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ABSTRACT: The interfacial dilational viscoelastic properties of hydrophobically associating block
copolymer composed of acrylamide (AM) and a low amount of 2-phenoxylethyl acrylate (POEA) (<1.0
mol %) at the octane-water interfaces were investigated by means of two methods: the interfacial tension
response to sinusoidal area variations and the relaxation of an applied stress. The dependencies of
interfacial dilational modulus and phase angle on the polymer concentration were explored. The influence
of sodium dodecyl sulfate (SDS) on the dilational viscoelastic properties of polymer solutions was studied.
The results obtained by oscillating barriers method showed that the dilational modulus passed through
a maximum value with increasing polymer concentration, while the phase angle decreased with increasing
concentration below 200 ppm, then showed very low concentration dependence up to 3000 ppm, and
increased dramatically above it. When SDS was added to the aqueous phase, the dilational modulus
passed through a maximum with increasing SDS concentration, while the change of phase angle depended
on the polymer bulk concentration. The results obtained by the relaxation of an applied stress show that
two main relaxation processes exist in the interface at low bulk concentration below the critical aggregation
concentration: one is the fast process involving the exchange of hydrophobic microdomains between the
proximal region and distal region in the interface with a characteristic time value from several tens of
seconds to several seconds at different bulk concentration; the other is the slow relaxation process involving
conformational changes of polymer chain in the interface with characteristic time value from 1000 s to
several tens of seconds, depending on the bulk concentration. However, there is only one main relaxation
process controlling the dilational properties above c*: a fast relaxation process with the characteristic
relaxation time of less than 1 s, which is believed to be related to the associations formed by hydrophobic
microdomains. Anionic surfactant SDS can influence the dilational properties of polymer solutions by
the following ways: first, SDS can absorb onto the interface and bind to the hydrophobic microdomains
to change the characteristic times and contributions of the existed relaxation processes of polymer chains;
second, SDS can provide a new fast relaxation process involving the exchange of SDS molecules between
monomers and mixed micelles in interface. The information on relaxation processes obtained from
interfacial tension relaxation measurements can explain the results from dilational viscoelasticity
measurements very well. The negative phase angles have been obtained in some case. It is believed that
the in-interface slow relaxation process, which sometimes dominates the dilational viscoelasticity of
polymer film, is responsible for this phenomenon in our employed experimental method.

1. Introduction

Water-soluble polymers modified with relatively low
amounts of a hydrophobic comonomer (a few percent)
have recently become the subject of extensively research
due to their interesting solution behavior.1-2 In aqueous
solution, above the overlap concentration of the polymer
chains, the hydrophobic groups form intermolecular
hydrophobic associations, resulting in a strong increase
in solution viscosity.

Many uses for polymers of this type have been
suggested, including in environmentally friendly for-
mulations of paints and in medical formulations, al-
though the main area of interest remains their use as
aqueous viscosity modifiers in tertiary oil recovery
system.1-5 The increase in viscosity can improve sweep
efficiency during enhanced oil recovery processes. The
nonionic water-soluble copolymers of acrylamide pre-
pared with hydrophobic comonomers have attracted a
great deal of interest. They were extensively developed

in the 1980s and their applications for enhanced oil
recovery were pursued because of the large market
potential that existed.

The interaction of hydrophobically associating water-
soluble copolymers with small molecule surfactants is
of fundamental importance for many industrial applica-
tions such as enhanced oil recovery and latex paint
technology.1,6 This interest stems from the need to
accurately control the solution viscosity under a variety
of shear conditions. When added to an aqueous solution
of hydrophobically associating water-soluble copolymer,
a small molecule anionic surfactant such as sodium
dodecyl sulfate binds to the copolymeric regions in a
noncooperative process causing a shift from intra- to
interchain liaisons. This is evidenced by a peak in the
apparent viscosity at surfactant concentrations below
that of the cmc. Above the surfactant cmc, intra- and
interchain interactions are destroyed, each hydrophobic
region of each copolymer chain being solubilized in a
single micelle.7

The bulk solution properties of different types of
hydrophobically associating water-soluble copolymers
have been widely studied in the absence of and in the
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presence of different types of surfactants, and wide
range of experimental methods including surface ten-
sion, viscosity, dialysis equilibrium, NMR, ESR, fluo-
rescence, and different scattering techniques have been
applied.8-23 It is well-known that solution rheological
properties of hydrophobically associating water-soluble
copolymers are affected by hydrophobe type and content,
molecular weight, degree of hydrolysis, temperature,
salinity and the presence of different types of surfac-
tants.5 The added surfactant affects both the lifetime
and the structure of the transient associating polymer-
surfactant network, due to mixed micellization between
surfactant molecules and the hydrophobic microdomain
of polymer. The viscosity maximum appeared with
increasing surfactant concentration is the result of two
opposing effects: an increase in the lifetime of mixed
micellar cross-links and a decrease in the number of
cross-links. Experimental results indicate that the
viscosity enhancement is not due to the formation of
additional mixed plurifunctional aggregates but to an
increase in the lifetime of the preexisting cross-links
resulting from surfactant binding.16,22 The structure of
the network and the compositions of the mixed micellar
cross-links are quite similar for the various surfactants,
when the mixtures are compared at their respective
viscosity maxima, and the differences in viscosifying
efficiency between the different surfactants are due to
differences in the lifetimes of the mixed micellar junc-
tions.

Although the interfacial properties of hydrophobically
associating water-soluble copolymers are very important
for understanding the nature of associating polymers
and their interactions with surfactants, the progress in
this field was rather slow for many years mainly due
to lack of suitable experimental techniques. Traditional
methods such as surface tension measurement has been
employed to detect the surfactant-polymer complexes
at the air-water interface through the observation of a
strong synergistic lowering of the surface tension,24-27

but the application of the Gibbs adsorption equation
usually leads to large errors when used to determine
the polymer adsorption. Even more, recent studies have
shown that surface tension can be insensitive to the
state of the surface layer and is not a good predictor of
the total amount of polymer in surface layer.28 Fortu-
nately, our knowledge about the structure of adsorbed
polymer films has increased significantly mainly be-
cause of the application of neutron reflection,29-33 which
allows one to determine not only the adsorption but also
the distribution of monomers normal to the liquid
surface. However, on the other hand, any information
on the dynamics of polymer chains at liquid interface
is still quite limited.

Rheological properties are the main characteristics of
the dynamic properties of a film. There are two rheo-
logical properties of the interfacial films-interfacial
shear and dilational viscoelasticity. The interfacial
shear property has been the most investigated vis-
coelastic property of liquid-liquid interface film in the
past. However, it seems that the shear deformations are
connected mainly with the processes of the structural
reorganization characterized by a broad and almost
continuous spectrum of relaxation times. On the con-
trary, the measurements of dynamic dilational vis-
coelasticity can be used to study the every single
chemical and physical progress in the system and
provide more information on the dynamics of polymer

chains and their interaction with surfactant molecules
at interface.34

The dilational viscoelasticity of both insoluble polymer
monolayer35-42 and adsorbed polymer film,28,43-57 unlike
solution properties, has been studied by rather few
researchers. Some of the results for adsorbed polymer
films correspond to a frequency range during which the
viscoelastic behavior of adsorbed polymer films is analo-
gous to that of insoluble monolayers.52-57 Although the
application of low-frequency experimental techniques
will give more information on the relaxation processes
in adsorbed polymer films, only recently was the dy-
namic surface viscoelasticity of adsorbed nonionic ho-
mopolymer films measured at the liquid-gas interface
in broad frequency and concentration ranges using a
combination of three different methods of relaxation
spectrometry of the surface layer.28,45,47,50

In this paper, we have investigated the interfacial
dilational properties of hydrophobically associating
water-soluble copolymer adsorbed at oil-water interface
and studied the interfacial interaction between polymer
and anionic surfactant by using oscillating barriers
method and interfacial tension relaxation method over
the frequency range from 0.0033 to 0.1 Hz.

2. Experimental Section
2.1. Materials and Sample Preparation. The structure

of the hydrophobe monomer is shown in Figure 1. The sample
was polyacrylamide hydrophobically modified with 2-phenoxyl-
ethyl acrylate (POEA) prepared by a micellar copolymerization
technique. The synthesis and characterization of the copoly-
mers are reported elsewhere.58 It was dissolved in deionized
water (resistivity > 18 MΩ‚cm-1) to a certain concentration
and used as water phase. Octane, A. P., was obtained from
Bodi chemical reagent Ltd., Tianjin, China, and used as the
oil phase without further treatment. Sodium dodecyl sulfate
(SDS) was obtained from Engineering Factory of Tianjin,
China, and recrystallized by acetone. The critical micelle
concentration (cmc) was found by conductivity to be 8 × 10-3

mol/L.
2.2. Interfacial Dilational Viscoelasticity Measure-

ments.59 The dilational rheology gives a measure of the
interfacial resistance to changes in area. The interfacial
dilational modulus ε at a particular frequency is characterized
by its absolute value |ε| and by a phase angle θ describing the
phase difference between dynamic interfacial tension variation
and interfacial area variation:

where ε is the dilational modulus, γ is the interfacial tension,
θ is the phase angle, and A is the area of the interface. When
a relaxation process takes place in or near the interface as a
result of a disturbance, the interface will exhibit viscoelastic
rather than pure elastic behavior. Dilational modulus can also
be expressed as the summation of elastic and viscosity
contributions:

where the real part (storage modulus) represents the elastic
energy stored in the interface and is known as the dilational
elasticity εd, and the imaginary part (loss modulus) may be

Figure 1. Chemical structure of the hydrophobic monomer
2-phenoxylethyl acrylate (POEA).

ε ≡ dγ
d(ln A)

) |ε|exp(iθ) (1)

ε ) εd + iωηd (2)
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expressed in terms of the interfacial dilatonal viscosity ηd

because it accounts for the energy dissipated in the relaxation
process.

To probe the dilational viscoelasticity of the interfacial film,
the Langmuir trough-Wilhelmy plate technique, which is
most convenient and suitable for working at liquid-liquid
interface, was employed. The interface area can be changed
in sine oscillation (0.0033-0.1 Hz) mode by the horizontal slide
of the barriers. The dynamic interfacial tension was measured
by the Wilhelmy plate method, using a PTFE plate suspended
in the middle of the trough area from a sensitive force
transducer.

2.3. Interfacial Tension Relaxation Measurement.60,61

Moving barriers can be used to produce a little change in
interfacial area in a short period of time. The film is able to
come to equilibrium before any disturbance was applied. The
method allows one to convert any kind of interfacial tension
change into the interfacial dilational modulus and its compo-
nent parts, provided that the form of the area change applied
is known.

For an instantaneous area change rising from ∆A(t) ) 0 for
t e 0 to ∆A(t) ) ∆A for t > 0, the values of ε are obtained as
a function of the frequency by Fourier transformation (FT) of
the interfacial tension decay obtained from the experiment by
the following relationship:

Here ω is the angular frequency. In an ideal system which is
not diffusion-controlled and in which only one relaxation
mechanism occurs, the decay curve of γ vs t can be represented
by an exponential equation.

For a real system a number of relaxation processes may
occur and the decay curve would be expressed by the summa-
tion of a number of exponential functions:

Here Bi is the characteristic frequency of the ith process; Ai is
the fractional contribution which that relaxation process
makes to restore the equilibrium; n is the total number of the
relaxation processes.

For an instantaneous change in area

With this, Eq 3 becomes

The real part of eq 6 is the dilational elasticity εd and the
imaginary part is the interfacial dilatonal viscosity ηd: i.e.,

Other parameters such as the tangent of phase angle, dila-
tional modulus etc can all be obtained from these two
parameters.

2.4. Experimental Procedure. The interfacial dilational
viscoelasticity meter JMP2000A (Powereach Ltd., Shanghai,
China), which had been described elsewhere,62-63 was em-
ployed. The working principle is similar to that of Lucassen
and Giles.59 To probe the dilational viscoelasticity of the
interfacial film, a Langmuir trough with a pair of PTFE

barriers was used. In the interfacial dilational viscoelasticity
measurements, the interface area can be changed in sine
oscillation (0.0033-0.1 Hz) mode by the horizontal slide of the
barriers. The dynamic interfacial tension was measured by the
Wilhelmy plate method, using a PTFE plate suspended in the
middle of the trough area from a sensitive force transducer.
The water phase (90 mL) and oil phase (50 mL) was poured
into the trough successively and carefully. The Wilhelmy plate
should be completely submerged under the surface of the oil
phase. The dilational viscoelasticity experiment began after
12 h of preequilibrium of the oil-water system. In the
interfacial tension relaxation measurements, the film was
expanded about 15% in area by a sudden and simultaneous
movement of two parallel barriers, situated in the interface
over 2 s, and then the film relaxes spontaneously. All experi-
ments were performed at the temperature 30 °C.

3. Results and Discussion

3.1. Influence of Polymer Concentration on the
Interfacial Dilational Viscoelasticity. The typical
dependence of the interfacial dilational viscoelasticity
of the hydrophobically associating water-soluble copoly-
mer P(AM/POEA) on the polymer concentration is
shown in Figure 2. The figure shows a plot of dilational
modulus and phase angle vs concentration for different
frequencies (from 0.0033 to 0.1 Hz). It can be seen that
the dilational modulus appeared a maximum value at
3000 ppm. The dilational modulus showed very low
concentration dependence below 200 ppm, then in-
creased with increasing polymer concentration up to
3000 ppm and decreased dramatically above it. On the
other hand, the phase angle decreased with increasing
concentration below 200 ppm and then showed very low
concentration dependence up to 3000 ppm and increased
dramatically above it.

The interfacial dilational viscoelasticity is generally
believed to be caused by the microscopic relaxation
processes at the interface and near the interface. So the
data of dilational viscoelasticity can provide the infor-
mation about molecular interaction and structure at the
interface. For low molecular weight surfactant systems,
the two types of relaxation processes usually considered
are the exchange of molecule between the bulk solution
and the interface and conformational changes in the
interface.49 However, for macromolecules, the charac-
teristic diffusional time is too large and one can consider
only rapid interface strains corresponding to the homo-
geneous polymer concentration outside the interface
layer.

According to the model provided by Noskov et
al.,28,45,47,50 although the exchange of macromolecules
between the surface layer and the bulk phase can be
neglected, the exchange of monomers between different
regions of the surface layer has to be taken into account.
Two main parts of the surface film are considered by
them: a relatively narrow concentrated region contigu-
ous to the gas phase (the proximal region), and region
of “tails” and “loops” protruding into the bulk of the
liquid where the global concentration of monomers is
essentially lower (the distal region). It is essential that
the width of the distal region exceeds that of the
proximal region and the monomer concentration in the
proximal region is essentially higher. The surface ten-
sion depends first of all on the concentration in the
proximal region, and the relaxation of surface stresses
at a surface dilation proceeds at the expense of drawing
chains up to the surface (transition of monomers from
the distal region to the proximal region) or squeezing
chains out of the surface (the reverse transition), which

ε(ω) )
FT∆γ(t)

FT(∆A/A)(t)
)

∫0

∞
∆γ(t) exp(- iωt) dt

∫0

∞
[∆A(t)/A] exp(- iωt) dt

(3)

∆γ(t) ) ∑
i)1

n

Ai exp(- Bit) (4)

∫0

∞ ∆A
A

exp(- iωt) dt ) ∆A/A
iω

(5)

ε ) iω
∆A/A∫0

∞
∆γ(t)[cosωt - sin ωt] dt (6)

εd(ω) ) ω
∆A/A∫0

∞
∆γ(t) sin (ωt) dt (7)

ωηd(ω) ) ω
∆A/A∫0

∞
∆γ(t) cos(ωt) dt (8)
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can take place as a result of two processes: the slow
relaxation process of inner strains of a polymer chain
or the fast relaxation process of the exchange of the
chain as a whole.

The introduction of hydrophobic group POEA into
PAM modifies the flow behavior of the precursor poly-
mer. This is mainly due to intramolecular association,
intermolecular association, or both. For associating
polymer, there is a critical concentration above which
the polymer solution shows enhanced viscosity. This
critical concentration is also known as the overlap
concentration, or the critical aggregation concentration.
The viscosity at c* is mainly due to intermolecular
association. The interaction and association of polymer
molecules at interface reflects those in the bulk solution.
So the relaxation process corresponding to associations
must be taken into account.

P(AM/POEA) has high surface activity due to its
hydrophobic modification and can absorb at the inter-
face. The surface tension value has been found to be
about 45 mN/m for 6000 ppm polymer at 30 °C. The c*
of P(AM/POEA) is about 5000 ppm at 25 °C. Similar to
Noskov’s model, when P(AM/POEA) molecules absorb
onto the interface, the hydrophobic microdomain stays
in the proximal region contiguous to the oil phase and
determines the interfacial tension while the AM part
protruding into the distal region by the form of “tails”
and “loops” . When the bulk concentration is higher than
c*, the microdomains absorbed at the interface will form
associations, which will result in a fast relaxation
process at dilational measurements.

At very low bulk concentrations (below 200 ppm), the
absorbed macromolecules have an almost flat two-
dimensional conformation and do not form long loops
and tails. The dilational viscous component is close to
zero, while dilational elasticity increases slightly with
increasing polymer concentration. This results in the
obvious decrease of phase angle at an almost constant
dilational modulus value.

At further increase of the bulk concentration (from
200 to 3000 ppm), the interfacial polymer concentration
increases and hinders complete unfolding of some of the
adsorbing polymer coils in the interfacial layer. Gradu-
ally some loops and tails appear in the distal region of

the interfacial layer. This leads to a relaxation of
exchange of hydrophobic microdomain between the
proximal and distal regions of the interfacial layer and
the dilational viscous component increases. At the same
time, the interaction among hydrophobic microdomains
increases and results in the increase of dilational
elasticity. Our experimental results show that the
influence of the above relaxation process on the dila-
tional viscous component is similar to that of dilational
elasticity, so the dilational phase angle keeps almost
constant until 3000 ppm with the dramatical increase
of dilational modulus.

Subsequent increase of bulk concentration (above
5000 ppm) leads to the faster exchange of hydrophobic
microdomains between the proximal and distal regions
and consequently results in a decrease of dilational
modulus and increase of phase angle. It is also worth
noting that the associations formed by hydrophobic
microdomain in interfacial layer may lead to a faster
exchange between monomers and them, which has a
shorter characteristic relaxation time than that of
hydrophobic microdomain exchange between the proxi-
mal and distal regions as seen in Table 2. The faster
exchange between hydrophobic microdomains and their
associations will decrease the dilational modulus dra-
matically, similar to that of surfactant solutions above
their critical micelle concentration.

Figure 2. Interfacial dilational viscoelasticity as a function of polymer concentration at different dilational frequencies: (A)
dilational modulus; (B) phase angle.

Table 1. Characteristics of the Copolymer P(AM/POEA)

sample
MA

(mol %)
POEA

(mol %)
[η]

(mL/g) Mw × 106 KH

P(AM/POEA) 99.44 0.56 656 9.9 0.48

Table 2. Interfacial Relaxation Processes and Their
Characteristic Times Derived for Polymer Solutions

process 1 process 2

concn (ppm) A1/mN m-1 τ1/s A2/mN m-1 τ2/s

1 0.40 28.6 1.14 1075.3
10 0.12 10.0 0.73 416.7

100 0.34 3.8 0.20 263.2
200 0.19 3.4 0.49 58.8

3000 1.63 7.7 1.17 76.8
5000 3.64 4.8 0.67 76.9
6000 3.10 0.6
8000 4.28 0.8
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The characteristic relaxation times can provide the
most important information about relaxation processes.
But nowadays, even reliable estimations of the main
relaxation times in adsorbed films of the most important
polymers are still lacking.28 For example, Noskov has
obtained a value of 0.06 s for PEG solution at a
concentration of 0.001 wt % by fitting to the experimen-
tal viscoelasticity data, though there should exist at
least two main relaxation processes at the surface
according to his model.47

To confirm our explanation above, the method of
interfacial tension relaxation measurement has been
employed to detect the microscopic relaxation processes
in the interfacial layer. We can determine the charac-
teristic relaxation time (τ) and contribution of different
relaxation process (A), which are connected with the
dynamic characteristics of macromolecules, by this
method (Table 2).

We can see clearly from Table 2 that there exist two
main relaxation processes below c*: the fast relaxation
process involving the exchange of hydrophobic micro-
domain between different regions in interfacial layer
and the slow relaxation process involving conforma-
tional changes of polymer chain in the interface. Both
processes become faster with increasing bulk concentra-
tion below 200 ppm then change little until 5000 ppm,
with the characteristic times of several seconds and
several tens of seconds, respectively. At the same time,
the contribution of the fast process (A1) becomes more
and more important with increasing bulk concentration.
However, there is only one main relaxation process
controlling the dynamic dilational properties above c*:
a fast relaxation process with the characteristic relax-
ation time of less than 1 s, which is believed to be related
to the associations formed by hydrophobic micro-
domains. The results from interfacial tension relaxation
measurements are in good agreement with those from
dilational viscoelasticity measurements.

It is important to note that the dilational phase angle
has a negative value, which means a negative viscosity,
during the concentration range from 200 to 3000 ppm
at the frequency range above 0.01 Hz. The surface
dilational viscosity has been obtained negative by the
method of surface quasielastic light scattering (SQELS)
for both solutions of conventional surfactants64-66 and
polymer films,41,54,57,67-68 and there is no exact mecha-
nism responsible for it.65,28

In our experimental method, the homogeneous defor-
mations of the liquid interface are created by a pair of
barriers oscillating in sinusoidal mode in a Langmuir
trough and the corresponding changes of the interfacial
tension are measured by using a Wilhelmy plate. The
dilational modulus can be determined from the ampli-
tude ratio of the oscillations of the interfacial tension

and interface area, while the phase shift between the
oscillations of the interfacial tension and interface area
determines he phase angle of the interfacial dilational
viscoelasticity. According to the general definition of
dilational phase angle, the phase angle has a positive
value when the phase of interfacial tension oscillation
is ahead of that of interfacial area oscillation, while the
negative one will appear when the phase of interfacial
area oscillation is ahead of that of interfacial tension
oscillation.

In our previous studies the negative phase angles
have been obtained for the absorbed interfacial film at
which the in-interface slow relaxation process dominates
the dilational viscoelasticity, such as films containing
HPAM molecules, crude oil fractions with high molec-
ular weights and aggregations. On the other hand, the
positive phase angles appears for the absorbed film at
which the fast exchange of molecules between interface
and bulk solution dominates the dilational viscoelastic-
ity. For a certain area change, the negative phase angle
will appear when the oscillation frequency becomes high
enough that the fast exchange of molecules cannot
compensate the interfacial concentration change caused
by area change. So the higher the oscillation frequency
is, the larger possibility the film has to show a negative
phase angle. Our experimental results here can be
explained by the reason discussed above and in good
agreement with our previous results.

3.2. Influence of Anionic Surfactant on the
Interfacial Dilational Viscoelasticity for Polymer
Solutions. It is well-known that surfactant concentra-
tion greatly affects viscosity of associating polymer
systems. For anionic surfactant a viscosity maximum
occurred at a surfactant concentration close to or lower
than the critical micelle concentration (cmc). Viscosity
increases of up to 5 orders of magnitude were observed,
which were caused by the formation of mixed micelles
containing surfactant molecules and hydrophobic micro-
domains.69-70 The viscosity maximum occurred at a SDS
concentration of 7.5 × 10-4 mol/L for 5000 ppm P(AM/
POEA) used in this article.

The dependence of the interfacial dilational viscoelas-
ticity for the 5000 ppm associating polymer on the
dilational frequency at different SDS concentration is
shown in Figure 4. Two important features may be
extracted from these data. First, we see that the
dilational modulus passed through a maximum with
increasing SDS concentration, while the phase angle
decreased monotonically. Second, the dilational modulus
decreased dramatically and was almost not frequency
dependent at SDS concentration above 4 × 10-4 mol/L.

The presence of hydrophobic groups along the copoly-
mer backbone may allow, dependent upon the chain
flexibility, both inter- and intrachain associations which

Figure 3. Definition of phase angle: (A) positive phase angle; (B) negative phase angle.
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are in many ways analogous to micellar aggregates.
Small molecule surfactants, when added to such a
system, can interact with these hydrophobic groups
leading to the formation of mixed micellelike aggre-
gates.7 These mixed micelles exist both in solution and
at interface. The mixed micelles in solution either may
promote chain linking by acting as a bridge between two
polymer chains or may disrupt such linkages by solu-
bilizing each hydrophobic group of a polymer chain into
a single micelle. The mixed micelles at the interface may
lead to a very fast exchange of SDS molecules between
surfactant monomers and interfacial mixed micelles,
and at the same time influence the characteristic
relaxation times of the other processes mentioned above.
When the interface is compressed, the SDS molecules
can bind to the hydrophobic groups, while when the
interface is expanded, the micellelike aggregates in turn
liberate the SDS molecules.

The added surfactants will also influence the inter-
facial polymer concentration through two ways:31 one
is to adsorb competitively with polymer molecules at
interface; the other is to decrease the hydrophobic ability
of polymer molecules by forming mixed micelles. Both
ways will decrease the interfacial polymer concentra-
tion.

Unfortunately, our interfacial relaxation measure-
ment cannot catch the possible fast relaxation process
of exchange of SDS molecules between monomers and
mixed micelles we discussed above, which may have a
characteristic time of less than 0.1 s. But the low values
of dilational modulus, which are close to zero, combined
with their being almost independent of frequency mean
strongly that there exist fast relaxation processes far
faster than our highest dilational frequency. In addition,
the change of interfacial tension (∆γ) after the area
change, which is listed in Table 3, decreased dramati-
cally with increasing SDS concentration and was close

to zero at 4 × 10-4 mol/L, while the ∆γ of SDS solution
was 0.58 mN/m at the same concentration. This result
can be explained only by the existence of a relaxation
process of exchange of SDS molecules in interface, which
is faster than the SDS monomers exchange between the
interface and bulk solution.

The characteristic relaxation times and contributions
of the other two relaxation processes are listed in Table
4. The characteristic time of both the fast and the slow
processes passed through a maximum with increasing
SDS concentration. The contribution of the fast process
to dilational modulus decreased monotonically with
increasing SDS concentration, while that of the slow
process passed through a maximum. Both the contribu-
tions of two processes became very small at 4 × 10-4

mol/L SDS. It seems that the influence of SDS on the
characteristic times of existed process plays the impor-
tant role in controlling dilational properties of polymer
film at low SDS concentration and may increase the
dilational modulus, while the exchange of SDS mol-
ecules between monomers and mixed micelles in the
interface dominates the film dilational properties at
relative high SDS concentration and caused the very
low value of dilational modulus.

The phase angle data in Figure 4 showed that the
polymer film became more elastic with increasing SDS
concentration. This may be explained by the reason that
the ratio of contribution of the fast process to that of
the slow process, which is responsible for the ratio of
viscosity to elasticity, decreased monotonically with
increasing SDS concentration.

The dependence of the interfacial dilational viscoelas-
ticity for the 200 ppm associating polymer on the
dilational frequency at different SDS concentration is
shown in Figure 5. The characteristic relaxation times
and contributions of different relaxation processes are

Figure 4. Interfacial dilational viscoelasticity for 5000 ppm polymer as a function of dilational frequency at different SDS
concentration: (A) dilational modulus; (B) phase angle.

Table 3. Change of Interfacial Tension (∆γ) after the
Area Change for 5000 ppm Polymer at Different SDS

Concentrations

SDS concn (mol/L) ∆γ (mN/m)

no SDS 3.78
1 × 10-6 2.53
1 × 10-5 1.00
4 × 10-4 0.06

Table 4. Interfacial Relaxation Processes and Their
Characteristic Times for 5000 ppm Polymer at Different

SDS Concentrations

process 1 process 2

SDS concn (mol/L) A1/mN m-1 τ1/s A2/mN m-1 τ2/s

no SDS 3.64 4.8 0.67 76.9
1 × 10-6 1.47 10 1.31 55.6
1 × 10-5 0.44 11.8 0.34 90.9
4 × 10-4 0.032 7.7 0.079 33.3

Macromolecules, Vol. 37, No. 8, 2004 Associating Polyacrylamide Solutions 2935



listed in Table 5. The changes of interfacial tension (∆γ)
after the area change are listed in Table 6. Similar
trends to the 5000 ppm solution in dilational modulus,
characteristic relaxation times, and ∆γ were observed,
which have been discussed above. However, the phase
angle increased monotonically with increasing SDS
concentration. This may be explained by the fact that
the interfacial polymer concentration is so low that the
SDS molecules absorbed in the interface dominate the
film dilational properties even at very low SDS concen-
tration such as 10-4 mol/L. So the film became more
viscous with increasing SDS concentration, which in-
creased the exchange of SDS molecules between the
interface and bulk solution. It is interesting to note that
the ratio of contribution of the fast process to that of
the slow process increased monotonically with increas-
ing SDS concentration in this case, which is in good
agreement with the phase angle data.

4. Conclusion

The dilational modulus of hydrophobically associating
water-soluble copolymer AM/POEA at the octane-water
interface passed through a maximum with increasing
bulk concentration under dilational frequency range
from 0.0033 to 0.1 Hz, while the phase angle decreased

with increasing concentration below 200 ppm, then
showed very low concentration dependence up to 3000
ppm and increased dramatically above it.

The results from interfacial tension relaxation mea-
surements show that two main relaxation processes
exist in the interface at low bulk concentration below
c*: one is the fast process involving the exchange of
hydrophobic microdomains between the proximal region
and distal region in the interface with characteristic
time value from several tens of seconds to several
seconds at different bulk concentration; the other is the
slow relaxation process involving conformational changes
of polymer chain in the interface with characteristic
time value from 1000 to several tens of seconds,
depending on the bulk concentration. However, there
is only one main relaxation process controlling the
dilational properties above c*: a fast relaxation process
with a characteristic relaxation time of less than 1 s,
which is believed to be related to the associations formed
by hydrophobic microdomains. The information on
relaxation processes from interfacial tension relaxation
measurements can explain the results from dilational
viscoelasticity measurements very well.

Anionic surfactant SDS can influence the dilational
properties of polymer solutions in the following ways:
first, SDS can decrease the interfacial polymer concen-
tration; second, SDS can absorbed onto the interface and
bind to the hydrophobic microdomains to change the
characteristic times and contributions of the existed
relaxation processes of polymer chains; third, SDS can
provide a new fast relaxation process involving the
exchange of SDS molecules between monomers and
mixed micelles in interface. The influence of SDS on the
characteristic times of existed process of polymer chains
plays an important role in controlling the dilational
properties of polymer film at low SDS concentration and
may increase the dilational modulus, while the ex-
change of SDS molecules between monomers and mixed
micelles in the interface dominates the film dilational
properties at relatively high SDS concentrations and
caused the very low value of dilational modulus.

The negative phase angles have been obtained in the
concentration range from 200 to 3000 ppm at a fre-
quency range above 0.01 Hz. It is believed that the in-
interface slow relaxation process, which dominates the

Figure 5. Interfacial dilational viscoelasticity for 200 ppm polymer as a function of dilational frequency at different SDS
concentration: (A) dilational modulus; (B) phase angle.

Table 5. Interfacial Relaxation Processes and Their
Characteristic Times for 200 ppm Polymer at Different

SDS Concentrations

process 1 process 2

SDS concn (mol/L) A1/mN m-1 τ1/s A2/mN m-1 τ2/s

no SDS 0.19 3.4 0.49 58.8
1 × 10-6 0.26 22.7 0.55 178.6
1 × 10-5 1.40 5.9 1.08 192.3
1 × 10-4 0.26 5 0.15 66.7
1 × 10-3 0.21 0.9 0.039 14.5

Table 6. Change of Interfacial Tension (∆γ) after the
Area Change for 200 ppm Polymer at Different SDS

Concentrations

SDS concn (mol/L) ∆γ (mN/m)

no SDS 2.71
1 × 10-6 0.81
1 × 10-4 0.46
1 × 10-3 0.20
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dilational viscoelasticity of polymer film, is responsible
for this phenomenon.
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