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A linear diblock copolymer of polymethyl methacrylate and poly-4-vinyl pyridine
quaternised with ethyl bromide has been spread as a thin Ðlm at the air/water interface
and the properties of the capillary waves obtained using surface quasi-elastic light
scattering. The data have been analysed for surface visco-elastic parameters on the basis of
the complete absence of any transverse shear viscosity in the spread Ðlm. A resonance
between capillary and dilatational modes was observed at a block copolymer surface
concentration of 0.8 mg m~2. At this surface concentration the frequency dependence of
the surface tension, dilatational modulus and dilatational viscosity exhibited behaviour
which suggested that spread Ðlm could be represented as a Maxwell Ñuid with a relaxation
time of ca. 3 ls. This Maxwell Ñuid model also described the dependence of an “apparent Ï
relaxation time of the dilatational mode on the surface concentration for a capillary wave
of Ðxed wavenumber. A comparison of the observed dispersion behaviour (damping as a
function of capillary wave frequency) with that predicted by theoretical forms of the
dispersion equation, showed that there was no need to include a postulated coupling
factor. This observation concurred with the modest dimensions of the surface region
occupied by the quaternised vinyl pyridine blocks.

Introduction
The presence of a polymer layer at a Ñuid interface imparts visco-elastic properties to the interface
in addition to lowering the surface tension. Since the Ñuid interface is perturbed by random
thermal Ñuctuations known as capillary waves, these visco-elastic properties resist the periodic
expansion and compression of the surface layer by these waves. Capillary waves are due to the
transverse motion of the surface but over 30 years ago Lucassen1 pointed out the existence of a
second surface wave associated with longitudinal, i.e., in plane, motion. The existence of both
accounts for the experimentally observed fact that the capillary wave damping of the surface of
surfactant solutions has a maximum value rather than continuously increasing with concentration
as predicted by Levich.2 The two surface waves can be approximated as orthogonally coupled
lossy oscillators3,4 and may thus be susceptible to analysis using models developed for bulk visco-
elastic properties.5

Each surface mode has an associated modulus ; for the transverse mode this modulus is the
surface tension whereas the longitudinal mode has a dilatational modulus. Each of these moduli is
complex, i.e., they are composed of a real term, the modulus, and a frequency dependent imagin-
ary term, which includes the transverse shear viscosity or the dilatational viscosity depending on
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the mode being considered.6 The dilatational modulus can be signiÐcantly larger than the surface
tension and hence plays an important part in damping surface waves.

An extensive analysis of surface modes in surfactant solutions was produced by Lucassen-
Reynders and Lucassen7 based on the hydrodynamics of the surface layer and the balancing of
viscous stresses by the force per unit area. The dispersion equation obtained (connecting surface
wavenumber and wave frequency) has been the basis of most analyses of experimental data,
together with various extensions attempting to account for such facets as bulk di†usion and pos-
sible adsorption barriers at the air/liquid interface8h10 of the surfactant solution. Some of these
extensions were prompted by the observation of negative dilatational viscosity in some surfactant
solutions11 and in some cases these could be rationalised by citing non-equilibrium adsorption
processes.

The modiÐcation of surface waves by polymers has also been considered from the theoretical
viewpoint and in the main the polymers have been in solution or as gels. Harden and Pleiner12
incorporated a transient modulus and relaxation time normal to the surface arising from polymer
entanglements. The essential form of the dispersion relation was identical to that of Lucassen-
Reynders and Lucassen. In common with the earlier descriptions, there was no attempt made to
associate the transverse and dilatational parameters with molecular scale features of the surface
polymer layer. This aspect is important because Goodrich,6,13 who Ðrst deÐned the various
surface moduli, merely cites the two viscosity terms of relevance here as excess surface properties.
The physical understanding of these terms becomes pressing when negative values are observed
for spread polymers at the air/water interface,14 which cannot be explained by appealing to the
models used for surfactants because the polymers were insoluble.

The earlier observation of negative dilatational viscosities for an amphiphilic graft copolymer
prompted a re-examination of the problem from a di†erent viewpoint adopting the features of a
polymer at an interface from the outset. In parallel with this development of theory, experimental
attempts were made to ascertain whether these negative dilatational viscosities were attributable
to interactions between spread polymer and water subphase using a copolymer with a poly-
electrolyte constituent, which has strong interactions with the aqueous subphase. We report here
the results of these experiments, which are preceded by an outline of the theoretical basis for the
analysis and measurement of capillary waves.

Theoretical background
We outline here the basis of surface light scattering, which enables the determination of surface
visco-elastic parameters, and we give the additional features introduced by a re-analysis of the
problem and which pertain speciÐcally to polymers,15 in principle.

Surface light scattering

The thermal Ñuctuations perturbing a Ñuid surface can be decomposed into a set of discrete
Fourier modes whose root mean square amplitude is ca. 3 with wavelengths of the order ofA�
3È500 lm, as typically observed by light scattering. These waves scatter light efficiently and this
scattering was Ðrst analysed for pure liquid surfaces over 30 years ago16 and has since been
applied to other systems, particularly surfactant solutions and dispersions.14,17h27 The dispersion
relation, D(u), provides the connection between a capillary wave of wavenumber q (\2p/j, where
j is the wavelength), the propagation frequency, u, and the moduli of the surface Ðlm as well as
the bulk physical parameters of the Ñuid. The propagation frequency is a complex quantity whose
real term is the wave frequency and the imaginary term is the damping of the wave (C).(uo)

u\ uo ] iC (1)

The surface Ðlm moduli, in the classical capillary wave theory, are also complex terms ; they are
the surface tension, c, and dilatational modulus, e, expanded as linear response functions to
incorporate any additional energy dissipation as viscosity terms

c\ co ] iuo c@ (2)

e \ eo ] iuo e@ (3)
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where the subscript o indicates the elastic term and the prime its associated viscosity term.
At the air/liquid interface the dispersion equation for the capillary waves is

D(u)\ [gu(q [ m)]2 ] [eq2] igu(q ] m)]] [cq2] igu(q ] m) [ ou2/q]\ 0 (4)

where o is the Ñuid density of viscosity g and m\ (q2] iuo/g)1@2. The power spectrum of the
scattered light is

P(u)\ [
kB T
pu

Im
Ciug(q ] m) ] eq2

D(u)

D
(5)

and thus by observation of this power spectrum (or its temporal equivalent, the correlation
function), the contributory factors to the dispersion may be obtained. At the air/liquid interface a
coupling exists between transverse and dilatational modes that enables dilatational moduli to be
evaluated from an analysis of the light scattered by the transverse (capillary) modes.

The observation of negative dilatational viscosities in solutions where a surface excess layer is
formed has been rationalised by resistance to di†usional exchange.7,28 Such negative dilatational
viscosities have also been noted in systems where an amphiphilic polymer has been spread at the
air/water interface14,21,23 and since, in some cases, the polymer was insoluble in water, the ideas
of di†usional resistance are clearly inapplicable. [The insolubility notwithstanding it was evident
from neutron reÑectivity that the water subphase was penetrated to a Ðnite extent by the hydro-
philic part of the copolymer.29] These observations prompted a re-examination of the dispersion
equation for these systems.15

Diblock copolymers at a liquid/liquid interface

The model adopted is a linear diblock copolymer located at the interface between two immiscible
Ñuids that individually act as a solvent for a single block. As a result the block copolymer forms a
brush like layer on each side of the interface, i.e., a double-sided brush is formed. This layer is
perturbed by a capillary wave (see Fig. 1) and this perturbation is described by the curvature of
the surface and a modiÐed AlexanderÈde Gennes model30 describes the Helmholtz free energy of
the brush. The perturbation in the Helmholtz free energy due to the capillary wave results in four
parameters contributing to the Helmholtz free energy di†erence between the curved surface and
the planar “equilibriumÏ surface. Three of these pertain to the changes in e†ective surface concen-
tration on perturbing the surface. Of these three two are already well established, the surface
pressure and the dilatational modulus ; the third, j, is new and is directly related to the asymmetry
of the polymer brush layer. It is termed the coupling constant because it expresses the coupling of
the interfacial boundary to the concentration variation of the brushes. The fourth term, the
bending modulus, i, has no connection with the capillary wave induced change of surface concen-
tration. Viscous dissipation of energy arises from solvent Ñow through the brush layers, the Ñow
being due to volume changes of these layers as the interface where they are connected is deformed.
Consequently coupling and bending modulus are complex terms

j \ jo ] iuo j@ (6)

i \ io ] iuo i@ (7)

the primed terms again being the associated viscosity parameters.

Fig. 1 Schematic diagram of double sided brush layer perturbed by capillary wave.
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The bending modulus has been introduced earlier in studies of low molecular weight sur-
factants ;31,32 however, it only becomes important when the surface tension is ultra low, i.e.,
approaching zero, which is not the case here and consequently we give no more attention to it.
For the interpretation of surface quasi-elastic light scattering (SQELS) data, an important factor is
that a transverse shear viscosity term, c@, does not appear ; moreover this fact should apply for all
interfacial systems not just the double sided brush layer model used. For a polymer at the air/
water surface the visco-elastic parameters can be obtained by setting the molecular weight of the B
block to zero. There are small di†erences in these parameters when they are derived by mean Ðeld
or scaling theory, but the general forms are essentially the same. We quote the simpler scaling
relations here for the surface pressure, n, dilatational modulus, and its viscosity component, e@,eo ,
together with the relations for the two contributions to the coupling parameter, j. In eqns. (8)È
(10), is the degree of polymerisation of the A block immersed in the subphase (of viscosityNA g1),which has a grafting density ( P surface concentration) of and a statistical step length of b.poNote that because of the way in which the curvature is deÐned both j and j@ are negative quan-
tities.

n B po11@6b5@3NA kBT B eo (8)

jo B po13@6b10@3Nb2 kBT (9)

e@B po2 b5(g1NA3) (10)

j@B po7@3b20@3g1NA4 (11)

The contribution of the coupling term, j, to the dispersion of the capillary waves relative to that of
the dilatational terms is determined by the product of the capillary wavenumber and the brush
height, From the equations above we can estimate magnitudes of each parameter usingqho .
typical values for b, and the calculated values of n, and e@ are of the correct order ofNA po ; eomagnitude ; whereas and j@ are ca. 4È5 orders of magnitude smaller than the values of and e@.jo eoFor the contribution of j to be signiÐcant then, should be at least 0.1 ; for the q values usedqhohere (D200 cm~1) this intimates that should be ca. 5 lm! For this brush like model thehodispersion equation is modiÐed to

D(u)\ [gu(q [ m)] ijq3]2] [eq2 ] igu(q ] m)]] [cq2 ] igu(q ] m) [ ou2/q]\ 0 (12)

Fig. 2 Frequency (solid line) and damping (dashed lines) calculated for values of and j@ for a surfacejoconcentration of 1 mg m~2 of a brush like polymer layer. The values of and j@, respectively are : curve 1, 0joand 0 ; curve 2, 10~4 and 0 ; curve 3, 10~5 and 0 ; curve 4, 10~4 and 10~9 ; and curve 5, 10~4 and 2 ] 10~9.
The units of and j@ are mN m~1 and mN s m~1.jo
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Hence although and j@ are considerably smaller than and e@, the multiplication by q3jo eoincreases the signiÐcance of j in the dispersion equation. Solving the dispersion equation enables
us to determine the e†ects that and j@ will have on the observed frequency and damping of thejocapillary waves. For typical values of and e@ (60 mN m~1, 10 mN m~1 and 10~4 mN s m~1co , eorespectively), keeping c@ at zero, the dependences of the capillary wave frequency and damping on

and j@ are shown in Fig. 2. The real part of the coupling parameter has little e†ect on thejofrequency in the range of q generally accessible. Additional damping is introduced by the imagin-
ary part and eventually the capillary mode becomes over-damped and both frequency and
damping fall. It appears that data at high wave numbers are necessary to be able to distinguish
whether the coupling term, j, makes a contribution.

Experimental
The amphiphilic copolymer was a linear diblock copolymer of polymethyl methacrylate and
poly-4-vinyl pyridine quaternised with ethyl bromide (PMMAÈVPQ). The copolymer had a
methyl methacrylate mole fraction of 0.81 and the degree of polymerisation of the PMMA and
quaternised 4-vinyl pyridine blocks were 480 and 90, respectively. The schematic structure of the
block copolymer is shown below.

Spread Ðlms of this copolymer were obtained by depositing small volumes of approximately
0.1% w/v chloroform/methanol solutions of the copolymer on to the surface of specially puriÐed
water (at 294 K) in a rectangular Langmuir trough, this trough being in the optical path of the
surface light scattering instrument. The instrument has been fully described elsewhere33 and the

Fig. 3 Heterodyne correlation function for PMMAÈVPQ block copolymer spread Ðlm, surface concentration
0.2 mg m~2. The line is a Ðt to the data using the direct data analysis Ðtting method. The inset shows the
residuals between Ðt and data.

Faraday Discuss., 1999, 112, 309È323 313

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
99

. D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 7

/2
3/

20
25

 8
:5

0:
09

 A
M

. 
View Article Online

https://doi.org/10.1039/a809091b


only modiÐcation from these earlier descriptions was the use of a solid state laser producing light
of wavelength 532 nm. A typical heterodyne correlation function is shown in Fig. 3 together with a
Ðt and the residuals of the Ðtting process. Surface light scattering data were collected as a function
of surface concentration at a Ðxed wavenumber, q, of 270 cm~1 for the capillary waves and for a
Ðxed surface concentration, of 0.8 mg m~2 as a function of capillary wave wavenumber. TheCs ,data were analysed in two ways : Ðrst, the frequency and damping were obtained by Ðtting a cosine
function (incorporating the instrumental e†ects and the non-Lorentzian characteristics of the
power spectrum) to the data ; second, the surface visco-elastic parameters and e@ were(co , eoobtained by the direct data analysis method pioneered by Earnshaw et al.34

Results
Fig. 4 shows the surface pressure and Gibbs elasticity of spread Ðlms of the PMMAÈVPQ copoly-
mer spread on pure water obtained by continuously recording the surface pressure as the spread
Ðlm was compressed at 30 cm2 min~1 in a Langmuir trough. The initial area of the trough was
D900 cm2. Gibbs elasticity data were obtained using and was obtainedest\ Cs(dn/dCs) (dn/dCs)by Ðtting an empirical polynomial to the surface pressure data and subsequent numerical di†eren-
tiation. The Gibbs elasticity or dilatational modulus so obtained increases rapidly to high values
over a surface concentration range between 1.1 and 1.3 mg m~2 ; this is followed by further
increase at a less rapid rate to a maximum static dilatational modulus of D70 mN m~1 at a
surface concentration of 2.2 mg m~2. At higher surface concentrations the Gibbs elasticity rapidly
falls to zero. The surface pressure is essentially zero (within the accuracy of our surface balance)
for surface concentrations less than 1.2 mg m~2. A plateau value of D35 mN m~1 is observed,
which is a typical value for homoPMMA. However, the rise to this plateau surface pressure is
much less abrupt than for PMMA homopolymer because of the VPQ block.

The nature of the spread Ðlm on the water surface is relevant to the interpretation of the surface
light scattering data, i.e., is the Ðlm coherent over the whole area or does the coverage become
“patchyÏ at low concentrations? To establish the nature of the spread Ðlm, surface light scattering
data were repeatedly collected over a 10 h period. The variation of the frequency over this period
is shown in Fig. 5 ; clearly there is negligible variation. Patchy coverage reveals itself as Ñuctua-
tions in the frequency between the high value for pure water and the lower value for regions of the
surface covered by polymer as these regions drift in and out of the laser beam incident on the
surface.

The fundamental observations of surface light scattering, i.e., the frequency and damping of the
capillary waves, are shown in Fig. 6 as a function of the surface concentration of PMMAÈVPQ.

Fig. 4 Surface pressure (ÈÈÈ) and Gibbs elasticity (È È È È) of PMMAÈVPQ spread Ðlms obtained from
Wilhelmy plate measurement.
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Fig. 5 Variation of capillary wave frequency with time after spreading for a spread block copolymer Ðlm at a
surface concentration of 0.5 mg m~2. The dashed line is the frequency of capillary waves on clean water
obtained by surface quasi-elastic light scattering at the same wavenumber.

Fig. 6 Frequency (a) and damping (b) of capillary waves as a function of surface concentration of PMMAÈ
VPQ copolymer.
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The frequency has no variation up to a surface concentration of D0.7 mg m~2, where it begins to
fall. The decrease in capillary wave frequency is not monotonic, a small divergence and maximum
being evident at mg m~2. Capillary wave damping increases from the outset and has aCs B 1.3
maximum value (approaching twice that of the clean water at mg m~2 surface) beforeCsB 0.8
decreasing at higher surface concentrations.

The maximum in the damping is a symptom of resonance between the transverse and longitudi-
nal modes of the surface waves, i.e., where the real frequencies of the two modes are equal. The
frequencies of the capillary and dilatational modes are

uCB
Acq3

o
B1@2

]
i2gq2

o
(13)

uD B
J3

2

Ae2q4
go
B1@3

]
i

2

Ae2q4
go
B1@3

(14)

and classically the resonance occurs when It is at this resonance where we have theeo/co B 0.16.
maximum sensitivity to obtaining e from surface light scattering data because the coupling
between the modes is at a maximum.

Extraction of the surface visco-elastic parameters is dependent on the form of the dispersion
equation used. From the re-examination of the surface modes by Buzza et al.15 it appears that the
transverse shear viscosity is non-existent and therefore we have set c@ to zero. The bending
modulus contribution will be negligible for the surface tensions observed here. Likewise the
incorporation of the coupling term, j, is dependent on the value of Separate neutron reÑec-qho .
tometry experiments on spread Ðlms of this copolymer (see below) demonstrate that qho B 10~4
and thus the contribution of the coupling term is negligible. A typical Ðt to the experimental
surface light scattering data is shown in Fig. 3 ; from such Ðts we obtain surface tension, dila-
tational modulus and dilatational viscosity.

The surface tension (Fig. 7) obtained by light scattering shows some similarities with that
obtained from surface pressure data (zero frequency data), but clearly exhibits di†erences at higher
concentrations, with the light scattering values crossing the zero frequency values. No comparison
can be made between the zero frequency Gibbs elasticities and the dilatational moduli obtained
from light scattering. Fig. 8 shows the behaviour is completely di†erent. A maximum in ateomg m~2 is noted and the light scattering values of are an order of magnitude smallerCsB 1.0 eothan those extracted from the surface pressure data. This di†erence in dilatational modulus values
has been observed in other systems.35 The dilatational viscosity also exhibits a small maximum at

Fig. 7 Surface tension as a function of surface concentration of PMMAÈVPQ obtained from SQELS data
partially obscured by error bars) and from the surface pressure isotherm (ÈÈÈ).(L,
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Fig. 8 Dilatational modulus as a function of block copolymer surface concentration. SQELS data and(L)
surface pressure data (ÈÈÈ).

mg m~2, Fig. 9, where the small deviation in the decrease of capillary wave frequenciesCsB 1.3
was observed.

Discussion
Surface concentration dependence

The damping maximum at a surface concentration of D0.8 mg m~2 is commensurate with the
ratio of surface tension to dilatational modulus values obtained from surface light scattering data
which has a value D0.16, i.e., the classical resonance position. Surface tension and dilatational
modulus obtained from light scattering exhibit very di†erent dependences on surface concentra-
tion compared to the equivalent parameters obtained from the surface pressure isotherm. The
grafting density, in eqns. (8)È(11) is directly proportional to consequently we anticipate thatpo , Cs ;and e@ at a Ðxed q should scale with as given in the previously cited equations. There isco , eo Cs ,partial agreement with these predictions in that scales with with an exponent of D2.2 foreo Cs Csbetween 0.5 and 1.0 mg m~2 and e@ has an exponent of D2 for all values of up to mgCs Cs\ 1.0
m~2. However there are also disagreements. First, the surface pressure derived from surface light

Fig. 9 Dilatational viscosity (e@) as a function of surface concentration (Cs).
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scattering data scales as and a maximum in the variation of with is not predicted.Cs3.5 eo CsSecondly, there is considerable di†erence in the dilatational modulus values when the surface
concentration exceeds D1.2 mg m~2. This di†erence may be due to the di†erent time and length
scales involved in each experiment. The light scattering experiments are on time scales of D(1/uo)and involve microscopic displacements of the spread Ðlm. Classical values of involve macro-eoscopic compression of the Ðlm and Ðnite times during which time the Ðlm may rearrange to a
conÐguration which di†ers from that sampled by the light scattering.

We note that the surface tensions from surface light scattering and surface pressure data “cross Ï
at mg m~2, thereafter the values from light scattering being the larger. The dilatationalCsB 1.5 coviscosity has a maximum at mg m~2 ; eqn. (10) predicts that it should continue toCs B 1.5
increase with which conforms to the view that the dilatational viscosity arises from the per-po ,
meation of the solvent through the brush like layer. Therefore, the rather distinctive and abrupt
change in and e@ over m~2O 1.5 suggests a change in the arrangement of the VPQeo 1.0O Cs/mg
units at the air/water interface. Opposing this view are the neutron reÑectometry values of the
thickness of the VPQ layer,36 which are shown in Fig. 10 as a function of surface concentration.
Although the region occupied by the VPQ blocks increases in thickness as increases, thisCsappears to be continuous rather than taking place over a very small range as suggested by theCschange in and e@. Furthermore, the number density of VPQ units in this layer is rather constanteoat 8.2 ^ 1 ] 10~4 m~3 over the concentration range 1.0È3.0 mg m~2. Another factor that may
have some bearing here is the polyelectrolyte nature of the VPQ blocks. This type of block was
deliberately selected because it should be strongly associated with the aqueous subphase and the
high degree of dissociation of the quaternised vinyl pyridine residues leads to strong poly-
electrolyte behaviour and there should be stretching to reduce Coulombic interactions between
adjacent units. Complicating factors include counter-ion condensation37 onto the polyelectrolyte
block, which may thus not be as extended as would be anticipated for complete dissociation of the
VPQ units.

Visco-elastic properties

Apart from the dispersion behaviour (vide infra), visco-elastic behaviour is evident if there is a
capillary wave frequency dependence of the surface moduli. At resonance, as we remarked earlier
the real frequencies of the two modes are equal, hence we can use the observed capillary wave
frequencies to interpret the dilatational moduli as well as the surface tension. The dependence of
capillary wave frequency and damping on wavenumber (q) at a block copolymer surface concen-
tration of 0.8 mg m~2 is shown in Fig. 11, which includes lines for the same quantities for the

Fig. 10 Thickness (from neutron reÑectometry) of the near surface region occupied by VPQ units as a func-
tion of surface concentration of PMMAÈVPQ copolymer.
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Fig. 11 Wavenumber dependence of frequency and damping for a PMMAÈVPQ spread Ðlm at Cs\ 0.8
mg m~2. The lines are the calculated frequencies and dampings for a clean water surface.

clean water surface calculated from the Ðrst-order approximations to and C in eqn. (13). As quoincreases, the frequency becomes slightly smaller than the values for clean water. The observed
damping, however, is always larger than that of the clean water surface and there appears to be an
increasing divergence at higher q values.

The frequency dependences of the surface tension, dilatational modulus and dilatational vis-
cosity (the latter as a loss modulus, see below) at the “resonance concentrationÏ of 0.8 mg m~2 are
shown in Fig. 12. Since spread Ðlms of PMMA do not exhibit any frequency dependence of the
moduli (in the range accessible to surface light scattering), then the presence of the VPQ block is
solely responsible for the observed behaviour. A simple model frequently invoked to describe this
visco-elastic behaviour is that of a Maxwell Ñuid. The basis of this model is the concept that the
spread surface Ðlm is subjected to oscillatory stress and strain by the capillary waves. The stress
and strain are connected via the complex modulus

G*(u) \ G@(u) ] iGA(u)

where G@(u) is the storage modulus and is equivalent to or and GA(u) is the loss modulusco eoequivalent to here. For a Maxwell Ñuid,5uo e@(u)

G@(u) \ Geq ] S
A u2q2
1 ] u2q2

B
(15)

GA(u) \ S
A uq
1 ] u2q2

B
(16)

where is the zero frequency value of the modulus, S the strength of the relaxation processGeqwhich has a relaxation time q. The lines on each of the plots are the best non-linear least squares
Ðt to the data. From these Ðts, the relaxation time is approximately the same for both transverse
and dilatational modes at ca. 3^ 1 ls although there is a considerable error for the relaxation
time extracted from the loss modulus values. The equilibrium surface tension and dilatational
modulus are 71 and 10 mN m~1, the value for the surface tension being consistent with the
surface pressure recorded at this resonance concentration (i.e., D0 ^ 2 mN m~1).

Eqns. (15) and (16) can be combined to provide an expression for the relaxation time that
enables the surface concentration dependence to be assessed :

q\
G@(u) [ Geq

uo GA(u)
(17)
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Fig. 12 Frequency dependence of surface tension (a), dilatational modulus (b) and loss modulus [4uo e@(u)]
(c) for a spread Ðlm concentration of 0.8 mg m~2. The lines are non-linear least squares Ðts of a Maxwell Ñuid
model to the data.
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where

G@(u) [ Geq \ eo [ eST
and

uo GA(u) \ uo2 e@
If the relaxation process is well described by a Maxwell Ñuid model, which presumes a single
exponential relaxation process, then a semi-log plot of the relaxation times as a function of surface
concentration should be linear. Fig. 13 shows such a semi-logarithmic plot and a linear depen-
dence is evident in the region of surface concentration where the classical dilatational modulus is
less than the light scattering determined value. There are two comments to make regarding this
plot. First, because we have had to use the capillary wave frequency (rather than the unobservable
dilatational wave frequency) in eqn. (17), the relaxation times are “apparent Ï values ; however the
general dependence on the surface concentration (i.e., an exponential dependence) will still be
valid. Secondly, the relaxation time decreases as the surface concentration increases rather than
increasing or remaining constant as might have been expected from the small change in the con-
centration of VPQ units as the surface concentration increases. For the VPQ layer thicknesses
determined, it is evident that the VPQ does not have the rigid rod conÐguration expected for a
fully dissociated polyelectrolyte. We speculate that increased counter-ion condensation takes place
as the surface concentration increases and the initially rod-like conÐguration of the VPQ becomes
more of a Ñexible coil at higher concentrations. The longer relaxation times are associated with
the rod-like conÐguration, the shorter times with the random coil. Unfortunately for surface con-
centrations less than 1 mg m~2, the VPQ is far too dilute to be observable by neutron reÑec-
tometry.

Dispersion behaviour

The values of the surface visco-elastic parameters obtained are dependent on the form of the
dispersion equation used in the interpretation of the light scattering data. Consequently the omis-
sion of some parameters (c@, and j@) may make the accuracy of those parameters that arejodetermined questionable. The various models may be distinguishable from comparing the disper-
sion behaviour with that observed experimentally, i.e., plotting the damping as a function of the
capillary wave frequency. The evaluation of these two parameters does not depend on a model
and thus is not subject to any uncertainties. Earnshaw and McLaughlin38,39 have discussed the
inÑuence of e@ and c@ on dispersion behaviour and have demonstrated the conditions under which
mode mixing is obtained. The dispersion plot for the data obtained at the surface concentration of
0.8 mg m~2 is shown in Fig. 14 as normalised damping and normalised frequency, i.e., C/(2gq3/o)

Fig. 13 Apparent relaxation time calculated from eqn. (17), using dilatational moduli and viscosities and
capillary wave frequencies, plotted in semi-logarithmic form as a function of the surface concentration of the
block copolymer.
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Fig. 14 Dispersion plot of normalised damping as a function of normalised frequency for the PMMAÈVPQ
copolymer spread Ðlm at a surface concentration of 0.8 mg m~2 compared with the predicted behaviour from
the two forms of the dispersion equation. Solid line from eqn. (4) with c@\ 0 and average values of and e@co , eoover the range of q explored. The dashed lines have values of j@ increasing in magnitude from left to right of
[2 ] 10~7, [4 ] 10~7 and [6 ] 10~7 mN s m~1.

and Included in Fig. 14 are dispersion behaviours predicted for each of the disper-uo/(co q3/o)1@2.
sion eqns. [(4) and (12)] using average values of and e@ over the q range explored. The dashedco , eoand dashed-dot lines show the behaviour anticipated if the coupling factor, j, was playing a role.
Since we ascertained earlier that had little inÑuence on frequency and damping, this has beenjoÐxed at 10~4 mN m~1 and j@ varied from 2] 10~7 to 6 ] 10~7 mN s m~1. The classical disper-
sion equation [eqn. (4)] appears to be the better description of the experimental data, the disagree-
ment at higher q values being due to the changing values of the surface visco-elastic parameters at
higher q values in the experimental data whereas average values have been used to calculate the
dispersion behaviour.

Conclusions
The surface visco-elastic behaviour of a linear diblock copolymer, in which one of the blocks is a
polyelectrolyte, at the air/water interface has been examined using surface quasi-elastic light scat-
tering. These data were analysed with a small modiÐcation of the dispersion equation suggested
by a recent re-analysis of the inÑuence of capillary waves on a polymer brush at Ñuid interfaces.
Because the layer of the polyelectrolyte-containing block had only modest dimensions, the incorp-
oration of a coupling parameter suggested by the re-analysis was not required. Dilatational
moduli obtained by light scattering exhibited a maximum as the surface concentration of the
block copolymer increased and, at the same surface concentration where the maximum was
observed, the dilatational viscosity attained a plateau value. The dilatational moduli from surface
pressure data are initially smaller than those obtained by light scattering but at higher surface
concentrations they greatly exceed the light scattering dilatational moduli. The Ðnite compression
of the Ðlm and the relatively long time required for this compression (compared to the capillary
wave perturbations) were cited as possible causes for this discrepancy. However, the observation
of a maximum in the light scattering values of the dilatational modulus is not predicted by the
theoretical analysis for electrically neutral polymers. Capillary wave frequency dependent values of
surface tension, dilatational modulus and dilatational viscosity, all obtained at a surface concen-
tration where resonance between dilatational and capillary modes occurs, can be adequately rep-
resented by using a Maxwell Ñuid model with a relaxation time of ca. 3 ls for the spread polymer
Ðlm. The dependence of the “apparent Ï relaxation time of the dilatational mode appears to
conform to a single exponential relaxation consistent with a Maxwell Ñuid model. A noteworthy
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feature was the decrease in relaxation time as the surface concentration increased and it has been
speculated that this may be due to counter-ion condensation on the polyelectrolyte block leading
to the block having a more coil like character.
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