o(T) and x(T") from the two
experimental quantities, f, and Af, .. The transverse vis-
cosity u(T') so determined has been found to be (0.0 + 0.5)
X 107 g/s, meaning that it is undetectable within our
experimental precision. The dynamic surface pressure =
was calculated by = = ¢(0) — o(T') where ¢(0) is the in-
terfacial tension of the film-free, liquid-liquid interface,
and its value from SLS is the same as that by static
methods reported in the literature® For PVAc, = was
determined from the experiments performed with the two
different spreading methods, the single-shot and contin-
uous addition. The results are shown in Figure 3; the data
from SLS are given in open circles and they are in turn
distinguished by bips according to the spreading method,
the single-shot method by bips up and the continuous
addition method by bips down. The static Wilhelmy data
obtained by the single-shot method are represented by
filled circles in the same graph. For the SLS results, the
continuous addition method gave the values lower by 0-2
dyn/cm than those obtained by the single-shot method
depending on the T range. Since 7—A curves for the two
spreading methods appear to converge at small A, we
tentatively attribute the discrepancy to inefficient
spreading with the continuous addition method. This
could be caused by some PVAc dissolving in the heptane
phase before it reaches the interface during the polymer
spreading process.

Since the use of SLS in the determination of = for
polymers at O/W is relatively unexplored, a comparison
of the m—A isotherms obtained by static and dynamic
methods is in order. Concentrating only on the data taken
with the single-shot method, we infer from Figure 3 that
the values of =, (solid circles) are 1-2.5 dyn/cm lower than
w at surface pressures above 15 dyn/cm (e.g., = = 34.0
dyn/cm and =, = 32.3 dyn/cm at A = 5.5 A2/monomer and
7 = 31.1 dyn/cm and 7, = 28.7 dyn/cm at A = 9.7 A?/
monomer) and at larger values of A the static and dynamic
results are almost identical. We ascribe the difference at
small A to a systematic inaccuracy in =, determinations.

Figure 3. Surface pressure vs A for spread films of 114K PVAc.
At A/W (small open circles) the surface pressure was determined
by the plate method. At O/W the surface pressure was deter-
mined by using SLS and the two different spreading methods
indicated are the single shot spreading method (open circles, bips
up) and the continuous addition method (open circles, bips down).
The static measurements at O/ W are represented by filled circles.
The inset is a log-log plot of static surface pressure vs surface
concentration for PEO and PVAc. ,

In fact this is probably due to an overestimate in the de-
termination of the plate constant of the platinum Wil-
helmy plate, resulting in an underestimate of =, The
difference however seems to be so small that we conclude
7 determined by SLS being the same quantity as that
measured by the static method ..

We now touch upon the comparison of A/W and O/W.
We should first note the theoretical basis of the difference
in the dispersion relation explained in the Introduction.
Regardless of the nature of the monolayer substance, at
A/W the density difference of the two layers is mainly
respongible for the efficient coupling of the longitudinal
and transverse surface waves, whereas on O/W the neg-
ligible density difference essentially decouples the two
kinds of surface waves.!” Hence the same situation will
prevail with PVAc monolayers at A/W and O/W. Thus
the remarkable contrast noted in the plots of Figures 1A
and 2A comes about because there should be a substantial
increase in the capillary wave damping, as much as 200%
over the bare water value, as the coupling between the two
modes becomes more éfficient on A/W as T' is increased,

- resulting in an increase of ¢ relative to . On the other

hand, scarcely a noticable increase in the wave damping
is seen on O/W since a negligible coupling of the two
modes should result in this case. We will return later to
why there should be two maxima in the case of A/W. The
contrast in the early portion of the =-T" plots in Figures
1B and 2B also comes about for the same reason as in Af, .
On A/W there should exist a negligible decrease in f; be-
cause of the strong coupling whereas on O/W it decreases
from the beginning because there is no coupling, whereby
f. just follows the decrease in o from the beginning. The
subsequent decrease in f; after the initial constant region
on A/W essentially follows the decrease in ¢ as T is in-
creased. In Figure 3, we contrast the surface pressure
behaviors on A/W and O/W, the lower series represents
the static values of = on A/W. We deduce from the two
isotherms that PVAc is slightly more expanded at O/W
that at A/W. The limiting surface areas A are determined
by extrapolating the linear region of each isotherm to zero
surface pressure: the A, values of PVAc are 25.1 A2/mo-
nomer and 28.5 A%2/monomer on A/W and O/W, respec-
tively. It seems rather plausible that a larger value of 4,
on O/W arises from the fact that the chain excluded
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Figure 4. (A) Corrected frequency width vs surface concentration
for 252K PEO at A/W. The three different k vectors are indicated
on the graph. The smooth curves are drawn over the data points
to show the trend. (B) Frequency shift vs surface concentration
for PEO at A/W at different k vectors.

volume effect on two-dimensions is manifested for PVAc
in the heptane layer. In the language of the traditional
monolayer field, one would say that there should be a
greater lateral cohesion among polymer segments on A/W
such that 4, ought to be smaller on A/W. We will also
return to the inset of Figure 3 after the PEO results are
presented.

Poly(ethylene oxide). The corrected frequency width
Af, . of PEO on A/W is plotted against I in Figure 4A and
the corresponding frequency shift f, in Figure 4B. The
profile of Af, . shows a broad maximum at around 4 X 107
mg/cm? while that of f, shows a broad minimum at the
same value of T'. The conjugate plots on O/W are dis-
played in Figure 5 where (A) is for Af, . and (B) is for f,.
The two spreading methods on O/W are distinguished by
unfilled and filled circles for the continuous addition and
single-shot methods, respectively. The two spreading
methods in both graphs are seen to give indistinguishable
results within experimental error; this is contrary to the
case of PVAc. The magnitude of f, decreases on A/W and
O/W relative to I' is rather similar to those for PVAc,
giving rise to a smaller decrease on A/W and a much larger
decrease on O/W.

As in PVAc, = and u can be calculated unambiguously
on O/W by virtue of negligible coupling between the two
surface wave modes. Again, u is shown to be zero within
experimental error. The dynamic surface pressure = at
O/W is shown in the upper series of Figure 6, where the
two spreading methods are represented by different sym-
bols. As stated above the two methods give rise to data
sets indistinguishable from each other. The lower series
is for the static surface pressure =, on A/W.

Examining the contrast for PEO at A/W and O/W, it
is evident that there is a drastic difference between the
two. While there is a large change in Af, . in Figure 4A,
there is almost no change in Af,, at O/W in Figure 5A
except a small decrease. The small maximum at I’ = 2.4
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Figure 5. (A) Corrected frequency width vs surface concentration
for 252K PEO at O/W at different k vectors. The filled circles
and open circles are for the single shot and continuous addition
spreading methods, respectively, indicating that the SLS results
are independent of the spreading method for PEO. (B) Frequency
shift vs surface concentration for PEO at O/W. The filled circles
and open circles represent the single shot and continuous addition
spreading methods, respectively.
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Figure 6. Surface pressure vs area per monomer A for spread
films of 252K PEO. The same symbols are used as in Figure 3.
No static measurements were performed at O/W.

X 107 mg/cm? and the bump at 5.5 X 10 mg/cm? in
Figure 4B for f, at A/W are attributed to the mode cou-
pling. By the same token the large decrease in f, in Figure
5B reflects no more than the corresponding decrease in the
interfacial tension relative to I'. From the n~A isotherms
in Figure 6, we determine the limiting areas 4, for PEO
as 30.5 A2/monomer at A/W and 28.5 A%/monomer at
O/W.

We conclude this section with a brief comparison of
PVAc and PEQ at A/W and O/W. Surprisingly, 4, for
PEO at A/W is larger than that for PVAc at A/W and
O/W even though its monomer unit is smaller. The large
A, for PEO has been rationalized as the PEO monomers
containing adsorbed water molecules?* which increase the
non-hydrated close-packed area from 20.1 A%2/monomer
to 28 A%?/monomer.! The predicted 28 A%/monomer is
comparable to our A, of 30.5 A?/monomer and 28.5 A%/
monomer for PEO at A/W and O/W, respectively.

We now turn to the collapse pressure of the two poly-
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mers at both interfaces. They are determined from =—-A
isotherms in Figures 3 and 6; for PVAc 25 and 34 dyn/cm
on A/W and O/W, respectively, and for PEO 10.2 and 21
dyn/cm, respectively. The difference between the two
polymers on either interface may be attributed to that of
hydrophilicity of the two, PEO being much more hydro-
philic than PVAc while both are surface active. The
smaller collapse pressure of PEQ is ascribed to the seg-
mental desorption into agueous phase at relatively low
surface pressure whereby a substantial chain looping in
water is likely to take place. An contrary behavior for
PVAc, multilayer formation above the interface, is likely
to occur at relatively high surface pressure since it is not
water soluble. At A/W such a phenomenon has been
shown by Ries and Walker.?

Briefly now we return to the static surface pressure =,
dependence on surface concentration I' on A/W for both
polymers, The results are given in double logarithmic plots
in the inset of Figure 3. The context of this discussion is
the scaling law predictions??" of two-dimensional chains
in semidilute regime in “good solvent”. PVAc follows a
power law, 7, « I'27%%005 f5r 0.3 < 7, < 3.0 dyn/cm, and
PEO follows =, « I'*7%005 for 0.3 < 7, < 3.5 dyn/cm. Two
points should be made. First, the range of the observed
power law behavior is about 1 order of magnitude in =,
whereas that of T' is at best one-half of a logarithmic
decade. Secondly, there seems another power law region
for PVAc before the collapse pressure is reacted whereas
PEO goes over smoothly to the collapse pressure. In an
earlier report from this laboratory?! some reference to this
PVAc behavior has been made. Returning to the principal
power law regimes for the both polymers, the observed
powers close to 2.8 are to be contrasted to the initial des
Cloiseaux prediction® of 3.0 and 2.85 from the more recent
renormalization group prediction.?® Within experimental
error, our results are in accord with 2.85. We should re-
mark that these findings are not new; in fact the earlier
determinations of these power law regimes for PVAc* and
PEO?%% are not different from ours.

Discussion

The final section of this paper deals with a discussion
of film viscoelastic quantities obtained by the two tech-
niques. As stated earlier, the longitudinal elasticity ¢ and
viscosity « cannot be calculated at O/W while they can at
A/W because of the mode coupling. To compare with the
dynamic longitudinal elasticity ¢, the static dilational
elasticity ¢, is determined from the concentration depen-
dence of = (or =,).

¢ = I'(dwr,/dI) 3

The same quantity ¢, on O/W is also calculated by using
eq 3, since the equivalency of =, and = at O/W have been
established, at least for PVAc. In the inset of Figure 7A
the comparison of ¢, for PVAc at A/W and O/W shows
that the static elasticities are very similar in peak position
and magnitude. Others®-32 have also found the similarity
of PVAc at A/W and O/W interfaces.

By comparing ¢ with Af,. at A/W, the two peaks in
Figure 1A for Af,, vs ' can be qualitatively explained. The
static elasticity ¢, in Figure 7A for PVAc at A/W has its
maximum very close to this minimum in Af, .. Referring
to theoretical predictions of the effect on € on Af,.,° it is
seen that the maximum coupling between longitudinal and
capillary waves occurs at a reduced elasticity of ¢/ = 0.2,
while at higher values the coupling decreases resulting in
decrease of Af,.. Thus, as ¢ increases with T, it reaches
first to ¢/c = 0.2 where Af;. maximizes. Further increase
in T causes ¢/ o to exceed 0.2, bringing about a decrease
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Figure 7. (A) Surface elasticity vs surface concentration for 114K
PVAc at A/W. The static dilational elasticity is represented by
the continuous curve, and the dynamic longitudinal elasticity
obtained by SLS is represented at different k vectors as k = 323
cm™ (&), k = 385 cm™ (0-), and k = 445 cm™ (-0). In the inset
a comparison of the static dilational elasticities at A/W and O/W
is shown. (B) Surface longitudinal viscosity vs surface concen-
tration for PVAc at A/W. The bars represent one standard
deviation calculated from among the three k vectors.

in Af,.. At a maximum attainable value of ¢/ beyond 0.2,
we should expect a minimum value of Af, . since upon a
further increase in T, ¢/ o starts to decrease, increasing 4f, .
once again. This will bring about ¢/¢ to equal 0.2 once
again, and at that point, we should have the second
maximum of Af;.. Beyond here ¢/¢ will decrease as T
increases, which entails a further decrease in Af,,. The
reason for the second maximum to have a smaller mag-
nitude than the first one arises from the fact that the
dilational viscosity « increases simultaneously with T
whereby the magnitude of maximum is attentuated by «
as ¢/ o reaches 0.2 for the second time. By the same rea-
soning, PEO should have one maximum because ¢/ ¢ does
not reach beyond 0.2.

If we are to combine these phenomenological explana-
tions for two maxima in PVAc with an earlier specula-
tions? about the five chain conformational states on A/W,
it could be said that each milestone event in the five-state
model now accompanies a specific ¢/ o value. Alternatively,
we can restrict ourselves to the phenomenology without
proposing any model for the conformational states.
Clearly, we have no evidence to refute the five-state model.

For PEO spread at O/W with the continuous addition
method, ¢, is calculated and presented as the smooth curve
labeled ¢, O/W which is in turn compared with ¢, A/W
in Figure 8A. The static elasticities have the same peak
position, but the magnitude of ¢, in Figure 8A at O/W is
almost twice that of ¢, A/W. Although seemingly simple,
¢ is not a well-substantiated quantity because there are
few experimental techniques with which comparison can
be made.?® The SLS technique provides an analogous
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Figure 8. (A) Surface elasticity vs surface concentration for PEQ
at A/W and O/W. The static dilational elasticities are represented
by the upper and lower continuous curves for O/W and A/W,
respectively. The longitudinal elasticities at A/W obtained by
SLS are represented at different k vectors as £ = 323 cm™ (0)
and k = 385 cm™ (0-). (B) Surface longitudinal viscosity vs surface
concentration using the same symbols as in part A.

elastic quantity, the dynamic longitudinal elasticity .
Langevin?? earlier used a curve fitting procedure to extract
m, K, €, and « from the two experimental quantities f, and
Af, . as have Kawaguchi et al.? Langevin was forced to
invoke a finite u in fitting her data in some concentration
regions, but others did not have this difficulty’%1013. as
was the case for this work. The calculation of ¢ and « was
made by substituting f, and Af, . in the dispersion relation
and assuming 7 = 7, and 4 = 0. A comparison is made
of ¢, and € so calculated in Figure 7A for PVAc at A/W.
The curve designated as ¢, A/W represents the static
values calculated according to eq 3. The dynamic elasticity
is represented by open circles with bips in Figure 7A. For
PVAc in Figure 7A, ¢ is very close to ¢, up to somewhere
between I' = 9 and 16 X 105 mg/cm?, after which ¢ be-
comes systematically larger than ¢. A comparison between
¢, which was calculated from the »-T' isotherm using eq
3 and the dynamic ¢, is not a valid one above I = 10 X 107
mg/cm? since eq 3 is not applicable at the higher con-
centrations where the PVAc segments are presumably
leaving the interface.

The values of ¢ for PEQ at A/W follow the same trend
as those for PVAc except both ¢ and ¢, are smaller in
magnitude. In Figure 8A, ¢ and ¢, are indistinguishable
up to the peak in the elasticity at 3.9 X 10 mg/cm?
Somewhere around this point, however, ¢ becomes sys-
tematically larger than ¢, The agreement between ¢ and
¢ for both polymers may be fortuitous because of the
assumptions made; nevertheless some mention should be
made of this important comparison. The longitudinal
elasticity e is predicted to be a combination of dilational
and shear components!® while ¢, is purely dilational.
However, since ¢, and ¢ are almost identical at the lower
concentration range, we would conclude that the shear
component may be negligible. A similar conclusion has
been drawn previously.??

The error associated with the determination of ¢ is es-
timated as follows. Given the uncertainties in £, Af, ., and
m of 0.5%, 5%, and 0.2 dyn/cm, respectively, the error in
the calculated ¢ for PEO is 0.5 dyn/cm and for PVAc is
+2 dyn/cm. Both of these error values are reasonable
upper estimates, with ¢ generally being more precise at
most concentrations.

The surface longitudinal viscosity « was also calculated
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for both polymers by using the same assumptions as for
the calculation of e. In Figure 7B the results of this cal-
culation are shown for PVAc. The error bars represent
one standard deviation among different k vectors. The
error due to uncertainty in f,, Af,., and = is hard to esti-
mate because « is very sensitive to f, and =. For example,
changing f, by 20 Hz changes « from 3 to 9 X 10 g/s at
I' = 8.3 X 10 mg/cm? From Figure 7B it is evident that
there is a maximum in « between 10 and 12 X 10 mg/cm?
We are not sure what this maximum represents, but it
occurs near the closely packed monolayer state in a manner
similar to the maximum for .

Because of experimental difficulties in obtaining reliable
surface viscosities using any method, a brief comparison
of x with some literature values for PVAc is in order. Most
surface viscosity experiments measure the shear compo-
nent, and Joly®** has summarized the temperature and
molecular weight dependence of the surface shear viscosity
of a few polymers. Surface shear viscosities determined
by the oscillation damping method at 25 °C for 220K
PVAc are 34 X 107 g/s%3% at ' = 9 X 107 mg/cm? which
are similar to our value of x = 10 X 107 g/s for 114K PVAc
at I' = 10 X 10 mg/cm? (Figure 7B). At higher concen-
trations, their values increase rapidly to 520 X 10 g/s at
I' = 12 X 10® mg/cm? while our values of « never rise above
30 X 105 g/s. The surface shear viscosity values also rose
monotonically with T' while our « decreases starting at T
= 12 X 107 mg/cm? and finally minimizes at about T' =
16 X 1075 mg/cm®. The discrepancy even in the general
trend may be attributed to the different techniques used;
however, further SLS investigations are needed to deli-
neate the molecular weight and temperature dependence
of «.

For PEO « was calculated, and the results are displayed
in Figure 8B. The magnitude of « is extremely small
compared to most polymers'®?! and surfactants™*'3 studied
previously. The calculation of « for PEQ is quite precise
with a 0.5%, 5%, and 0.2 dyn/cm error in f,, &f,., and ,
respectively; this gives rise to a maximum uncertainty of
0.5 X 107 g/s error for x. From Figure 8B it is evident that
« is zero at T = 1.3 X 1075 mg/cm? and that it increases
to between 1.0 and 1.5 X 1075 g/s at 3.5 X 10 mg/cm? and
remains between these past the collapse pressure of 10.2
dyn/cm. This can be contrasted with a low molecular
weight poly(styrene)-PEO block copolymer where « in-
creased to over 100 X 107 g/s at pressures above the
collapse pressure of PEO. This means that the poly(sty-
rene) segment—segment cohesion probably contributes to
the large x. Concurrent with this idea, the reason « is ten
times larger for PVAc than PEO might be that PVAc
exhibits greater polymer-polymer cohesion at the A/W
interface.

A recently developed theory for polymers at liquid in-
terfaces® has been applied to PEO and PVAc data at A/W
and O/W.37 By fitting m—A curves for PEQ, it was found
that the Einstein characteristic temperature for the tran-
sverse oscillation of the layer of segments attached to the
interface was larger at O/W than A/W and that the
close-packed area was smaller at the O/W.%" The larger
Einstein characteristic temperature indicates that attrac-
tion at the O/W is greater than that at the A/W. Similar
calculations were performed on PVAc at A/W and O/W?¥
showing that all the parameters were about the same at
both interfaces, as was found earlier by Gabrielli and
Puggelli®? using a different theory for PVAc at A/W and
o/W.

Summary
By combining SLS and static Wilhelmy plate mea-
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surements at A/W and O/W interfaces, spread films of
PEO and PVAc have been studied. The polymer films
served as model systems to compare the capabilities of the
SLS technique at A/W and O/W. Several conclusions
were drawn from the comparison. At O/W, the longitu-
dinal modes do not couple efficiently with the transverse
modes of the surface waves. This makes the technique
ideal for the determination of the interfacial tension and,
hence, the surface pressure, since the surface longitudinal
elasticity ¢ and viscosity « have almost no influence on the
capillary wave motion. The surface pressure obtained by
using SLS was found to agree with the static surface
pressure over the entire concentration range within ex-
perimental error for PVAc at O/W. An umambiguous
calculation of the transverse viscosity u was also made
possible because of this decoupling and was found to be
less than 5 X 107 g/s for the entire concentration range
at O/W for both PVAc and PEO.

In contrast, at A/W a strong coupling of longitudinal
and capillary waves allowed us to calculate both the
longitudinal elasticity and viscosity, assuming u = 0. For
both PEO and PVAc the dynamic and static surface
elasticities were in agreement up to the maximum in
elasticity. Since the static elasticity is purely dilational,
we conclude that in this region the shear contribution is
negligible. At concentrations above this maximum the
dynamic elasticity is slightly larger than the static possibly
due to a partial desorption of polymer segments. The
longitudinal viscosity was found to be almost ten times
greater for PVAc than PEO and the viscosity calculation
for PVAc is the same order of magnitude as that calculated
previously.!%%
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