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Adsorption kinetics of non-ionic polymers: an ellipsometric study
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The ellipsometric measurements of polymer adsorption and adsorbed film thickness demonstrate that the adsorption process
consists of two steps corresponding to the consecutive formation of the proximal region of the surface layer and the region of tails
and loops protruding into the bulk phase.

Although the surface properties of aqueous polymer solutions
have been investigated for more than half a century,1 most of
the results correspond to equilibrium systems. The adsorption
kinetics of non-ionic polymers at the air–water interface was
studied by the measurements of dynamic surface tension.2 The
dynamic surface elasticity was measured only at high frequencies
(>10 kHz) where the viscoelastic behaviour of adsorbed polymer
films was similar to that of insoluble monolayers.3 Recent appli-
cations of low-frequncy mechanical relaxation spectrometry of
liquid surface layers to solutions of various non-ionic polymers
showed that their dilational dynamic properties were different
from those of conventional surfactant solutions and polyelec-
trolyte solutions.4–7 For example, if the molecular mass was
sufficiently high (> 10000), the dynamic surface elasticity was
low (< 5 mN/m) and almost independent of concentration in a
broad range of 0.00001–0.1%. On the other hand, the kinetic
dependencies of both the real and the imaginary parts of the
dynamic surface elasticity proved to be non-monotonic.6,7 These
peculiarities were explained using a theory that did not assume
non-monotonic changes of the adsorption and the adsorbed film
thickness but only gradual changes of the mechanism of surface
stress relaxation. The aim of this work was to examine these
ideas by the direct measurements of adsorbed film parameters
using time-resolved null ellipsometry for polymer solutions where
the non-monotonic kinetic and concentration dependencies of the
dynamic surface elasticity were observed.4,5,7 Note that although
ellipsometry does not allow us to determine the surface layer
structure, we can use this method to examine the theoretical
inferences.

The ellipsometric measurements were performed with a
Multiskop instrument from Optrel, Germany. This instrument
and the procedure used for calculating the thickness of surface
films and adsorbed amounts were described in detail elsewhere.8
This technique is based on the measurements of changes in the
light polarization state at the reflection from a liquid surface. In
practice, one measures two ellipsometric angles D and Y, which
are related to the film thickness d and the film refractive index

n1 by the following equation (at the assumptions that d is much
less than the light wavelength, and the film is non-absorbing,
plane-parallel, homogeneous and isotropic):9

Here, D and Y are the ellipsometric angles for the layer covering
the interface; D0 and Y0 are the corresponding parameters for
the interface without this layer; n0 and n2 are the refractive
indices of the ambient and substrate phases, respectively, j0 is
the angle of incidence (50°) and M = n0

2 + n2
2 – n1

2 – n0
2n2

2/n1
2. To

calculate the refractive index and the thickness of the adsorbed
layer from the measured ellipsometric angles, a numerical itera-
tion procedure was applied.

Using the same assumptions, one can calculate the adsorbed
amount from the refractive index and the layer thickness if n1
depends linearly on the solute concentration C

where C1 and C2 are the solute concentrations in the homo-
geneous layer and the substrate, respectively. This leads to the
following equation for the adsorption G :10

where dn/dC is the concentration increment of the refraction
index, which is usually determined from the slope of the function
n = n(C) in the bulk phase. 

Experimental data show that equation (3) leads to reasonable
results for non-ionic substances.11 Note that the assumptions
made at the derivation of (3) can influence the absolute value of
adsorption. One can determine the relative changes of G with a
higher precision.

The ellipsometric experiments were started after cleaning the
surface by suction of a small amount of liquid using a Pasteur
pipette and waiting for 20 s for mechanical equilibration of the

Figure 1 Kinetic dependencies of the adsorbed amount (squares) and
surface film thickness (circles) at a pNIPAM concentration of 0.00004%.
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Figure 2 Kinetic dependencies of the adsorbed amount (squares) and
surface film thickness (circles) at a PEG concentration of 0.00001%.
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liquid surface. Poly(N-isopropylacrylamide) (pNIPAM) with an
average molecular mass of ~300000 was prepared using the
methodology of Schild and Tirrell.12 Poly(ethylene glycol)
(PEG) from Merck of the molecular mass of 4600 was used as
received. All solutions were freshly prepared before measure-
ments and stirred carefully for about 15 min. Fresh water de-
ionized and purified by microfiltration was used for this purpose. 

All of the determined kinetic dependencies of adsorption and
film thickness can be divided into two main groups, which
approximately correspond to the concentrations lower and higher
than 0.0001% (ranges I and II). In range I, the adsorbed film
thickness is low (~3 nm) and almost constant. At least the large
error (±2 nm) does not allow observation of any variation with
time. Figures 1 and 2 illustrate this behaviour of the film thick-
ness for solutions of pNIPAM at C = 0.00004% and PEG at
C = 0.00001%. Note that ellipsometry gives only a rather complex
average of the film thickness.11 The relative contributions from
the proximal, central and distal regions of the surface layer to
the mean value can depend on their real thicknesses and segment
concentrations. According to published data,13,14 the thickness
of the proximal region is determined by the monomer adsorp-
tion energy and is of the order of a monomer size, while the
interactions of monomers with the surface are negligible in the
other two regions. For the above polymers, the film thickness
is small and the scatter of the measured ellipsometric angles,
especially y, is large. This leads to large relative errors of the
thickness calculated from equation (1). Nevertheless, the large
number of experimental points allows the determination of the
mean film thickness with a reasonable accuracy (about 20–40%
depending on the absolute value) and the main trend of the
thickness variation with time. Although the determined values
are a few times larger than those expected for the proximal
region of the surface layer,15,16 this region probably gives the
main contribution to the ellipsometric signal in range I. The
data in Figure 1 are close to the thickness of spread pNIPAM
films,17 where the formation of long loops and tails seems
improbable. The results for PEG solutions (Figure 2) are close
to the thickness for spread films of poly(ethylene oxide) (PEO)
with a larger molecular mass,18 which also supports the signifi-
cant contribution of the proximal region. Moreover, ellipsometry
usually gives an overestimated film thickness in comparison
with more exact neutron reflectivity.16 Therefore, we can consider
that the kinetic dependencies in Figures 1 and 2 mainly reflect
the formation of the proximal region, probably, together with a
narrow region of short loops and tails.

Substitution of the determined values of n1 and d into equa-
tion (3) leads to the kinetic dependence of the adsorbed amount
(Figures 1 and 2). The refractive index increments dn/dC of
0.219 ml g–1 for pNIPAM solutions17 and 0.134 ml g–1 for PEG
solutions19 were used. Note that the relative error of the adsorp-
tion values is significantly lower than the error for d. This is
typical of ellipsometric results because of the mutual compen-
sation of errors for the refractive index and thickness in the
calculation of the adsorbed amount.20

For PEG solutions at C = 0.00001%, the adsorption reaches
an equilibrium in a few hours after the creation of a fresh surface
(Figure 2). A comparison with calculations according to the
Ward and Tordai equation shows that the adsorption kinetics of
PEG is controlled by diffusion in the bulk, likely to PEO21 in
the range of low bulk concentrations.5–7 The data for pNIPAM
solutions (Figure 1) show that, in range I, the surface layer is far
from equilibrium for more than one day after the creation of a
fresh surface. The difference in the adsorption rates between PEG
and pNIPAM solutions cannot be explained only by distinctions
in the molecular mass, and we can conclude (in agreement with
the results of Zhang and Pelton2) that pNIPAM adsorption is
controlled by diffusion only during the initial step of the
process. In general, conformational changes in the surface layer
should also be taken into account. A comparison of the
adsorption direct measurements (Figures 1 and 2) with the
dynamic surface tension and elasticity4–7 shows that the
formation of the proximal region is accompanied by strong
changes in the surface tension and the dynamic surface
elasticity in accordance with the theory of polymer adsorption.14

In concentration range II, the kinetic dependencies of adsorp-
tion and film thickness show other features (Figures 3 and 4).
For pNIPAM solutions, the film thickness appreciably increases
with time from values characteristic of range I up to 6–12 nm
(10 nm at C = 0.001%, Figure 3). These values are close to
those determined by Lee et al.15 and Kawaguchi et al.17 The
corresponding kinetic dependencies of the adsorbed amount
show that the equilibration process consists of two main steps.
The relatively fast and strong increase in adsorption after creation
of the interface for a few hours at C = 0.0001% and less than
half an hour at C = 0.01% is followed by more gradual changes
for many hours in the interval from 1.2 to 1.6 mg m–2. These
values are close to the adsorption determined by neutron reflec-
tivity.15,16 The first step of adsorption can be approximately
attributed to the formation of a relatively dense proximal region
of the surface layer. A comparison with the kinetic curves of
dynamic surface tension and elasticity4–7 shows that almost all
changes in the mechanical surface properties correspond to
step I, where the surface elasticity reaches a local maximum
and takes low values after that.

The second step is characterised by slight and slow changes
in the adsorbed amount, and a more pronounced increase in
the film thickness. It can be connected with the formation of
long loops and tails protruding into the bulk phase (the central
and distal regions of the surface layer). At the same time, the
proximal region does not change significantly during this step.
This leads to an almost constant (equilibrium) surface tension.
The dynamic surface elasticity is low due to a large number
of loops and tails and, consequently, to the fast relaxation of
dilational surface stresses. Figure 3 shows that, in range II, an
equilibrium is not reached even after more than one day.
However, this does not lead to noticeable changes in the surface
tension and dynamic surface elasticity. Similar kinetics with a
slight increase in the adsorption layer thickness and adsorbed

Figure 3 Kinetic dependencies of the adsorbed amount (squares) and
surface film thickness (circles) at a pNIPAM concentration of 0.001%.
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Figure 4 Kinetic dependencies of the adsorbed amount (squares) and
surface film thickness (circles) at a PEG concentration of 0.1%.
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amount was also determined for PEG solutions in the same
concentration range (Figure 4). These slow changes can also be
related to processes in the central region of the surface layer
when the proximal region is almost at equilibrium. Macro-
molecules arrived first at the surface, occupy most of the area
and form only short loops and tails, in contrast to the chains
adsorbing later. Similar arguments proved to be useful in the
explanation of homopolymer adsorption at the solid–liquid
interface.22 This can lead to a slow establishment of the equilib-
rium distribution of loops and tails if the segmental attraction to
the surface is sufficiently strong. Note that our ellipsometric
results do not allow us to propose a detailed mechanism of
surface equilibration. The formation of long loops and tails
can proceed, for example, by the replacement of relatively short
adsorbed chains by larger macromolecules. In principle, slow
changes in the film thickness can also be connected with the
adsorption of trace impurities of a high surface activity. This
can be the case for poly(vinylpyrrolidone) solutions of higher
concentrations (C > 0.1%).6 However, this interpretation seems
improbable for the systems under consideration for two main
reasons. First, a strong surfactant has to influence the surface
tension and dynamic surface elasticity. Second, the adsorption
of impurities usually leads to non-monotonic changes in the
thickness. However, slow changes in the thickness of pNIPAM
and PEG adsorption films are always monotonic and not accom-
panied by a decrease in other surface properties.

Although the surface activity of the test polymers differs
significantly, the kinetics of adsorption and film thickness are
similar. They are in accordance with the theoretical results and
allow us to explain the non-monotonic kinetic dependence of
the dynamic surface elasticity.4–7 At the beginning of adsorption,
polymer chains at the surface have mainly flat two-dimensional
conformations, and the adsorbed film is characterised by a high
dynamic surface elasticity. The subsequent formation of long
loops and tails leads to a faster relaxation of the surface stresses
and, consequently, to a decrease in the surface elasticity.

This work was supported by the Russian Foundation for Basic
Research (grant no. 03-03-32366).
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