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ABSTRACT: The effects of the variation of different parameters in some hydrophobically modified
polyacrylamides in aqueous polymer solution on their surface properties have been investigated. Two
different hydrophobes, N,N-dihexylacrylamide (DiHexAM) and N-(4-butylphenyl)acrylamide (BPAM), have
been used; the former was most extensively investigated. The molecular weight (50 000-1 000 000),
amount of hydrophobes (0.5-2 mol %), and block length of the hydrophobic groups (1-7 units) have
been varied. The dynamic surface pressure has been measured by means of drop shape analysis of a
sessile bubble, and the surface dilatational elasticity and viscosity have been obtained during the
adsorption process by the oscillating bubble technique. Π-A isotherms of the adsorbed polymers have
also been measured by using compression and decompression cycles on the sessile bubble. All the
hydrophobically modified polymers show surface activity, but the adsorption rate is very low; it usually
takes more than 24 h to obtain surface pressures beyond 20 mN m-1. The adsorption is therefore believed
to be controlled by unfolding and reconfiguration of the bulk polymer and the penetration of the surface
layer by individual hydrophobic blocks. Adsorption rate generally decreases with increasing molecular
weight, except where a synergistic effect is believed to be present. Increasing block length (keeping the
amount of hydrophobe constant) leads to a lower adsorption rate, while increasing amount of hydrophobe
(keeping the block length constant) has the opposite effect. The assumption of the penetration of individual
hydrophobic blocks into the surface layer accounts for both these effects. All polymers show high surface
dilatational elasticity, up to ca. 80 mN m-1, and almost zero surface viscosity. The surface elasticity as
a function of the surface pressure follows a linear relationship over practically all the surface pressure
range with an average slope of 3.6. This agrees well with a theoretical derivation based on scaling theory,
and it is thus possible to calculate the ν exponent for the polymers at the interface. An average of 0.69
is obtained, which shows that the surface layer is a medium to good solvent for the block copolymer.

Introduction

The interest in associating polymers has been great
the past decade due to their interesting solution
behavior.1-14 They are important additives in environ-
mentally friendly formulations of paints and lacquers
and are promising ingredients for oil production and
transport and in medical formulations.2,3,5,15,16 The
major types of associating polymers include hydropho-
bically modified poly(oxyethylene) (HEUR, Pluronics
etc.), different types of modified cellulose (HEC, EHEC),
and hydrophobically modified poly(acrylic acid) (PAA)
and polyacrylamide (PAM). The bulk solution properties
of these different types of associating polymers have
been extensively studied, and experimental methods
such as rheology and different scattering techniques
have been applied. Although adsorption of these poly-
mers to both solid and liquid surfaces is an important
behavior in colloidal products, surface properties of
these substances have been given less attention.17 In
this laboratory we have investigated the adsorption
dynamics and surface dilatational elasticity of EHEC
and some other polymers at the air/water interface by
means of axisymmetric drop shape analysis.18-20 This
technique has been proven very efficient in revealing
important information on the surface properties both
of pure polymers and of polymer-surfactant interfacial
interaction.

The nonionic water-soluble copolymers of acrylamide
prepared with hydrophobic comonomers (HM-PAM)

have attracted a great deal of interest.6-8,10,11,21-23

Although the acrylamide homopolymer is very water-
soluble, only small amounts (a few percent) of hydro-
phobic modification changes the solubility dramatically.
In aqueous solution, above the overlap concentration of
the polymer chains, the hydrophobic groups form in-
termolecular hydrophobic associations, resulting in a
strong increase in solution viscosity. Several studies of
the solution properties of these polymers have been
published.10,24-26 In contrast to many water-soluble
polymers, acrylamide shows practically no surface activ-
ity. However, it would be expected that hydrophobic
modification would change also this property. Prelimi-
nary measurements with a ring tensiometer25 showed
that if at all surface active, these polymers are adsorbing
very slowly to the air/water interface. The development
of our instrument for automatic drop shape analysis has
allowed the measurement of dynamic surface tensions
and surface dilatational elastic properties of slowly
adsorbing polymers, and the instrument is therefore
well suited for the investigation of PAM systems. In the
present work the surface properties of two slightly
different types of hydrophobically modified PAM have
been studied by drop shape analysis of a sessile bubble.
Both the amount of hydrophobic modification and the
block length of the hydrophobe have been varied, and
the polymer has been investigated regarding both rate
of adsorption and surface elasticity.

Experimental Section

Materials and Sample Preparation. The structures
of the two different comonomers are shown in Figure 1.
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All samples but BPAM-PAM and PAM were polyacryl-
amides hydrophobically modified with N,N-dihexylacrylamide
(DiHexAM) and were kindly provided by F. Candau. The use
of disubstituted acrylamides (rather than monosubstituted
acrylamides) was shown to lead to samples homogeneous in
composition.10 The synthesis and characterization of these
copolymers are reported elsewhere.10,26 The copolymer modified
with the monosubstituted acrylamide N-(4-butylphenyl)acry-
lamide (BPAM) was previously synthesized and has been
described elsewhere.24 This polymerization procedure is also
considered to yield a copolymer of homogeneous composition
with a random distribution of hydrophobic units in the
hydrophilic backbone. The polymerization of a reference pure
PAM is also described.24 Some characteristic data of all the
polymers are shown in Table 1.

All samples for surface tension measurements were pre-
pared by weighing the appropriate amounts of dry polymer
and water, swelling, and dissolving the polymer by stirring
and then letting the solutions equilibrate for several days. The
polymer solution was then added to a quartz cuvette, which
was placed in a thermostated chamber in the Drop instrument.
All glass equipment was thoroughly cleaned by chromic
sulfuric acid, and all water was ion exchanged followed by
distillation in a glass still. The water was checked by measur-
ing the surface tension during an extended time period by the
sessile bubble technique. The decrease in surface tension was
less than 0.5 mN m-1 in 24 h.

Instruments. The instrument for drop shape analysis has
been described elsewhere18 and is only briefly reviewed here.
The instrument consists of a goniometer (Ramé-Hart) fitted
with a macro lens and a CCD video camera. The video frames
are captured by a frame grabber in a PC that also controls
the drop volume through a drop control unit. This consists of
a dispenser and an oscillation unit with a syringe with an
excenter-mounted piston that is driven by a stepper motor.
The units are mounted in series with water-filled tubes. The
drops and bubbles are extended from the tip of a small PTFE
tube into a quartz cuvette inside a thermostated and water-
filled environmental chamber with glass windows. The PTFE
tube contains an air pocket toward the water in the tube.

Data Analysis. The DROPimage computer program con-
trols the instrument and measurement sequences and per-

forms calculations. The instrument measures the drop dimen-
sions (height, width, area, and volume) as well as the surface
tension by the drop shape method described earlier.27,28 The
measurement of surface dilatational modules by means of
axisymmetric drop shape analysis combined with the oscillat-
ing bubble technique has also been outlined elsewhere18 and
will only be briefly reviewed here. The theoretical foundation
for the measurement of surface rheological properties is well
established.29-31 The surface elasticity, E, follows the definition
given by Gibbs, but as many surfaces both contain an elastic
and a viscous component, the term “surface dilatational
modulus” has been used for this more general case. The
contribution of the elastic and viscous terms depend on the
different types of relaxation processes that occur in the surface
layer and on the interaction of the surface with its surround-
ings, i.e., with the bulk liquid(s). For an oscillating bubble,
we vary the surface area by changing the bubble volume in a
sinusoidal manner with a frequency ω. This results in a
corresponding sinusoidal variation in the bubble surface area,
provided that the volume change is small. This also leads to a
corresponding surface tension variation. We can write this

Here Aa is the area amplitude and A0 is the equilibrium surface
area, t is the time, γa is the measured amplitude, γ0 is the
equilibrium surface tension, and δ is the phase angle. In the
usual manner, the (complex) surface dilatational modulus, E*,
is then expressed by

where

The storage modulus, E′, will be equal to the pure elastic
contribution, and E′′ will be proportional to the viscous
contribution with

Here ηd is the surface dilatational viscosity. The measured
surface area and surface tension data as a function of time
are analyzed by fitting sine functions by means of a nonlinear
curve-fitting (Marquard) algorithm.

Experimental Procedure. A dynamic surface tension
measurement is started by a programmed rapid bubble forma-
tion, immediately followed by data acquisition. Recent im-
provements of the DROPimage software allow for simulta-
neous measurements of the dynamic surface tension and
dilatational surface moduli. If adsorption is sufficiently slow,
oscillation experiments may be performed during the adsorp-
tion period, and this implies that the study of the elasticity as
a function of surface tension (or pressure) can be done easily.
At least two parallels of the dynamic surface tension curves
(γ vs time) were performed in order to ensure reproducibility
of the results. Usually two or three parallels were measured
for the surface dilatational moduli through the frequencies
investigated (0.2-1.8 Hz). The results had good reproduc-
ibility. For measurements at low surface pressure when the
surface tension was changing rapidly, only one oscillation
sweep was performed. Reproducibility was also checked by
measuring with both increasing and decreasing frequency
sweeps. No differences were detected between the separate
sweeps.

At the maximum time for the adsorption measurement,
compression/decompression experiments were performed. This
implies that the drop volume was changed in steps by the
instrument both downward and upward from the equilibrium
volume. For each step, the volume, surface area and surface

Figure 1. Chemical structure of the comonomers BPAM and
DiHexAM.

Table 1. Characteristic Data of the Copolymers

sample
mol wt
(×10-3) comonomer

[H]
(mol %)

block
length

05M2D3.2 42 DiHexAM 2 3.2
1M1D3.2 115 DiHexAM 1 3.2
1M2D3.2 140 DiHexAM 2 3.2
1M2D7 160 DiHexAM 2 7
5M05D3.2 450 DiHexAM 0.5 3.2
5M1D3.2 420 DiHexAM 1 3.2
5M1D5 450 DiHexAM 1 5
5M1D7 460 DiHexAM 1 7
MR40 1150 DiHexAM 2 3.2
BPAM-PAM 190 BPAM 1 1
PAM 360 none 0 0

∆A ) A - A0 ) Aa sin(ωt) (1)

∆γ ) γ - γ0 ) γa sin(ωt + δ) (2)

E* ) E′ + iE′′ ) |E| cos δ + i|E| sin δ (3)

|E| )
γa

Aa/A0
(4)

E′′ ) ηdω (5)
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tension were measured. This procedure simulates the move-
ment of the barriers in a Langmuir surface balance, and
although absolute molecular areas cannot be obtained, a
relative Π-A isotherm may be plotted, assuming there is no
adsorption or desorption at the surface.

Results and Discussion
Adsorption and Dynamic Surface Tension. The

surface pressure of pure PAM is generally very low, due
to the strong hydrophilic nature of the polymer. The
surface tension has previously been found to be inde-
pendent of molecular weight and polymer concentration
(up to 1% w/w) with an average value of 69.15 mN m-1

at 25 °C.32,33 This means that the surface pressure, Π,
is ca. 3 mN m-1. The results from the present work do
not differ essentially from this, although the question
of equilibrium always arises in such systems. An “equi-
librium” value of Π ≈ 4 mN m-1 at very long times has
been obtained here (Figure 4). The incorporation of
hydrophobic groups onto the hydrophilic polymer back-
bone, however, changes this behavior of very low surface
activity. In Figures 2-4 are shown the dynamic surface
pressure curves (Π as a function of time) for the
different polymers investigated. Although the hydro-
phobic modification changes the surface activity of the
polymers, the rate of increase in the surface pressure
is still quite low. Also, equilibrium adsorption was not
obtained in any of these systems even when measure-
ments were conducted for time periods of up to 1 week.
Adsorption of polymers is generally considerably slower

than that of simple surfactants, but these polymers are
adsorbing even slower than others we have investigated.
For instance, EHEC at the same bulk concentration
(1000 ppm) attains a surface pressure of >17 mN m-1

in less than 1 s.18 However, the surface pressures of
these HM-PAMs obtained after long times are not
lower than that of EHEC (rather the opposite). The fact
that the molecular weights of these polymers are higher
than that of EHEC cannot compensate for the big
difference in rate and indicates that the adsorption
mechanism is different from that of e.g. EHEC.

The very slow increase in the surface pressure indi-
cates that the adsorption of the HM-PAMs is not
diffusion-controlled but more likely controlled by unfold-
ing and reorientation of the polymer molecules at the
surface and by subsequent adsorption of the single
hydrophobic blocks. This means that the polymer con-
centration is constant all the way up to the subsurface
(just below the surface layer), and the slow adsorption
from the subsurface means that there are very pro-
nounced conformation changes upon adsorption and
that the activation energy for adsorption is very high.
When considering the effects of the molecular weight
and structure on the rate of adsorption (or, more
precisely, the rate of surface pressure increase), one
must consider both the bulk and the surface conforma-
tion of the polymer. As mentioned in the Introduction,
these polymers form intermolecular associations in
solution, dependent on concentration, and they also form
intramolecular associations that are more pronounced
in dilute solutions. The adsorption process will require
breakage of at least some of these associations, and the
rate of adsorption may be dependent also upon this
process. At the surface, the polymer may possess dif-
ferent conformations, dependent on both concentration
and polymer structure. At the low polymer concentra-
tions used in this work, there is very little intermolecu-
lar association, but intramolecular associations are
probably present.

Further arguments concerning the adsorption mech-
anism is given in the Appendix. It is concluded that
adsorption of the molecules takes place one hydrophobic
block at the time and that this is one important rate-
determining step. Consequently, hydrophilic loops and
tails of the polymer are extended into the solution, and
these chains may also contain hydrophobic blocks that
subsequently are slowly adsorbed. Presuming such a
mechanism, the effect of hydrophobic substitution, block
length, and other variables on the adsorption rate may

Figure 2. Surface pressure Π as a function of time t for the
polymers indicated.

Figure 3. Surface pressure Π as a function of time t for the
polymers indicated.

Figure 4. Surface pressure Π as a function of time t for the
polymers indicated.
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be evaluated. When looking at the data presented below,
one should also bear in mind that equal surface pres-
sures of two polymers does not automatically mean that
the surface concentrations are the same, because this
depends on the adsorption energy and conformation of
the surface layer. It may, however, mean that the
concentration of hydrophobic species is mostly the same.

Most of the measurements were performed at a
concentration of 1000 ppm. This avoids much of the
intermolecular associations and gives sufficient time for
oscillation experiments during adsorption. When the
polymer concentration is decreased, the surface pressure
shows a slower increase as expected. Similar results
have been seen for instance for the cellulose derivative
EHEC in aqueous solution.18

The curves in Figure 2 show the effect of molecular
weight for the xM1D3.2 and xM2D3.2 polymers (1% and
2% substitution, respectively, mean block length of 3.2;
see Table 1). An increase in the molecular weight for
the 2% substituted polymers (from 5 × 104 to 1 × 106 g
mol-1) results in a lower rate of adsorption. The same
is the case for the 1% substituted polymer at short
times, but this trend is reversed at longer times
(>20.000 s) where the sample with the highest molec-
ular weight shows the highest surface pressure. It may
be speculated that the reason for this behavior may be
found in the complex interplay between intramolecular
associations in the solutions and adsorption to the
surface. Why this should be more pronounced for the
1% than for the 2% substituted polymer, however, is
not easy to understand. Another more probable expla-
nation of the reversed trend of the 5M1D3.2 polymer
may be found in the postulated adsorption mechanism
of adsorption of single hydrophobic blocks and the
synergistic effect: As the number of hydrophobic blocks
increases proportional to the molecular weight, a high
molecular weight polymer with some of the blocks
already adsorbed will contain more blocks close to the
surface. It may be postulated that this facilitates the
total transport of blocks to the surface, resulting in a
higher rate of adsorption. This synergistic effect would
be expected to be important only when a lot of the blocks
already are adsorbed, i.e., at higher surface pressures,
as observed. Generally, it is seen that the effect of
molecular weight is not very great, which again indi-
cates that diffusion is not the rate-limiting step.

The effect of changing the hydrophobic block length
is illustrated in Figure 3, where all the polymers are of
the same molecular weight (5 × 105). It seems clear that
increasing the block length gives a slower increase of
the surface pressure. This result may be explained by
considering the intramolecular associations of these
polymers in bulk. This association increases with in-
creasing block length, resulting in longer disengagement
times for the hydrophobic groups upon adsorption as
the lifetime of an association is believed to be controlled
by the block length.26 It may be expected that a longer
hydrophobic block would make the polymer more hy-
drophobic and thus increase adsorption, but in these
polymers the increase in hydrophobic block length is
accompanied by a simultaneous increase in the hydro-
philic block length (other variables are kept constant),
and the total hydrophobicity of the molecule stays
constant. Another important effect of a longer hydro-
phobic block is connected to the penetration of the
surface layer, as described in the Appendix. Over a quite
large range in surface pressure (ca. 3-15 mN m-1) the

activation energy of adsorption is proportional to the
product ΠA where A is the specific surface area of a
hydrophobic block. Compared at the same surface
pressure, Π, the polymer with the longer blocks will
have the highest activation energy and therefore adsorb
more slowly. For shorter polymeric chains an increased
mobility may hide this effect as shown from the samples
1M2D3.2 (Figure 2) and 1M2D7 (Figure 4).

Increasing the amount of hydrophobe, keeping the
molecular weight and hydrophobic block length con-
stant, gives a faster increase in the surface pressure.
This conclusion is reached by comparing the curves for
1M1D3.2 (Figure 4) and 1M2D3.2 (Figure 2) and those
for 5M05D3.2 and 5M1D3.2 (Figure 3). The effect is
stronger in the latter case, again indicating a synergistic
effect as outlined above.

The two hydrophobic comonomers used in this work
differ in being a mono- (BPAM) or a disubstituted
(DiHexAM) acrylamide, as well as in the type of
hydrophobic chain, phenyl-C4H9 and C6H13, respectively
(Figure 1). The latter is clearly more hydrophobic than
the former, and very low and slow surface activity is
seen for the BPAM copolymer (a decrease of ca. 5 mN
m-1 in 1 week, Figure 4). This polymer was therefore
only measured at a concentration of 5000 ppm and still
showed slower adsorption behavior than all the Di-
HexAM copolymers at 1000 ppm. The great difference
might be due to extra polymer-polymer hydrogen bonds
in the proximity of, and induced by, the hydrophobic
aggregation which is possible for the BPAM copolymer
(monosubstituted) but not for the DiHexAM copolymer
(disubstituted).

Surface Elasticity. Typical plots of the elastic
modulus, E′, vs angular frequency and at different times
are shown in Figure 5 for two different samples. The
low molecular weight sample, 05M2D3.2, which adsorbs
relatively fast, exhibits elastic moduli ranging from 25
to 80 mN m-1 during the time of the adsorption
experiment. On the other hand, the 5M1D3.2 sample
with a higher molecular weight and lower hydrophobic
substitution, but at a concentration of 100 ppm, only
exhibits moduli in the range 5-15 mN m-1 during the
same period of time. Both samples show very low
frequency dependence. The corresponding loss modules,
E′′, are all very low, <5 mN m-1, and not frequency
dependent (not shown). This general trend is typical for
all samples of these polymers. The frequency depen-
dency of E′ and E′′, as well as the presence of E′′, is

Figure 5. Elastic modulus E′ as a function of the oscillation
frequency ω for the two copolymers 05M2D3.2 (open symbols)
(at 1000 ppm) and 5M1D3.2 (closed symbols) (at 100 ppm) at
different times as indicated.
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generally believed to be caused by relaxation processes
in the interface.30,31,34 The almost independence of E′
of frequency combined with the low values of E′′
therefore means that such processes are negligible in
these systems. The two types of relaxation processes
usually considered are the exchange of matter between
the bulk solution and the interface and conformational
changes in the interface. That the former process is
absent in these systems may be expected from the very
slow adsorption kinetics and the lack of an adsorption
equilibrium which means that there is very little
desorption, too. The second process, in-surface relax-
ation, is also practically absent and means that these
polymer layers are almost purely elastic. As a 3-D
analogue, they may be compared to the rheological
properties of a stiff crystalline polymer that also has a
very high and almost frequency-independent storage
module and a low loss module.35

The typical dependence of the surface elasticity of
these polymers on the surface pressure is shown in
Figure 6. The figure shows a plot of E′ and E′′ vs Π for
two different frequencies (0.2 and 1.7 Hz) for the sample
5M1D5. Linear fits to the data are shown, and it is
observed that both E′ and E′′ data are quite well
described by a straight line. Similar results are also
obtained for the BPAM copolymer and the pure PAM
polymer as shown in Figure 7. This linear relationship
invites to describing the dependence of the surface
pressure on surface concentration by means of a scaling
expression:36

This expression is the 2-dimensional analogue of the
well-known scaling theory for semidilute polymer solu-
tions. In this context, the scaling exponent y is given
by

where d is the dimensionality, in this case 2, and ν is
the critical exponent of the excluded volume. Gibbs’
expression for the (static) surface elasticity is

By taking the derivative of eq 6 and inserting in eq 8,
we obtain37

It should be noted that the elasticity expressed by E0 is
the Gibbs elasticity, which may be different from E′,
rather E0 ) E′(ωf∞). In our case, however, when E′ is
almost independent of frequency and E′′ is very low, we
may use E′ for E0. The constant ν may be interpreted
as a measure of the thermodynamic conditions in the
surface system38 and is expected to vary from ca. 0.51
under Θ-conditions to 0.77 in a good solvent.37 Suppos-
ing d ) 2, which is probably a good approximation for
a flat configured surface layer, the value of y is expected
to vary between a quite high value (up to ca. 50) for
Θ-conditions to 2.85 for a good solvent. Using eq 9, we
see that the scaling theory predicts a linear relationship
between E0 (≈E′) and Π with y equal to the slope. This
seems to fit our data quite well, and the slope of E′ vs

Π in Figure 6 is found to be 3.55 ( 0.03 (at 0.2 Hz).
Figure 8 shows all the measured values of E′ at different
surface pressures for all the samples based on the
DiHexAM comonomer. It is seen that they all fall more
or less onto the same line regardless of molecular
weight, hydrophobic block length, etc., but that there
are small differences between the samples. It is not
completely certain whether these differences are sig-
nificant, but they are probably so. For instance, the
5M1D7 sample seems to be higher than the others,
while the low substituted 5M05D3.2 is at the lower end.
The values of y have been calculated for all the indi-
vidual samples and are shown in Table 2 together with
the calculated values of ν. We see that y varies from
3.06 to 4.34 for the DiHexAM copolymers, with a
corresponding value of ν from 0.74 to 0.65. This should
mean that the air/water interface is a medium to good
solvent for all these polymers. If we also consider the
results for the polymer based on the BPAM comonomer
and the pure PAM polymer, we see that the values of y
are higher and the corresponding value of ν lower; down

Π ∼ Γy (6)

y ) dν
dν - 1

(7)

E0 ) - dΠ
d ln A

) dΠ
d ln Γ

(8)

E0 ) yΠ (9)

Figure 6. Surface dilatational elastic E′ (closed symbols) and
viscous E′′ (open symbols) moduli as a function of the surface
pressure Π for the copolymer 5M1D5 (1000 ppm) at two
different oscillation frequencies: 0.2 Hz (squares), 1.7 Hz
(circles). Lines are least-squares fits to the data.

Figure 7. Surface dilatational elastic E′ (closed symbols) and
viscous E′′ (open symbols) moduli as a function of the surface
pressure Π for pure polyacrylamide and copolymers with the
two different modifications as indicated. Lines are fits to the
data.
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to 0.59 for pure PAM. The excluded-volume parameter
can also be found from39

where a is the Mark-Houwink exponent. From reported
values of the Mark-Houwink exponent, the excluded-
volume parameter for PAM in water (bulk solution)
ranges from 0.55 to 0.61 at 25 °C, which is well in line
with the value of 0.59 found here. We see that hydro-
phobic modification increases the value of ν in the
surface layer and more with the DiHexAM comonomer
than with BPAM. An increased hydrophobicity therefore
leads to better solution properties in the surface layer.

A small comment may be added to the fact that many
of the E′ vs Π plots do not seem to go through the origin.
Theoretically, at very low surface concentrations, a
surface layer is usually considered to be in the gaseous
state. For many polymers, the limit for this state may
be at surface pressures well below 1 mN m-1.36 For a
gaseous layer, the equation of state is

Inserting this into eq 8, we end up with E0 ) Π, which
means that the slope of E0 vs Π at low surface pressures
should be 1. The curves based on scaling theory are
therefore not expected to go through the origin but may
come quite close for high molecular weight polymers.
Another, more trivial, reason for the inability of the
curves to go through the origin is of course small errors
in Π.

Compression/Decompression Measurements. By
changing the drop volume in small steps with simulta-

neous drop shape analysis, a simulation of a compres-
sion/decompression cycle in a Langmuir surface balance
may be created. From the resulting data, a Π-A
isotherm may be constructed, except that the molecular
surface area is not obtained because the absolute surface
concentration is unknown. Such measurements were
performed at the highest surface pressure obtained for
the different samples, i.e., closest to the “equilibrium”
value. The measurements were performed by subse-
quently decreasing and increasing the drop volume by
0.5 or 1 µL each 2 s in a sawtooth fashion, ending again
at the initial drop volume. A typical plot of the drop
volume and corresponding surface tension of sample
05M2D3.2 is shown in Figure 9. The surface tension
does not follow the same linear sawtooth shape as the
volume as the compression and decompression curves
are different because of hysteresis. By plotting the
surface pressure as a function of surface area, a Π-A
isotherm is constructed. Figure 10 shows the resulting
isotherm for two subsequent compression/decompression
experiments of the same sample. The starting point of
the measurements is in the middle of the figure (indi-
cated by a vertical line), and the arrows indicate the
direction of the run. As can be seen, the starting point
of the second run deviates from that of the first run,
but the decompression curves from the two runs fall on
top of each other. If more repetitions of the compression/

Figure 8. Elastic modulus E′ as a function of the surface
pressure Π for all the DiHexAM copolymers as indicated.

Table 2. Scaling Parameter y and the Excluded-Volume
Parameter ν for Different Samples

sample C (ppm) y ν

05M2D3.2 1000 3.06 0.74
1M1D3.2 1000 3.87 0.67
1M2D3.2 1000 3.53 0.70
1M2D7 1000 3.50 0.70
5M05D3.2 1000 3.72 0.68
5M1D3.2 1000 3.67 0.69
5M1D3.2 100 3.23 0.72
5M1D5 1000 3.55 0.70
5M1D7 1000 4.35 0.65
MR40 1000 3.60 0.69
BPAM-PAM 5000 5.07 0.62
PAM 5000 6.43 0.59

ν ) a + 1
3

(10)

ΠA ) RT or Π ) RT/Γ (11)

Figure 9. Bubble volume V (right) and corresponding surface
tension γ (left) as a function of time t for the copolymer
05M2D3.2 from a compression/decompression experiment.

Figure 10. Surface tension γ as a function of the bubble
surface area A for the copolymer 05M2D3.2 from a compres-
sion/decompression experiment. Starting point is at the verti-
cal bar, first decreasing, then increasing, and again decreasing
area as indicated by the arrows.
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decompression cycle are done immediately, the subse-
quent data are the same. The hysteresis in the com-
pression/decompression results may be explained by
conformation changes in the surface layer that may also
involve desorption and reabsorption. Upon compression,
the polymer molecules are reorganized from an “opti-
mum” conformation on the surface to a slightly less
surface-active conformation. In this process, some chain
desorption is also taking place. The latter can be
deduced from the shape of the compression curve, as
the curvature is changing sign from negative to positive.
If the desorption involves whole molecules or only parts
of the polymer chains is uncertain, but most probably
it only involves single hydrophobic blocks according to
the assumed adsorption mechanism (see Appendix). In
any case there must be less hydrophobic blocks in
contact with the surface at the very high pressures >40
mN m-1. When the surface area again is increased up
to the initial value and further beyond, the polymer
molecules are in the less surface-active conformation
that results in a lower surface pressure at a given area.
This reorganization is clearly reversible, so that the
original optimum conformation may be restored upon
the decompression, followed by a new compression back
to the original drop. After recompression, the optimum
configuration is not restored immediately but takes
some time to equilibrate as Π first decreases slightly
and then increases to the original optimum value. This
increase probably involves readsorption of the desorbed
hydrophobic blocks. All the polymers investigated in this
work show this type of hysteresis.

The slope from the compression/decompression curves
may be used to calculate a value for the Gibbs elasticity,
E0, according to eq 8 which may be compared to the
elastic module, E′, obtained from the bubble oscillations.
Such a comparison is given in Figure 11 for the
05M2D3.2 sample. The two methods seem to give
corresponding values at medium surface pressures but
diverge at the either low- or high-pressure end. This
behavior is not surprising taking the hysteresis effect
into account, because the polymer layer is further
removed from its optimum configuration at either end
of the compression/decompression cycle. As E′ is mea-
sured only by very small oscillations around the equi-
librium state, it is believed that E′ is a better measure
for the state of the polymer layer.

Conclusion
The multiblock copolymers investigated in this work

all show slow but quite strong adsorption behaviors.
Unfolding of the polymer close to the surface and the
penetration of individual hydrophobic blocks into the
surface most probably control adsorption. This leads to
a brush-shaped adsorption layer with hydrophobic
anchor groups and hydrophilic loops protruding into the
solvent. This surface layer gives very high surface
dilatational elasticities and almost no viscosity. The
elasticity is practically independent of polymer structure
and is proportional to the surface pressure. The model
based on scaling theory describes this behavior very well
and makes it possible to calculate the ν factor for the
surface layer.
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Appendix. Adsorption Mechanism
The very slow increase in the surface pressure indi-

cates that the adsorption of these polymers is not
diffusion-controlled but more likely controlled by a slow
unfolding and reorientation of the polymer molecules
at the surface. In this appendix we will give further
evidence in favor of this conclusion.

In the process of adsorption of these block copolymers
there are several steps that may be imagined: (1) the
diffusion of the molecules to the subsurface, (2) breakage
of inter- and intramolecular associations, (3) adsorption
of hydrophobic blocks from the subsurface to the surface,
and (4) possible formation of associations in the surface
layer. The possibility of adsorption of hydrophilic chains
is disregarded as the pure PAM polymer shows very
little adsorption.

A diffusion-controlled adsorption mechanism may be
expressed by the well-known rate expression obtained
from Fick’s second law.40,41 In integrated form, suppos-
ing C is constant, the expression for the surface con-
centration, Γ, is

Here t is the time, C is the bulk concentration, D is the
diffusion coefficient, and π ) 3.14. A diffusion-controlled
adsorption mechanism will be expected to give a straight
line in a plot of Γ vs t1/2. In these experiments, the direct
connection between Γ and t cannot be measured, but a
measured value of Π may be converted to a relative
value of Γ by using the scaling expression, eq 5, and
the calculated value of y from the oscillation experi-
ments. The unknown proportionality constant in front
of the scaling expression does not influence the form of
eq A1 but only the exact value of the diffusion coef-
ficient. In Figure 12 is shown such a plot for the sample
5M1D5. The proportionality constant is set equal to 1
(m2 mg-1)y mN m-1, which implies that the surface
pressure is set to 1 mN m-1 at a surface concentration
of 1 mg m-2. This value is typical for that found for
many polymers41,42 but may be incorrect in this case.
This choice effects the calculation of absolute rate
constant(s) but not of activation energies. It is difficult
to detect any linear trend in the experimental data in
Figure 12, even if the relatively large errors in Γ at early

Figure 11. Surface dilatational elasticity measured from
bubble oscillations (0) and calculated from compression-
decompression measurements (/). Sample 05M2D3.2.

Γ ) 2C(Dt/π)1/2 (A1)
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times are accounted for. Using a diffusion coefficient of
8 × 10-12 m2 s-1 as estimated from earlier work,24 the
expected straight line should be quite steep, going
through maybe only the first 10-15 data points. There-
fore, the conclusion may be drawn that if at all present,
diffusion-controlled adsorption only operates during the
first few seconds of the process.

When the adsorption is not diffusion-controlled, the
concentration, C, will be the same all the way to the
subsurface, and the rate-controlling step must be the
activation process at the surface. This process may
involve chain unfolding and breakage of inter- and
intramolecular associations, reorientation, and the ac-
tual transfer to the surface. The adsorption rate may
be described by a simple activation energy term by41

Here k1 is the adsorption rate constant, and the adsorp-
tion efficiency factor is assumed to be exponential, with
ε representing an activation energy, k the Boltzmann
constant, and T the temperature. The desorption rate
has been neglected as experimental evidence shows this
to be small. A common interpretation of the activation
energy is ε ) ΠA.43,44 With this interpretation, a plot of
log(dΓ/dt) against Π should give a straight line, and such
a plot is shown in Figure 13 for three of the polymers.
We see that a linear relation may be observed for quite
a large part of the curve, from approximately Π > 3 mN
m-1. The more rapid decrease in dΓ/dt at higher pres-
sures may indicate a further increase in the activation
energy due to a more compact surface layer. However,
if we calculate the area, A, from the slopes of the lines
in Figure 13, we obtain A ) 0.99, 1.35, and 1.50 nm2,
respectively. If the area is interpreted as the specific
molecular area, it is very low for a molecule of 5 × 105

g mol-1. This must mean either that the molecules in
the surface layer are almost vertically oriented or that
the area found here is to be interpreted as another area.
The most logical choice is the specific surface area of
one hydrophobic block, because the hydrophobic block
adsorption must be the driving force for surface tension
lowering. The fact that A increases with increasing
hydrophobic block length is also in accord with this
interpretation. It may therefore be surmised that ad-
sorption is taking place one hydrophobic block at a time
against an increasing surface pressure caused by the

blocks already adsorbed. This also means that longer
hydrophobic blocks, having a larger specific surface
area, should adsorb more slowly when compared at the
same surface pressure. This is also seen to be the case,
but the difference is not very great.

The process of breakage of intramolecular associations
is not expected to be dependent on the surface pressure,
meaning that the rate expression for this step would
not enter the ΠA term but would be included in the
adsorption constant, k1. If we extrapolate the straight
line in Figure 13 to Π ) 0, the intercept is equal to k1C,
and knowing C, we can calculate k1. This value will be
uncertain, however, because of the unknown absolute
value of Γ. We see, however, that in any case the value
of k1 decreases up to 5 orders of magnitude during the
period when Π < 3 mN m-1. This means that there must
be initially a very strong crowding of the surface with
molecules that only have a few groups adsorbed and
that further adsorption must take place by diffusion
through this dense layer.

The further decrease in rate beyond ca. 12-18 mN
m-1 (dependent on hydrophobic block length) may be
caused by an increasing influence in the crowding of the
hydrophilic chains above the surface, thus making
further adsorption still more difficult.
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