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ABSTRACT: The viscoelastic properties of a spread layer of a poly(ethylene oxide)-co-poly(methylphen-
ylsilylene) alternating block copolymer at the air-water interface have been obtained by surface quasi-
elastic light scattering over a range of surface concentrations at a fixed capillary wavenumber and as a
function of wavenumber for two surface concentrations. The frequency and the damping for a fixed capillary
wavenumber showed a maximum at a surface concentration of 0.8 mg m-2, where resonance between
the capillary and dilational waves of the surface film occurs. The surface viscoelastic parameters, i.e.,
surface tension, dilational modulus, and dilational viscosity, were obtained from the heterodyne correlation
functions of the scattered light by direct spectral fitting. The surface tension obtained from light scattering
data showed the same qualitative dependence on surface concentration as that from the surface pressure
data; however, the light scattering values were somewhat larger, indicating the presence of relaxation
processes. Attempts to determine the nature of the relaxation process were made by obtaining the surface
viscoelastic parameters as a function of surface wavenumber at the surface concentration where resonance
between the surface modes is evident. However, the frequency dependence of the surface moduli followed
none of the expectations for simple models of the relaxation process. Close analysis of the capillary wave
frequency and damping as a function of surface wavenumber indicated that capillary and dilational modes
were mixed at the resonance condition. The possibility of a splay mode of aggregated silylene blocks
contributing to surface wave dynamics has been discussed.

Introduction

Polysilylenes, otherwise called polysilanes, consist of
a linear chain backbone of silicon atoms bearing two
substituents that are usually unsubstituted aryl or alkyl
groups; see Schemes 1 and 2. They represent a relatively
new class of polymeric materials with useful electronic
properties.1 For example, they have been shown to have
potential for application as photoresist materials,2-4

photoconductors,5,6 and nonlinear optical (NLO) mate-
rials.7-9 In addition, they have found application as
photoinitiators in radical polymerization10,11 and as
ceramic precursors.12,13 Many of the useful properties
of polysilylenes can be associated with the delocalization
of the σ-electrons of the polymer backbone which
manifests as a strong UV absorption, commonly in the
wavelength range 300-350 nm.14,15 However, contrast-
ing with the interesting spectroscopic and electroactive
properties, the polymers usually have poor mechanical
properties which severely constrain the exploitation of
their potential applications. Typically, poly(methylphen-
ylsilylene) is a brittle polymer, a property that can
readily be attributed to the polymer chain being com-
prised predominantly of all-trans sequences such that
it is best described as having a wormlike structure in
both solution and the solid state. The incorporation of
silylene chains within block copolymers might overcome
such a detractive feature, and a number have been
reported.16-20 Recently, an amphiphilic multiblock co-
polymer of poly(methylphenylsilylene), PMPS, and poly-

(ethylene oxide), PEO, has been shown to form supramo-
lecular structures.21 Vesicles form in aqueous dispersion
while within 75% water/25% tetrahydrofuran, THF,
fibers have been characterized. These roll up into helices
when the water content of the mixture is increased to
90%.22 The ease with which the polymer undergoes such
self-assembly is attributed to the semirigidity of the
PMPS blocks in all-trans sequence. It is this polymer
which is the subject of the present study.

The organization of amphiphilic polymers at the air-
water interface has been clarified to some extent by the
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application of neutron reflectometry to spread films.23-28

In tandem with these investigations, the role of the
spread polymer in modifying the capillary fluctuations
of the liquid interface has also been explored.29-32 The
debate over the interpretation of some of the surface
dynamic parameters not withstanding,33 it is evident
that the properties of the capillary waves are markedly
influenced by the organization of the polymer at the
interface. Consequently, there is the possibility of elicit-
ing some information regarding the behavior of poly-
mers at fluid interfaces from a relatively inexpensive
technique rather than recourse to neutron reflectivity.
The technique used, surface quasi-elastic light scatter-
ing (SQELS), has been much applied to pure liquids and
surfactant solutions,34-43 but the application to poly-
meric films to any significant extent is only a recent de-
velopment. Nonetheless, SQELS has been responsible
for a new theoretical description of polymer modified
capillary waves derived from a molecular viewpoint as
opposed to the previous phenomenological descrip-
tions.33

The range of polymers studied thus far is not large.
It is prerequisite that the polymers should spread at
the fluid interface, and since the most commonly used
liquid is water, the range of suitable polymers is thus
restricted. Apart from simple homopolymers, graft and
block copolymers have also been investigated by SQELS.
Hitherto, the block copolymers used have all been
simple linear diblocks. Here we discuss the SQELS
investigation of a multiblock copolymer comprised of
poly(ethylene oxide) and poly(methylphenylsilylene)
blocks. We provide a brief précis of the theoretical
background to SQELS, which sets out the parameters
accessible and indicates how they may be interpreted.
This is followed by the details of the polymer and surface
light scattering experiments, the results of which are
then discussed.

Theory
Liquid surfaces are continually perturbed by thermal

fluctuations, which can be decomposed into a discrete
set of Fourier modes, each of a particular wavenumber.
The frequency and wavenumber of these Fourier modes,
known as capillary waves, are linked by the dispersion
equation. For pure liquid surfaces, the physical param-
eters in the dispersion equation are the viscosity, the
density, and the surface tension, and the first-order
approximations to the capillary wave frequency, ω0, and
damping, Γ (that together form the complex frequency
of the capillary wave, see eq 5), are given by

where η, F, and γ0 are the viscosity, density, and surface
tension of the liquid and q is the surface wavenumber
observed.

Lucassen44,45 demonstrated that, in the presence of a
second species (either as a spread film or as a surface
excess), in addition to these transverse capillary modes,
a longitudinal dilational mode appears at the surface.
This was later identified by Goodrich46 as one of five
possible surface dynamic modes, these modes being (i)
transverse shear, (ii) lateral compression (the dilational

mode), (iii) lateral shear, (iv) horizontal shear or slip,
and (v) vertical compression. Both the transverse and
dilational modes have an associated modulus. The
transverse modulus is the surface tension (γ), and the
longitudinal modulus is the dilational modulus (ε). The
resulting dispersion equation is given by

where q is the capillary wavenumber selected and F is
the liquid density that also has a viscosity η. The
parameter m is defined by

and ω is the complex frequency of the capillary wave,
expressed in terms of the real frequency (ω0) and the
damping, Γ.

The capillary waves can be viewed as an optical
grating at the liquid surface, and although of small
amplitude, they scatter light efficiently. Because of
energy transfer between the capillary waves and pho-
tons, the energy distribution of the scattered light is
broader than that of the incident light. The power
spectrum of this scattered light is

Analysis of the power spectrum (or the correlation
function if the temporal rather than frequency evolution
is monitored) of the scattered light thus permits, in
principle, the evaluation of γ and ε. The transverse and
dilational surface modes are always coupled, and since
they are oscillatory, there is the possibility of resonance
between the modes occurring, i.e., both modes having
the same frequency. For a spread film both γ and ε are
dependent upon the surface concentration and the
capillary wave frequency. Consequently, resonance
would manifest itself as a maximum in frequency and
damping at a particular surface concentration. The
surface moduli are complex quantities and can be
expanded as linear response functions that will incor-
porate dissipative effects:

where γ0 and ε0 are the surface tension and dilational
modulus at the capillary wave frequency and the
associated primed terms are the transverse shear and
dilational viscosities. Recently the existence of a trans-
verse shear viscosity has been questioned; Buzza et al.,33

using a brush model of polymers at liquid interfaces,
asserted that γ′ is nonexistent. The dispersion equation
obtained from this molecularly based theory contains
additional parameters. However, it is predicted that the
contribution of these parameters depends on the exist-
ence of a brushlike surface layer thickness of ca. 1 µm
at the wavenumbers accessible to light scattering
techniques. Therefore, these additional parameters will
be presumed as negligible for the system discussed here.
The parameters γ0, ε0, and ε′ are retained, and the

ω0 ) (γ0q
3

F )1/2

(1)

Γ )
2ηq2

F
(2)

D(ω) ) [εq2 + iω(m + q)][γq2 + iω(m + q) - ω2F/q] +
[ωη(q - m)]2 (3)

m ) (q2 + iωF/η)1/2 (4)

ω ) ω0 + iΓ (5)

P(ω) ) -(kBT/πω) Im[iωη(q + m) + εq2

D(ω) ] (6)

γ ) γ0 + iωγ′ (7)

ε ) ε0 + iωε′ (8)
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incorporation of γ′ into the analysis of SQELS data may
result in “effective” parameters being obtained because
the dispersion equation used is not an accurate repre-
sentation. A close examination of the wavenumber de-
pendency of the capillary wave frequency and damping
is valuable in determining the processes in operation.

Experimental Section
Polymer Synthesis and Characterization. In accordance

with the first reaction of Scheme 1, PMPS was synthesized
by reaction of dichloromethylphenylsilane with a sodium
dispersion in THF at room temperature using the Wurtz-type
reductive coupling reaction. After 3 h of reaction the product,
R,ω-dichloropoly(methylphenylsilylene) of Mh n ) 13 100 (by size
exclusion chromatography using polystyrene standards) and
Mh w/Mh n ) 3.3, was precipitated by addition of the liquid phase
to dried petroleum ether under strictly anhydrous conditions.
A solution of the polymer in THF was then treated with an
excess of bromine in order to reduce the degree of polymeri-
zation. The molecular weight parameters of what was now
predominantly an R,ω-dibromopoly(methylphenylsilylene) were
Mh n ) 5280 and Mh w/Mh n ) 1.72.

Using Schlenk-line techniques, as depicted in Scheme 2, the
above sample of PMPS was reacted with an equimolar amount
of a dried, narrow distribution poly(ethylene glycol) in THF
at room temperature using pyridine as a dehydrohalogenating
agent. The PEO, supplied by Aldrich, was of nominal molecular
weight 8000 but characterized by gel permeation chromatog-
raphy, GPC, to have Mh n ) 7010 and Mh w/Mh n ) 1.03. The product
was isolated by fractional precipitation using methanol and
pentane. GPC and 1H NMR analysis showed it to be a
multiblock copolymer of Mh n ) 26 700 and Mh w/Mh n ) 1.57 and
an average structure corresponding to (PMPS-PEO)2-PMPS.

Surface Pressure Isotherms. The surface pressure iso-
therm of the block copolymers at 298 K was obtained by the
dropwise addition of a chloroform solution of the copolymer
(ca. 0.5-1.0 mg cm-3) to the surface of a freshly aspirated
ultrapure water subphase (Elga UHQ II) in a Langmuir trough
(model 601A, Nima Ltd). Spread layers occupied an area of
some 580 cm2 and were left for a minimum of 20 min to allow
complete solvent evaporation and film relaxation prior to
compression. The film was then compressed and the surface
pressure continuously recorded using a Wilhelmy plate. Com-
pression rates from 30 to 60 cm2 min-1 were used, but there
was no influence of this rate on the isotherms obtained.

Surface Quasi-Elastic Light Scattering. The small
energy transfers involved in SQELS are such that heterodyne
optical methods are mandatory. A detailed description of the
optical system has been published earlier;47 specific details
were the use of a solid-state continuous wave laser of 100 mW
output at a wavelength of 532 nm as the light source. Scattered
light from the liquid surface was mixed with a weak reference
beam and was incident on a photomultiplier tube, the output
from which was passed to a Brookhaven BI9000 correlator.
The SQELS data were thus collected in the temporal domain
rather than the frequency domain. The correlation functions
were analyzed by two methods. First, the frequency (ω0) and
damping (Γ) of the capillary waves were obtained by fitting of
a damped cosine equation which included a phase shift term
to model the non-Lorentzian nature of the power spectrum of
the scattered light. This provides objective values of the
capillary wave frequency and damping and does not rely on
any theoretical description. Second, the surface light scattering
data were analyzed by the direct spectral fitting method
pionered by Earnshaw et al. some years ago and described in
detail elsewhere.48-50 This method uses the dispersion equation
to generate a theoretical form of the correlation function, which
is then fitted to the data by adjusting the surface moduli, γ
and ε. Consequently, the values obtained depend on the exact
form of the dispersion equation used. In view of the debate
over the existence of γ′, we have analyzed the data in two
ways: first the transverse shear viscosity has been fixed at
zero, second it was allowed to be a fitting variable along with
the other surface viscoelastic parameters.

Results
Surface Pressure Isotherms. A typical surface

pressure isotherm is shown in Figure 1a, and for
comparison the surface pressure isotherm for PEO
homopolymer is given in Figure 1b. Clearly there are
common features which suggests that it is the PEO
component that determines the surface pressure behav-
ior. In each case the surface pressure increases smoothly
to a plateau, this increase being slower for the copoly-
mer due to the “dilution” of the PEO on the surface by
the silylene blocks in the copolymer and probably the
polydispersity of the copolymer. However, there are
differences that deserve comment. The plateau surface
pressure of ca. 7.5 mN m-1 obtained at Γs ∼ 1.5 mg m-2

for the copolymer is low in comparison; both linear and
cyclic PEO homopolymers which have plateau surface
pressures of ∼9.5 mN m-1 were obtained at Γs ∼ 0.5
mg m-2.31,51 The inset in Figure 1a is a double-
logarithmic plot of the surface pressure data, and
between surface concentrations of 0.5 and 1.0 mg m-2

there is a linear region. Linear least-squares fitting to
this region provides the following scaling relation:

The scaling exponent for the surface pressure of PEO

Figure 1. (a) Surface pressure isotherm for the spread
copolymer at 293 K; inset is a double-logarithmic plot of the
data. (b) Surface pressure isotherm for poly(ethylene oxide).

π ∼ Γs
2.3
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homopolymer is ∼ 3.5. For homopolymers this scaling
exponent can be related to the nature of the thermody-
namic interaction between polymer and subphase.52,53

The surface pressure isotherm data were fitted by an
empirical polynomial and the dilational modulus (Gibbs
elasticity) evaluated using the relation

Figure 2 shows the variation of the static dilational
modulus with surface concentration of the block copoly-
mer; a maximum value is obtained at 0.8 mg m-2, the
inflection point of the surface pressure isotherm of
Figure 1a. The magnitude of the dilational modulus is
small, and for surface concentrations greater than ∼1.0
mg m-2 it decreases rapidly to values approaching zero.
The possibility of resonance between transverse and
dilational modes was mentioned earlier when the prin-
ciples of surface light scattering were set out. To
ascertain whether the possibility would occur in the
surface concentration range explored for the block
copolymer, the ratio of the static values of ε0 and γ0 is
plotted in Figure 3; this plot suggests that resonance
should not be observed in the light scattering data

because the resonance condition of ε0/γ0 ) 0.16 is not
approached over the range of surface concentrations
explored.

Surface Quasi-Elastic Light Scattering. Figure 4
shows a typical normalized correlation function for the
copolymer with a surface concentration of 0.65 mg m-2

obtained at q ) 352 cm-1; the inset shows the residuals
with the line through the data which is the fit from the
spectral fitting method outlined above. In general, the
deviation of the fitted line from the data was (2% over
the whole range of delay times used. A series of
experiments were undertaken to assess the coherence
of the spread layer, i.e., ascertain whether the spread
film was “patchy” at any surface concentrations. For this
purpose correlation functions were repeatedly collected
over a period of 2 h for four values of Γs and then
analyzed for the frequency and damping of the capillary
waves. The frequencies obtained are displayed as his-
tograms in Figure 5. At the lowest surface concentration
(0.14 mg m-2) it is clear that the data fall into two
groups: one group has a frequency slightly different
from that of the clean water surface, and the second
group has a distinctly higher frequency although this
has a wide distribution. Increasing the surface concen-
tration to 0.25 mg m-2 results in the frequency data
being somewhat broadly distributed about a mean
value. For higher surface concentrations, the distribu-
tion of capillary wave frequency is narrow. Evidently
at the lowest surface concentration, the coverage of the
water surface by the copolymer is incomplete, and there
are “islands” of copolymer on the surface. The breadth
of the frequency distribution for Γs ) 0.25 mg m-2

suggests that the surface concentration of the spread
film may not be identical over the whole area. For
higher concentrations, this inequality of concentration
appears to have disappeared, and we presume the film
is coherent over the whole area.

Initial SQELS experiments used a rather coarse
division of surface concentration to ascertain regions of
interest. These data were combined with data obtained
using a finer variation in Γs. The value of q used was
ca. 353 cm-1 for both sets of experiments, but inevitably
there are small differences between them because of the
impossibility of obtaining exactly the same alignment
between separate experiments. (The most sensitive
factor is the height of the liquid surface; small variations

Figure 2. Dilational modulus calculated from the surface
pressure isotherm of Figure 1a.

Figure 3. Ratio of dilational modulus to surface tension
calculated from surface pressure isotherm.

ε0 ) Γs
dπ
dΓs

(9)

Figure 4. Experimental correlation function and a fit to the
data (solid line) for q ) 353 cm-1 and Γs ) 0.65 mg m-2. The
inset shows the residuals from the fitting process.
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in this can produce significant changes in q.) Variations
in the two sets of data are illustrative of the sensitivity
of the technique and its ability to respond to very small
changes in any parameter, either instrumental or
associated with the sample. Figure 6 shows all the
frequency and damping data over a surface concentra-
tion range of 0.25-2.0 mg m-2. Each of the points is
the average value calculated from a minimum of 10
individual correlation functions each separately ana-
lyzed; the error bars for these data are within the size
of the symbols in Figure 6. The capillary wave frequency
increases smoothly with increasing Γs, displaying a
maximum at 0.65 mg m-2, whereafter it falls rapidly
but seems to approach an asymptotic value in the
surface concentration range 1.0-1.8 mg m-2. This
region corresponds to the broad “shoulder” in the surface
pressure isotherm as the asymptotic surface pressure
is approached. The capillary wave damping rises sharply
to a maximum at Γs ) 0.8 mg m-2 where the damping
is approximately twice that of the clean air/water
interface. There appears to be small oscillations in Γ
(just outside the experimental error) superimposed on
a slow decrease in the magnitude of the damping as the
surface concentration increases to 1.75 mg m-2. The
damping falls steeply at higher surface concentrations,
but there are only two data points in this region. This
increase and observation of a maximum in the damping
are clear symptoms of resonance and contradict the
expectations based on Figure 3; i.e., there would be no
resonance between capillary and dilational modes. To

determine whether this is due to a classical resonance,
we must evaluate the surface viscoelastic parameters.

To obtain these, the data were analyzed using the
direct spectral fitting method, for which the following
constraints were applied: γ0 and ε0 values returned had
to be positive, γ′ was fixed at zero, in agreement with a
recent molecularly based theory of surface quasi-elastic
light scattering,33 but ε′ was allowed to have either
positive or negative values returned by the fitting
process. This direct fitting is sensitive to the starting
values used because the large parameter space explored
has many local minima in the criterion of goodness of
fit. Fits were repeated exploring a wide range of starting
values for each surface concentration; a majority settled
on the same set of final values. From this analysis, the
final set of values for γ0, ε0, and ε′ as a function of Γs
are shown in Figure 7 for q ∼ 353 cm-1 and at a
temperature of 293.8 K. In Figure 7a the surface tension
obtained from the surface pressure isotherm is also
plotted; the light scattering values show a similar
dependence on concentration as the static values but
in general are of slightly larger magnitude. Evidently
there is a relaxation process in the spread copolymer
film when it is perturbed by a capillary oscillation. The
dilational modulus obtained by SQELS has no cor-
respondence with that of Figure 2; a maximum value
is not obtained, and moreover the plateau value of ca.
15 mN m-1 is considerably larger than the static values
in this region of concentration, which again indicates a
considerable relaxation process in the dilational mode

Figure 5. Distribution of capillary wave frequencies at selected average surface concentrations of (A) 0.14, (B) 0.25, (C) 0.38,
and (D) 0.50 mg m-2 and q ) 397 cm-1.
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in response to perturbation. The dilational viscosity is
negative at low surface concentrations, and then at Γs
ca. 0.6-0.7 mg m-2 it steadily increases to an ap-
proximately constant value of ca. 5 × 10-4 mN m s-1.
This is quite different from the behavior of PEO ho-
mopolymer,31 for which ε′ is initially positive and
decreases with increasing Γs, values becoming negative
for Γs g 0.6 mg m-2 where the polymer penetrated the
subphase to a finite depth. The values of ε0/γ0 obtained
from the light scattering data are plotted in Figure 8
as a function of Γs, and a value of 0.16, the condition
for resonance to be observed, is obtained at ca. 0.8 mg
m-2. This was sufficiently close to the surface concen-
tration where the maximum damping was observed for
us to associate this maximum with a classical resonance
between the dilational and capillary modes.

For a fixed surface concentration of 0.8 mg m-2, the
capillary wave frequency and damping were investi-
gated as a function of q, and the values are shown in
Figure 9 together with the theoretically calculated
values for the clean water surface from the dispersion
equation. In the double-logarithmic plot of Figure 9, the
frequency data are essentially linear whereas the capil-
lary wave damping exhibits a definite change in q
dependence for values greater than ∼700-800 cm-1.
Surface viscoelastic parameters obtained at each q are

plotted as a function of surface wave frequency in Figure
10. Both moduli (surface tension and dilational modulus
Figure 10a,b) exhibit the same broad dependence in
frequency. There is an initial decrease in both moduli
until a frequency of ca. 300 kHz (≡q ∼ 1000 cm-1);
thereafter, the moduli increase with increasing surface
wave frequency. Similar behavior is not observed in the
dilational viscosity. In general, the dilational viscosity
starts with negative values at low frequencies and just
becomes positive at a capillary wave frequency of ca.
400 kHz.

Figure 6. Capillary wave (a) frequency and (b) damping as a
function of the spread-layer concentration at a temperature
of 294 K. The error bars are smaller than the symbols and
were obtained from values of frequency and damping for 10
separate correlation functions.

Figure 7. Surface viscoelastic parameters from surface light
scattering as a function of surface concentration of copoly-
mer: (a) surface tension, (b) dilational modulus, and (c)
dilational viscosity. The line in (a) is the surface tension from
the surface pressure data, i.e., the ωo ) 0 value, and the error
bars were obtained by fitting to 10 separate correlation
functions.
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Discussion
For spread homopolymer films the exponent, y, in the

surface pressure-surface concentration relation is re-
lated to the excluded-volume factor n by the equation52

Thermodynamically favorable interactions between
spread polymer and subphase are indicated for a ν value
of 0.75, a value observed for spread films of poly-
(ethylene oxide). Although this treatment is not strictly
applicable to spread films of block copolymers, the value
of y observed here suggests that ν approaches a value
of 0.9 because the scaling relation for the surface
pressure observed over the initial linear region was π
∼ Γ2.29. This high value may be symptomatic of the stiff
rodlike nature of the polysilylene blocks flanking the
poly(ethylene oxide) blocks. This structure also means
that there are no “tails” of poly(ethylene oxide) in the
aqueous subphase, and any penetration of the subphase
must be confined to loops. Consequently, we do not
anticipate exploration to great depths of the subphase
by the PEO. In this respect, the situation is somewhat
akin to an earlier investigation51 of cyclic poly(ethylene
oxide) where loop structures were intrinsic to the

molecular architecture. This system exhibited negative
dilational viscosities over the whole spread film surface
concentration range examined.

A molecular description of surface viscoelastic param-
eters has been provided by Buzza et al.33 for the case
where the polymer film can be described as a brushlike

Figure 8. Ratio ε0/γ0 as a function of Γs from light scattering
data at q ) 353 cm-1.

Figure 9. Capillary wavenumber (q) dependence of the
frequency and damping for a spread copolymer film with Γs )
0.80 mg m-2. Lines are calculated from solving the dispersion
equation for a clean water surface.

y ) 2ν/(2ν - 1)

Figure 10. Dependence of surface viscoelastic parameters on
capillary wave frequency for Γc ) 0.8 mg m-2 at 294 K. (a) γ0,
(b) ε0, (c) ε′. Error bars are estimated from fits to 10 individual
correlation functions.
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layer. The air-water interface is viewed as having a
grafting density, σ, of molecules with a degree of
polymerization of N and statistical step length b; the
various surface viscoelastic parameters are then given
by

where η is the viscosity of the fluid phase that surrounds
the brush layer. These equations indicate that there are
no factors that could be responsible for making ε′
negative. Such negative values have been attributed to
the failure of the dispersion equation to account for
other factors, notably a coupling coefficient and the
bending modulus of the surface film. The bending
modulus is generally disregarded because values are
very small, and the factor only becomes significant when
the surface tension approaches zero.43 The coupling
coefficient connects surface perturbations to changes in
concentration of the brush layer at finite depths below
the surface, and it has an associated viscosity term.
However, this term only becomes important for the
range of q accessible to visible light when the spread
layer thickness in the subphase approaches 1 µm. Such
layer thicknesses have never been observed; moreover,
the formation of a brushlike layer from solvated poly-
ethylene bocks in these multiblock copolymers is pre-
cluded by their architecture. For solutions where surface
excess layers are formed, negative dilational viscosities
arise naturally when the surface layer is not in equi-
librium with the bulk concentration at greater depths.54

Clearly, this cannot be the case here because the
copolymer is insoluble in water. We have to resort to
accepting that the dispersion equation may be inad-
equate for this situation, and the dilational viscosity
values obtained are effective values. Phenomenologi-
cally, negative values of ε′ correspond to a reduction of
the damping of the dilational waves compared to that
when ε′ ) 0.

Evidently there are relaxation processes taking place
in the spread film following perturbation by surface
waves, since the surface tension and the dilational
modulus obtained by SQELS at q ) 353 cm-1 are larger
than those obtained at zero frequency (i.e., from the
surface pressure data). This is particularly true for the
dilational modulus values. The relaxation mechanism
can be obtained by comparing the frequency dependence
of the various surface moduli with that predicted by
relatively simple models. However, because we are
unable to observe the dilational wave frequency directly,
examination of the dilational modes in this way means
that we have to be at the resonance condition because
only at this point is the dilational wave frequency equal
to the observable capillary wave frequency. Additionally,
because of the coupling of the two modes at the
resonance condition, the capillary waves have maximum
sensitivity to the dilational wave properties. Unfortu-
nately, the data in Figure 10 do not conform to any of
the commonly used models for viscoelasticity,55 e.g., a
Maxwell or Voigt fluid. In fact, remarkable changes in
behavior of the surface parameters with frequency are
observed.

Plotting normalized frequency and damping, i.e.,
capillary wave frequency and damping divided by the
values calculated from the first-order eqs 1 and 2, as a
function of q (Figure 11) gives a clue to what is
happening. These experimental values are compared
with the predictions obtained by solving the dispersion
equation for the situation where γ0 ) 68 mN m-1 and
ε0 ) 10 mN m-1 for three different values of ε′. The value
of ε′ has little influence on the capillary wave frequency,
and as long as ε′ g 0, then the capillary wave damping
decreases as q increases. However, for ε′ ) -5 × 10-5

mN s m-1, the calculated normalized damping has a
plateau value for q values less than ∼500 cm-1, and the
q dependence of the capillary wave damping has a form
remarkably similar to that observed. A double-logarith-
mic plot (Figure 12) of these various predicted surface
wave behaviors is very revealing. For ε′ ) 0, linear
dependencies on q of both capillary wave and dilational
wave frequency and damping are predicted over all q
values. Moreover, the exponent in the q dependence of
the various frequencies and dampings conforms with the
first-order predictions. When ε′ is positive and larger
than zero, the real frequency of the dilational mode
begins to decrease at high q, as does the dilational
damping albeit at a somewhat slower rate. For negative
values of ε′ quite different behavior is observed. Now
the capillary wave frequency turns over and vanishes
at high q. At the same time the dilational wave
frequency acquires a stronger dependency on q and
takes on the characteristics of capillary waves. Likewise,
the capillary wave damping disappears, and the dila-
tional wave damping takes on the features of capillary
waves. This behavior is characteristic of mode mixing,
and this occurs when the damping of the two modes is
identical. In the absence of a finite transverse shear
viscosity, the only factor in the dispersion equation that
can reduce the dilational wave damping to bring it into
coincidence with that of the capillary wave is by having
a negative dilational viscosity. When the damping of the
two modes coincides, the character of the surface mode
frequencies changessthe mode that was initially capil-
lary-like in nature taking on characteristics of the
dilational mode and vice versa. This behavior is il-

π ≈ σ11/6b5/3NkBT (10)

ε ≈ σ11/6b5/3NkBT (11)

ε′ ≈ σ2ηb5N3 (12)

Figure 11. Normalized capillary wave damping and fre-
quency as a function of wavenumber. Experimental data:
damping, 4; frequency, O. Other data calculated for the
following conditions: γ0 ) 68 mN m-1, ε0 ) 10 mN m-1, and
(+) ε′ ) 0, (×) ε′ ) 5 × 10-5 mN s m-1, and ()) ε′ ) -5 × 10-5

mN s m-1.
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lustrated in Figure 13 where frequency and damping
have been calculated as a function of ε0/γ0. Mode mixing
is observed when the damping of the capillary and
dilational modes becomes equal, and this at the reso-
nance point. Splitting between the frequencies of the
two modes at the mode mixing point is seen in the

theoretical plots, and this becomes increasingly evident
as ε′ becomes more negative. A more explicit demon-
stration of the differences in behavior is evident if the
surface wave dispersion is plotted in the complex plane
as in Figure 14. For ε′ ) 0, the capillary mode comes
down more or less vertically at the normalized frequency
of 1 with the dilational mode sweeping downward from
right to left. Increasing ε′ has no significant effect on
the nature of the capillary mode dispersion; the dila-

Figure 12. Double-logarithmic plots of frequency (O) and
damping (∆) for dilational and capillary waves as a function
of q for (A) γ0 ) 68 mN m-1, ε0 ) 10 mN m-1, ε′ ) 0 mN m s-1;
(B) γ0 ) 68 mN m-1, ε0 ) 10 mN m-1, ε′ ) 5 × 10-5 mN m s-1;
(C) γ0 ) 68 mN m-1, ε0 ) 10 mN m-1, ε′ ) -5 × 10-5 mN m
s-1. C ) capillary modes, D ) dilatational modes.

Figure 13. Frequency and damping of capillary and dilational
modes calculated as a function of ε0/γ0 for γ0 ) 68 mN m-1, q
) 500 cm-1, and (A) ε′ ) 0, (B) ε′ ) 5 × 10-5, and (C) ε′ ) -5
× 10-5 mN s m-1. Italic C and D indicate capillary and
dilational modes, respectively; O ) frequencies, ∆ ) damping.
The dashed lines in (c) are indicative of the crossover in
behavior of capillary and dilatational waves.
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tional mode being more heavily damped at lower
frequencies shifts markedly to the left. A negative value
for ε′ causes remarkable changes; first the capillary
mode curves upward and to the right before decreasing
rapidly and eventually disappearing. The dilational
mode in this situation curves down and bends right and
up as it approaches the abscissa. Thus, in the presence
of mode mixing caused by negative dilational viscosities,
we expect the normalized damping to curve upward and
to the right as q increases before decreasing along a
curved path. At some normalized frequency (q value)
the normalized damping should abruptly jump left (but
with no significant change in magnitude) as the capil-
lary mode disappears, and the dilational mode domi-
nates the surface modes. Figure 15 shows our data
obtained for a spread copolymer film concentration of
0.8 mg m-2 (the resonance surface concentration) plotted
in the complex plane, and all the features set out above
for mode mixing are exhibited. We note that these data
are obtained from the directly observable experimental
parameters: the frequency and damping of the surface
waves. They are not dependent on any model for the
dispersion of the capillary waves; the only use of a model

comes in attempting to ascertain the aspects of the
dispersion relation responsible for the observations.

What remains elusive is the molecular basis for the
capillary wave behavior. Although the use of effective
quantities is acceptable in some areas of physical science
(e.g., relativistic aspects), the concept of a negative
viscosity is difficult. Although the original definition of
surface viscosity by Goodrich does not preclude negative
values, no descriptions of the source are forthcoming.
We have already noted cases where negative dilational
viscosities are physically realistic, but these do not apply
here. The most reasonable explanation for negative
dilational viscosities is that the dispersion equation is
incomplete; i.e., other dynamic modes may be contribut-
ing to the observed dispersion that are not explicitly
included in the equation. We have referred to, and
dismissed as irrelevant here, bending modes and a
coupling factor. However, Fan56 has noted that splay
modes may contribute to surface wave dispersion. Given
the rigid-rod-like nature of the silylene blocks and the
formation of islands noted earlier, then splay modes
within these silylene islands may well exist. These
modes are sources of additional in plane damping, and
this would appear as a net reduction of the dilational
mode damping, i.e., a negative dilational viscosity. As
the surface concentration increases, the packing of
silylene islands increases and splaying of the rodlike
blocks becomes more difficult and the contribution
decreases. To compensate for the disappearance of this
damping mode, the dilational viscosity increases and
becomes positive.

One last factor that has not been considered is the
possibility of the silylene blocks lifting off the surface
into the air phase. This is considered to be extremely
remote because of the stiffness of the silylene blocks;
moreover, even if such occurrences did happen, their
removal from the surface means that they now have no
direct influence on the capillary wave dynamics. Such
“lift off” would however alter the surface pressure
isotherm, but as already remarked, there is nothing
unusual about the isotherm.

Conclusions

Multiblock copolymers of poly(methylphenylsilylene)
and poly(ethylene oxide) spread at the air-water in-
terface form stable monolayers. The surface pressure-
surface concentration scaling in the preplateau region
suggests the existence of rigid-rod structures in the
spread film. Surface light scattering data show that at
low surface concentration the coverage by the block
copolymer is “patchy”, suggesting aggregation of silylene
blocks into randomly distributed islands on the water
surface. Capillary wave frequency and damping ob-
tained by SQELS exhibit maxima in their surface
concentration dependence, and this is commensurate
with a resonance between capillary and dilational waves
in the surface film. At the resonance condition, the
surface viscoelastic parameters as well as the capillary
wave frequency and damping have been obtained over
a range of surface wavenumber q. The frequency de-
pendences of the surface moduli were not interpretable
by common models of viscoelastic relaxation because of
distinct changes in behavior as a function of frequency.
Analysis of the frequency and damping of the surface
waves leads us to conclude that mode mixing between
the two surface waves takes place at the resonance
condition. The source of this behavior, as epitomized by

Figure 14. Data of Figure 11 plotted in the complex plane
and illustrative of the very different behavior anticipated in
experimental data dependent on the values of ε′: (O) ε′ ) 0;
(4) ε′ ) 5 × 10-5 mN s m-1, (+) ε′ ) -5 × 10-5 mN s m-1.

Figure 15. Normalized damping and frequency of the sil-
ylene-poly(ethylene oxide) block copolymer at a surface
concentration of 0.8 mg m-2 plotted in the complex plane. The
numbers are the q values associated with the data points.
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a negative dilational viscosity, is not determinable, but
the rigid nature of the silylene blocks may be respon-
sible for a surface splay mode and a source of additional
damping that is not properly incorporated into the
dispersion equation.
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