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ABSTRACT: The adsorbed amount and the hydrodynamic layer thickness of two series of block copolymers
and the corresponding homopolymers on silica were determined. We used diblock copolymers of poly-
(vinyl methyl ether) and poly(2-ethyl-2-oxazoline) and tri- and diblock copolymers of poly(2-methyl-2-
oxazoline) and poly(ethylene oxide). The diblock copolymers of poly(ethylene oxide) and poly(2-methyl-
2-oxazoline) were obtained by polymerization of 2-methyl-2-oxazoline initiated by the tosylate of
poly(ethylene glycol) monomethyl ether. The difference between the adsorption energies of the segments
is found to be small: the block copolymer adsorption is nonselective. The adsorbed amount as a function
of block copolymer composition shows a maximum at a composition where the longest block is also the
strongest adsorbing block. The adsorbed amounts and the layer thicknesses are relatively low. Similar
results are obtained with numerical self-consistent field calculations for nonselective adsorption for the
case when the different blocks are incompatible. The typical anchor-buoy structure of the adsorbed
layer is maintained, albeit less explicit than that found for selective adsorption.

Introduction

Polymers play an important role in many industrial
and natural processes and in various applications. One
of the relevant features is their interfacial behavior. It
has long been recognized that polymers can change the
properties of colloidal dispersions. For example, they
can be used for controlled flocculation or, conversely,
for steric stabilization. Much experimental and theo-
retical attention has been paid to the different aspects
of polymer adsorption; for a detailed survey, we refer
to recent reviews.1,2

In this paper we consider the adsorption of block
copolymers, in which the various kinds of segments are
distributed in blocks along the chain. Because of their
dualistic character, block copolymers may be am-
phiphilic; they behave very differently from homopoly-
mers.

Much attention has been paid to the adsorption of
block copolymers in which one of the blocks does adsorb
to a surface whereas the other block does not have any
affinity for that surface; this situation may be referred
to as surface-selectivity. From these theoretical3-5 and
experimental6-11 studies we now have a rather complete
picture of the behavior of block copolymers at interfaces.
Upon adsorption of diblock copolymers, the adsorbing
anchor block will form a relatively thin layer on the
surface, whereas the nonadsorbing blocks form a rather
dilute and extended buoy layer. The relative length of
the blocks is of great importance for the structure of
the polymer layer. When the adsorbing anchor block
is long, the adsorption is limited by saturation of the
anchoring layer; the lateral repulsion between the buoy
blocks is then weak compared to the adsorption energy.
Decreasing the relative length of the anchor will en-
hance the adsorbed amount because the total mass of
adsorbed anchor segments remains more or less con-

stant and the relative contribution of the buoy segments
to the adsorbed amount increases. This behavior is
sometimes denoted the anchor regime.

When the relative length of the anchoring block is
further decreased, we find a crossover to the buoy
regime: the lateral repulsion between the buoy blocks
is now more important than the gain in adsorption
energy of the anchor blocks, and the total adsorbed
amount decreases with decreasing anchor length. In
Figure 1a this scenario is illustrated by plotting the
adsorbed amount (θa) as a function of the block copoly-
mer composition for different total chain lengths N.
Figure 1b gives the volume fraction profiles (æ(z)) of the
two blocks in the maximum, for N ) 100. These figures
were calculated with a self-consistent-field theory,5 but
the same qualitative results are obtained with other
theories.3 The total length clearly affects the adsorption
behavior of the block copolymer. With increasing length
the maximum becomes more pronounced and shifts to
a lower fraction νA of anchor segments A. For the longer
chains a smaller fraction of anchor segment is needed
to give long enough anchor blocks to secure attachment.
From the volume fraction profiles (Figure 1b) it is seen
that almost all anchor segments can be found in the first
few layers next to the surface. The buoy segments, on
the other hand, avoid contact with the surface and form
an extended layer. This extended layer, in which the
polymers are stretched away from the surface,12 can be
important for the steric stabilization of colloidal disper-
sions.13

Adsorption of block copolymers can take place from a
solvent that is either nonselective or selective. Figure
1 was calculated for a nonselective solvent in which both
blocks are equally soluble. In a selective solvent one of
the blocks can be insoluble and the block copolymers
may form micelles in solution. The qualitative features
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for a nonselective solvent and for a selective solvent in
which the anchor blocks do not dissolve are expected to
be roughly the same (i.e., as in Figure 1).14,15 However,
when in a selective solvent the soluble block (i.e., the
micellar corona) does adsorb, it is very likely that
associative adsorption occurs and that micellar struc-
tures accumulate at the surface.15-17 This scenario can
be very complex, and the kinetic parameters probably
influence the final conformation of the adsorbed
polymer.18-20 We have to keep in mind that the picture
as given in Figure 1 is for a system at equilibrium. In
natural processes and in certain experiments such
equilibrium conditions may not be attained, especially
so when the solvent is selective.

Above, we sketched the situation for selective adsorp-
tion, where one of the blocks is adsorbing and the other
has no affinity for the surface. In real systems, how-
ever, often both blocks of a diblock copolymer can adsorb
to a surface. We may denote this situation as nonselec-
tive adsorption. The properties of the adsorbed layer
are now determined by the competition for anchoring
sites between the two blocks. So far, this competition
between two adsorbing blocks within one polymer has
not been studied in detail. In a few papers this aspect
has been considered,5,21 but when the difference between
the adsorption energies of the two segment types is
relatively high, the behavior is not greatly different from
that of selective adsorption. In this paper we describe
the adsorption of two different sets of block copolymers

at the silica-water interface. For the two types of
segments in these copolymers, the difference in adsorp-
tion energy for the surface turned out to be rather low.
We used a series of diblock copolymers of poly(vinyl
methyl ether) and poly(2-ethyl-2-oxazoline) and a series
of diblock copolymers of poly(ethylene oxide) and poly-
(2-methyl-2-oxazoline). We measured the adsorbed
amount with optical reflectometry as well as the hy-
drodynamic layer thickness with dynamic light scatter-
ing. To get a complete picture, also numerical self-
consistent field calculations were carried out. In this
theoretical modeling special attention is paid to the
effect of incompatibility of the two blocks within the
polymer. So far, this aspect has hardly received any
attention in the literature.

Experimental Section
Materials. We used four types of homopolymers: poly-

(vinyl methyl ether) (PVME), poly(2-methyl-2-oxazoline)
(PMeOx), poly(2-ethyl-2-oxazoline) (PEtOx), and poly(ethylene
oxide) (PEO). The block copolymers were three PVME-PEtOx
and three PMeOx-PEO diblock copolymers. The structural
formulas of typical representatives of these polymers are given
in Figure 2. The PEtOx and PMeOx homopolymers were
synthesized and kindly given to us by F. Derks (DSM, The
Netherlands). The PVME homopolymer is a commercial
product (Scientific Polymer Science), as is PEO (Polymer
Laboratories). The block copolymers of PVME and PEtOx
were synthesized22 and kindly made available by Dr. J. Riffle
(Virginia State University). Triblock copolymers of PMeOx
and PEO can be synthesized by cationic polymerization of the
oxazoline block, starting with a bifunctional PEO homopolymer
macroinitiator.23 The synthesis of the diblock copolymers of
PMeOx and PEO is different because we had to start with a
monofunctional PEO. As this synthesis has not been described
earlier in the literature, we give the procedure in the next
section.

Some of the characteristics of the polymer samples used are
given in Table 1. The number in the sample name for the block
copolymers gives the percentage of the first block in the total
molar mass, for which we choose the block with the highest
affinity for the surface. As we shall see, PVME adsorbs more
strongly than PEtOx, and PMeOx absorbs more strongly than
PEO. The commercial homopolymer PVME has a high poly-
dispersity (Mw/Mn ) 2.1). All the other polymers were
synthesized by living ionic polymerization, and therefore the
molar mass distributions are relatively narrow. The value of
the refractive index increment dn/dc for the PEO homopolymer
was taken from the literature;24 the values for the other
homopolymers were obtained with the group contribution
method as described by van Krevelen.25 The refractive index

Figure 1. The adsorbed amount (θa) as a function of block
copolymer composition for different chain lengths, νA is the
fraction A segments of the total number of segments (a), and
the volume fraction profiles (æ(z)) of the two blocks in the
maximum for N ) 100, z is the distance to the surface in
number of lattice layers (b). Adsorption energy of the A
segments, øsA, is 2kT, all other interaction parameters are zero.
Calculations were made with the help of a SCF theory using
a cubic lattice.

Figure 2. Structural formulas of some of the polymers used.
The PMeOx living end group is not specially treated, in the
aqueous environment, the ring structure is probably opened
and end functionalized with a hydroxyl group.
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increments for the block copolymers were calculated from the
homopolymer values, assuming additivity of the refractive
index. Polymer solutions were made up by dissolving the dry
material in deionized water, and were stored in a refrigerator.
Measurements of the adsorbed amount and the hydrodynamic
thickness were performed at room temperature.

Synthesis of PMeOx and PEO Diblock Copolymers.
Commercial poly(ethylene glycol) monomethyl ether (PEO
monomethyl ether) (Mw ) 750, 2000, and 5000 from Fluka)
was dried in vacuo at 60 °C in the presence of phosphorus
pentoxide for 24 h. Benzene was dried over sodium wire and
distilled under nitrogen. Tosyl chloride was purified by
sublimation under reduced pressure. Acetonitrile was dried
over CaH2 and distilled under nitrogen. 2-Methyl-2-oxazoline
was purified by distillation over KOH pellets and CaH2 under
nitrogen. n-Butyllithium (1.6 M solution in hexane from
Aldrich) was used as received.

Poly(ethylene glycol) monomethyl ether was converted to
the corresponding tosylate ester in analogy to a reported
procedure for the synthesis of R,ω-ditosylated PEO.26 First,
the alcohol end group was converted into the lithium alcoholate
with a stoichiometric amount of n-butyllithium (n-BuLi) in
benzene, followed by the reaction with tosyl chloride; the
reaction scheme is given in the top line of Figure 3. As a
typical example of the synthesis of PEO monotosylate (TsPEO),
the preparation of a TsPEO sample with a molar mass of 2100
g mol-1 is described. A solution of 30 g of PEO monomethyl
ether (Mw ) 2000 g mol-1) in 300 mL of benzene was cooled to
5 °C under nitrogen. Under stirring, 10.3 mL of a 1.6 M
solution of n-butyllithium was added rapidly followed by 3.43
g of tosyl chloride, dissolved in 30 mL of benzene. The
resulting mixture was stirred overnight at room temperature.
The lithium chloride precipitate was filtered off, the filtrate
evaporated in vacuo until dryness, and the residue dissolved
in 40 mL of dry ethanol at room temperature. The solution
was cooled to -18 °C for 1 h and the resulting precipitate was
filtered off under dry nitrogen on a cooled glass filter. After
the product was dried in vacuo at 60 °C in the presence of
phosphorus pentoxide for 24 h, 30.9 g of TsPEO was obtained.
Three samples were synthesized, with molar masses of 740,
2100, and 5200 g mol-1, respectively; all samples have an end
group functionality of 1.0. The molar masses and the end
group functionalities were determined by the integral ratio of
the tosyl to ethylene peaks in the 500 MHz 1H NMR spectra
in CDCl3. The polydispersity index Mw/Mn, measured by GPC,
using a PL-Gel 10 MIX Å column, CHCl3 as eluent, and
calibration on PS standards, was 1.1 for all three samples.

The monofunctional TsPEO was used as a macro initiator
for the polymerization of 2-methyl-2-oxazoline (MeOx), as
indicated in the bottom lines of Figure 3. In this way AB block
copolymers consisting of an A-block of PEO and a B-block of
poly(2-methyl-2-oxazoline) (PMeOx) were obtained in analogy
to a reported procedure for the synthesis of analogous ABA
block copolymers of the same block segments.23 As a typical
example, the preparation of PMeOx-PEO 67 is described.
TsPEO with Mw ) 2000 g mol-1 (3.3 g, 1.5 mmol) was

transferred into a 100 mL “heavy wall glass tube” containing
30 mL of acetonitrile under nitrogen. MeOx (6.7 mL, 79 mmol)
was added, and the tube was sealed and heated to 90 °C. After
20 h, the reaction mixture was cooled and poured into 2 L of
diethyl ether. The precipitated block copolymer was isolated
by decantation and purified by reprecipitation from chloroform
solution in diethyl ether. The pale yellow solid was dried in
vacuo at 60 °C in the presence of phosphorus pentoxide for 24
h. The yield was 9.5 g. In this way the three PMeOx-PEO
diblock copolymer samples indicated in Table 1 were synthe-
sized. The molar masses were determined by the integral ratio
in the 500 MHz 1H NMR spectra in CDCl3. The ratio Mw/Mn

was 1.2 for all three samples, as measured by GPC, using a
Waters Styragel HT 103 Å (10) + 104 Å (10) column, N-
methylpyrrolidone (80 °C) as eluent, and calibration on PS
standards. The yield, calculated as %-conversion of the MeOx
polymerization, was between 95 and 97%. Comparison of the
GPC analysis of one of the AB block copolymers with that of
the original TsPEO prepolymer showed that a considerable
increase in the molar mass had occurred and that the reaction
mixture contained no unreacted macroinitiator.

Reflectometry. The adsorbed amounts of polymer were
measured in a reflectometer with a stagnation-point flow cell
as described in detail by Dijt et al.27 Here we give only a brief
summary. An oxidized silicon substrate can be placed in the
stagnation point of the cell. Upon adsorption of polymer onto
this substrate the reflectance of a polarized laser beam is
changed. The change in signal is proportional to the adsorbed
amount Γ. The proportionality factor can easily be calculated
from a suitable optical model. The sensitivity of the method
depends, among other things, on the thickness of the oxide
layer dox, on the refractive indices of silicon, silica, and solution
(nsi, nox, and ns, respectively), and on the refractive index
increment dn/dc of the polymer in solution. The values of dn/
dc are indicated in Table 1.

Macroscopically flat silicon wafers from Aurel GmbH (Ger-
many) were used. By thermal oxidation, we obtained an SiO2

layer with a thickness of about 110 nm. Strips cut from this
wafer were cleaned by oxidation by UV-ozone, and they could
be cleaned and reused many times.

Dynamic Light Scattering. The hydrodynamic thickness
of the adsorbed polymer layer was measured by dynamic light
scattering. The radius of a colloidal silica particle covered with
polymer was compared to that of a bare particle, and the
difference was taken as the hydrodynamic thickness of the
adsorbed polymer layer. We used a colloidal Ludox silica with
a hydrodynamic diameter of 39 nm, purchased from Du Pont.

Calculations. Scaling theories3,14 and self-consistent mean
field theories (SCF)5,15 have proven to be very useful in
describing block copolymer adsorption. Here we used a
numerical SCF method first developed by Scheutjens and Fleer
for homopolymer adsorption1,28,29 and later adapted for block
copolymer adsorption by Evers et al.5 To investigate whether
there is an effect of the chain stiffness, calculations for both
flexible and stiff polymers were done. In the latter case a
second-order Markov approximation30 was used. In the cal-
culations the composition of an AB block copolymer was varied
by changing the numbers of A and B segments, keeping the
total number of segments constant. We chose a rather small
number of segments (N ) 100) in order to make it possible to
compare the results qualitatively with the experimental
system, in which we used block copolymers with a rather low
molar mass. The calculations were done on a cubic lattice.

Results and Discussion

Homopolymer Adsorption. In reflectometry ex-
periments the adsorbed amount is measured as a
function of time. This gives a good opportunity to study
the kinetics of polymer adsorption. It is assumed that
when the variation in the signal has the same order of
magnitude as that of the baseline drift, the system is
at equilibrium. Of course, this may not be generally
true because in some systems equilibrium may only be

Table 1. Molecular (block) Structure, Molar Mass, and
Refractive Index Increment of the Polymers Used; the

Molar Mass of PVME-PEtOx 17 Has Not Been
Determined, Indicated Is the Target Molar Mass during

Synthesis

sample Mw, kg mol-1
no. of

monomers dn/dc, cm3 g-1

PVME 99 1650 0.146
PVME-PEtOx 63 15.7-9.2 260-91 0.152
PVME-PEtOx 42 7.5-10.3 125-102 0.155
PVME-PEtOx 17 2.0-8.0 33-79 0.158
PEtOx 6.0 59 0.161
PEtOx 55 540 0.161
PMeOx 6.0 69 0.160
PMeOx-PEO 89 5.8-0.75 67-17 0.157
PMeOx-PEO 67 4.3-2.1 49-47 0.152
PMeOx-PEO 17 1.0-5.0 11-114 0.140
PEO 7.1 161 0.136
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obtained on much longer time scales than those needed
for reflectometry (typically on the order of minutes, with
a maximum of a few hours). However, for our experi-
mental system the above assumption is expected to hold,
since we are dealing with small, rather flexible polymers
which do not form any micellar structure in solution,
as evidenced by dynamic light scattering on the polymer
solutions. For monodisperse homopolymer solutions of
PEtOx, PMeOx, and PEO at concentrations of 10 mg
L-1, a plateau in the adsorbed amount is reached within
1 min. We also find a very sharp transition from a
linear (transport-limited) regime to saturation, in agree-
ment with other results for flexible polymers.27 For the
10 mg L-1 solution of polydisperse PVME the adsorption
curve as a function of time is different. The slope of
the linear part is lower due to the lower diffusion
coefficient of this polymer, which has a much higher
molar mass than the other polymers used in these
experiments. The transition to saturation is less sharp.
This is a general feature of polydisperse polymers.1,27

In the initial linear part of the curve, all chain lengths
present in the polydisperse polymer solution contribute
to the adsorption. However, the plateau values of the
polymers with different molar mass are not equal, the
short polymers having a lower adsorbed amount in the
plateau. The contribution of the short chains to the
adsorption can never exceed the plateau of these short
polymers, whereas the longer chains can reach a higher
level. Hence, the short chains are displaced by the
longer chains, and the adsorption curve of a polydisperse
polymer solution is thus more rounded than that of a
monodisperse sample.

For two of the homopolymers we measured the final
adsorbed amounts after saturation on silica as a func-
tion of the polymer concentration. The resulting ad-
sorption isotherms, for PVME and PEtOx, respectively,
are given in Figures 4 and 5.

The error in the result of one reflectometry experi-
ment can be rather large, up to 10% deviation from the

average. It is therefore necessary to do many experi-
ments to obtain accurate results. Although the mea-
surements for the adsorption isotherms were only done
twice, the general trends are clear. The high-affinity
isotherms we see in Figures 4 and 5 are characteristic
for polymers. Only for very low polymer concentrations
(less than 2 mg L-1) is the equilibrium adsorbed amount
lower than that in the plateau of the isotherm. This
feature is not necessarily unambiguous, because reflec-
tometry is less accurate at extremely low concentrations
due to the long time needed for one measurement in
our experimental setup.

We did not measure a full adsorption isotherm for
PEO, because in this case literature data31 are available.
PEO gives also a high affinity isotherm31 with a plateau
starting well below 10 mg L-1. We may assume that
the same holds for PMeOx. Hence, a polymer concen-
tration of 10 mg L-1, which we used as the standard in
the experiment, may be assumed to be sufficient to
reach the plateau of the adsorption isotherm. The
adsorbed amounts at this concentration are 0.78, 0.56,
0.53, and 0.36 mg m-2 for PVME, PEtOx, PMeOx and
PEO, respectively. Dijt et al.27 found for the same PEO
sample with the same technique an adsorbed amount
of 0.41 mg m-2, which agrees, within experimental
error, with our results. Chen et al.32 used a solution
depletion method to determine the adsorption isotherms
for a series of PEtOx with different molar mass on
colloidal silica. Our result for PEtOx with Mw ) 6000
fits well in their results, even though we used a quite
different technique and also the surface is slightly
different.

The adsorption of PEO and PEtOx presumably pro-
ceeds by hydrogen bonding of the ether or carbonyl
oxygen with surface silanol groups.31 The adsorption
of the other polymers is also likely to be driven by
hydrogen bonding since they all have an oxygen which
can donate an electron pair for a hydrogen bond with
the silica surface. Chen et al.32 found that the segmen-

Figure 3. Reaction scheme for the synthesis of diblock copolymers of PEO and PMeOx. The top line gives the conversion of
poly(ethylene glycol) monomethyl ether to the corresponding tosylate ester. This ester is used as a macroinitiator for the
polymerization of 2-methyl-2-oxazoline, as indicated in the bottom lines.

Figure 4. Adsorption isotherm of PVME on silica at pH ) 6,
as measured by reflectometry.

Figure 5. Adsorption isotherm of PEtOx on silica at pH ) 6,
as measured by reflectometry.
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tal adsorption energy of PEtOx on silica was 5.1 kT in
water. One way to check the role of the hydrogen bond
is to measure the adsorption as a function of the pH of
the solution; at high pH there are less silanols so that
hydrogen bonding is impeded. For PVME and PEtOx
the results are given in Figure 6. Data by Van der Beek
et al.31 for PEO on colloidal silica have been included
in this figure.

The shape of the curves is the same for the three
homopolymers. The adsorbed amount is almost con-
stant up to about neutral pH. When the polymer
solution is made basic desorption occurs. At high pH
(above pH around 11) no adsorption is found at all. As
discussed by Van der Beek, the OH ions in solution act
as a displacer for the polymers since they deprotonate
the silanols. Increasing the concentration of these ions,
i.e., increasing the pH, lowers the effective adsorption
energy of the polymers because the oxygens are no
longer able to form hydrogen bonds with the surface.
The adsorbed amount drops to zero around pH ) 11. It
can be seen from Figure 6 that a slightly higher pH is
needed to displace all PVME and PEtOx than to displace
all PEO. It is tempting to ascribe this to a higher
adsorption energy for PVME and PEtOx. However, we
have to be careful because the surfaces were different:
the adsorption of PEO was measured on dispersed
colloidal silica particles,31 whereas we measured the
adsorption of PVME and PEtOx on a flat silica wafer.
It is conceivable that there might be slight differences
in properties between these surfaces.

All homopolymers adsorb on silica, and the difference
in segmental adsorption energy is probably not high,
as can be deduced from Figure 6. To assess which of
the two blocks within one block copolymer has the
higher segmental adsorption energy, we measured the
adsorption from a mixture of two homopolymers and in
sequential adsorption experiments. Even a small dif-
ference in adsorption energy between the segments
could be enough to obtain a significant preferential
adsorption of the more strongly adsorbing polymer, due
to the cooperative nature of polymer adsorption: a small
difference in adsorption energy per segment will nev-
ertheless give a large difference per chain. Measure-
ment of sequential adsorption or adsorption from a
mixture can therefore indicate which polymer has the
highest adsorption energy.1

Preferential adsorption is also favored for longer
chains, but the effects of adsorption energy are stronger
than those of chain length. Theoretical calculations

show that displacement for chains of equal length is
already effective for ∆uads of order 0.01-0.1 kT. These
values become larger as the length ND of the displacing
chains becomes shorter, roughly proportionally to ND

-1.
We first found that in a mixture of PVME and PEtOx
the adsorbed amount at saturation is the same as
obtained for the isolated PVME solution. This suggests
that no PEtOx adsorbs from the mixture, and it would
indicate that the adsorption energy of PVME on silica
is higher than that for PEtOx. This finding was
confirmed by sequential measurements in which one of
the polymers was adsorbed until a plateau was reached
and then a solution of the second polymer was brought
into contact with the surface. The height of the result-
ing adsorption plateau is determined by the polymer
with the highest adsorption energy, i.e., PVME in a
sequential adsorption experiment of PVME followed by
PEtOx or reverse.

However, PVME has a molar mass that is an order
of magnitude higher than that of PEtOx. It is possible
that the adsorption energy of PEtOx is slightly higher
than of PVME but that the longer chain adsorbs
preferentially because it loses less translational entropy
(per unit of mass). We therefore repeated the experi-
ments with two homopolymer samples which had a
more similar molar mass: PVME with Mw ) 99 000 and
PEtOx with Mw ) 50 000 (Polysciences Inc.). With
reflectometry we found equal plateau adsorbed amounts
for these two polymers. Hence, this measurement
cannot give information on adsorption preference for
this pair of polymers. We therefore decided to measure
the difference in uptake of either polymer by particles
of colloidal silica, by analyzing the supernatant solution.
Thus, we compared the adsorbed amount of PEtOx onto
a silica dispersion obtained from a pure PEtOx solution
with that from a mixed solution with equal amounts of
PEtOx and PVME. It turned out that the adsorbed
amount of PEtOx from the mixture was four times lower
than that from the pure PEtOx solution. This indicates
that a large part of the silica surface is occupied by
PVME. We also performed a sequential experiment in
order to determine whether PVME can displace an
already adsorbed layer of PEtOx. In this experiment,
we adsorbed PEtOx onto the silica particles and then
removed all remaining PEtOx from the solution. We
then added a PVME solution with the same initial
concentration as PEtOx. It appeared that after some
time about 60% of the PEtOx had been displaced by
PVME. Since the difference in molar mass between the
samples is only a factor of 2, it is very unlikely that this
can account for the adsorption preference of PVME.
Hence, our observations strongly support the view that
PVME adsorbs more strongly than PEtOx; i.e., the
segmental adsorption energy of PVME is higher than
that of PEtOx. The experiments also show that the
difference is minor. One may wonder whether this
result (obtained for a colloidal silica dispersion) may be
extended to a macroscopically flat silica surface. There
might be small differences between both surfaces and
the adsorption energies of both polymers might thus be
different for the two surfaces. However, both polymers
adsorb via the same mechanism (hydrogen bonding),
and a change in surface properties will thus probably
affect the segmental adsorption energies of both poly-
mers in the same way and to the same extent.

For the other two homopolymers we also determined
which of the two had the highest adsorption energy. In

Figure 6. Adsorption of PVME (squares) and PEtOx (tri-
angles) as a function of pH, as measured by reflectometry on
a flat silica surface. The results found by Van der Beek et al.
for PEO on a colloidal silica have been included (circles).
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this case it could be determined unambiguously from
reflectometry data that the adsorption energy of PMeOx
is higher than that of PEO. In this mixture the molar
masses were comparable (6000 and 7100, respectively)
and the preference was very clear. This finding was
again confirmed by sequential measurements where one
of the polymers was first adsorbed until a plateau was
reached after which a solution of the second polymer
was brought into contact with the surface. The height
of the resulting adsorption plateau is determined by the
polymer with the highest adsorption energy, i.e., PMeOx
in a sequential adsorption experiment of PEO followed
by PMeOx or reverse.

Block Copolymer Adsorption. From the homopoly-
mer results it was concluded that PVME has a higher
adsorption energy than PEtOx (but that the difference
is small) and that PMeOx adsorbs more strongly than
PEO. To see what the consequences are for the adsorp-
tion of diblock copolymers composed of these two blocks,
we measured the adsorbed amount of these block
copolymers.

Figure 7 gives the adsorbed amount on silica as a
function of the composition of the PVME-PEtOx poly-
mer. All measurements were repeated several times,
and here we give only the average results. The circles
correspond to the homopolymers (PEtOx on the left and
PVME to the right), and the squares to the copolymers
are as given in Table 1. For the block copolymers the
adsorption is clearly enhanced compared to the values
for the homopolymers, even though the molar mass of
the homopolymer PVME is much higher than that of
the block copolymers. Surprisingly, the position of the
maximum is found at the side of the strongest adsorbing
block: at this maximum the strongest adsorbing block
is also the longest one. This is completely different from
the situation sketched in Figure 1 for selective adsorp-
tion, where the maximum is found at a composition
where the adsorbing block is smaller than the nonad-
sorbing block. In part, this could be due to the differ-
ence in chain length between the various samples. As
can be seen from Table 1, the total mass of the PVME-
PEtOx diblocks increases systematically in the direction
of increasing νPVME, namely 6, 10, 18, and 25 kg/mol,
respectively. As is clear from Figure 1, such a set of
polymers would give a theoretical curve for which the
maximum is not as pronounced as for a set of equally
long polymers, and the maximum will be somewhat

shifted toward higher νA. Nevertheless, the very clear
maximum at νPVME ) 0.6 is not entirely explained by
this chain length effect. We shall analyze this further
in the section Comparison with Theory.

For the set of block copolymers consisting of PMeOx
and PEO blocks, the former has the highest segmental
adsorption energy. Here, the various samples have
approximately equal molar masses. Results for this
system are plotted in Figure 8. We see, as for PVME-
PEtOx block copolymers, that the adsorbed amount for
the block copolymers is higher than for the homopoly-
mers. The maximum in the adsorbed amount is found
at a high PMeOx fraction: again the strongest adsorb-
ing block is also the longest one at the maximum, as in
Figure 7. The maximum is not as pronounced as in
Figure 7.

Hydrodynamic Layer Thickness. In Figures 7
and 8, the hydrodynamic thicknesses of PVME-PEtOx
and PMeOx-PEO polymer layers, respectively, are also
included. These layer thicknesses are less accurate
than the adsorbed amounts, because although we did
not observe flocculation of the colloidal silica dispersion,
it cannot be completely ruled out. Hence, the results
in Figures 7 and 8 give an upper limit of the hydrody-
namic layer thickness.

The layer thicknesses are in agreement to what could
be expected regarding the adsorbed amount and the
molar mass. The PVME homopolymer, which has a
rather high molar mass of 99 000 g mol-1, gives a
thickness of about 6.0 nm, a value comparable with the
one found for PEO with the same molar mass.31 The
other adsorbed homopolymers have very small layer
thicknesses, as expected for these rather short polymers.
The hydrodynamic thickness of the adsorbed block
copolymers is higher than that of the homopolymers.
The overall shape of the curves for the thickness and
the adsorbed amount is very similar. In both Figures
7 and 8, a maximum for the layer thickness is seen at
a polymer composition in which the strongest adsorbing
block is also the longest one. Polymer PVME-PEtOx
63, the diblock copolymer of PVME and PEtOx which
gave the highest adsorbed amount, also has the thickest
adsorbed layer (6.2 nm). This is only slightly above the
value of PVME homopolymer but the molar mass of the
latter is considerably higher.

Figure 7. Adsorbed amount Γ (full line) of PVME-PEtOx
diblock copolymers (squares) on silica as a function of polymer
composition. The results for the homopolymers (circles) have
been included. For all samples the hydrodynamic layer thick-
ness δh on dispersed silica particles as measured by dynamic
light scattering is also indicated (diamonds, dashed line).

Figure 8. Adsorbed amount Γ (full line) of PMeOx-PEO
diblock (squares) and triblock (triangles) copolymers on silica
as a function of polymer composition. The results for the
homopolymers (circles) have been included. For all samples
the hydrodynamic layer thickness δh on dispersed silica
particles as measured by dynamic light scattering is also
indicated (diamonds, dashed line).
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We summarize the experimental finding as follows.
The block copolymers show a higher adsorbed amount
and a higher hydrodynamic thickness as compared to
the homopolymers of similar molar mass. However, the
effects are not as pronounced as found for selectively
adsorbed block copolymers, which is probably related
to the small difference in adsorption energies. Never-
theless, this kind of block copolymers is promising for
the steric stabilization of an aqueous dispersion, espe-
cially when fast equilibration is needed: these block
copolymers do not have a kinetic barrier, since water is
an nonselective solvent for these polymers so that no
micelles are formed.

Comparison with Theory. In our experiments we
found a maximum for the adsorbed amount and the
layer thickness as a function of the block copolymer
composition. In this maximum, the strongest adsorbing
block is also the longest one, which differs from the
theoretical curve given in Figure 1. In this figure, we
showed results for adsorbing A segments and nonad-
sorbing B segments in an athermal solvent. In our
experimental system both blocks have a relatively high
adsorption energy for the surface, and the interaction
parameters between solvent and polymer and between
the two blocks (block compatibility) may not be zero. In
this section we try to find out whether SCF theory,
taking these effects into account, can offer some help
in interpreting the experimental findings.

We first consider the adsorption of an AB diblock
copolymer from a nonselective, in this case athermal
solvent, as described earlier by Evers et al.5 We
assigned a constant adsorption energy (2kT) to the A
segments and increased the adsorption energy of the B
segments from zero to 2kT. In the latter case there is
no difference between the blocks and the copolymer
behaves like a homopolymer for all compositions. Fig-
ure 9 gives the adsorbed amount θ as a function of the
fraction νA of A segments, where νA is defined as νA )
NA/N, with N ) NA + NB ) 100.

For selective adsorption (øsB ) 0) we find the same
maximum in the adsorbed amount as in Figure 1, i.e.,
at relatively low νA. When the adsorption energy of the
B segments is increased, the maximum becomes less
pronounced and shifts to higher νA. More importantly,
for small differences in adsorption energy the maximum
is found at a composition where the A block is longer
than the B block. Obviously, the maximum disappears

when there is no difference in adsorption energy (øsB )
2).

By assigning an adsorption energy to the B segments,
we introduce competition between the A and B seg-
ments. The total adsorbed amount is determined by the
balance between the gain in adsorption energy and the
loss in translational and configurational entropy of the
adsorbing chains. When the surface is not yet saturated
with block copolymer, free polymers from the solution
can adsorb with their A block at the cost of translational
entropy of that polymer. When the B segments have
also an adsorption energy, some of the B segments of a
chain already adsorbed by its A segments attach to the
surface. When this occurs, the total system will gain
less energy (øsB < øsA) but at the same time lose less
entropy as compared to the adsorption of additional free
block copolymer. In both scenarios the free energy of
the system will decrease, and the competition between
the two mechanisms is determined by a subtle balance
involving the difference in segmental adsorption energy
of A and B and the relative lengths of the blocks. When
the difference decreases, relatively more B segments
adsorb. As a consequence, the adsorbed amount de-
creases for almost all polymer compositions when the
adsorption energy of B increases (but remains below
that of A). Only at very low νA, below a crossover point
in the buoy regime, does the adsorption increase, but it
is relatively low in this region. The more weakly
adsorbing B blocks must be long enough to compete with
the A blocks for adsorbing sites. Decreasing the differ-
ence in segmental adsorption energy will decrease the
necessity of a relatively long B block and therefore the
maximum shifts to a higher νA, in other words to a
shorter B block. The maximum disappears when the
difference is zero (øsA ) øsB).

We conclude that for small differences in adsorption
energy the maximum is found at a composition where
the A block is longer than the B block. However, the
theoretical maximum is not as pronounced as the one
we found experimentally. To investigate whether we
can find a better qualitative agreement, we consider the
influence of the solvency parameters (i.e., øAO and øBO)
and of the block (in)compatibility (i.e., øAB).

In Figure 10 we give some results for a block copoly-
mer with a small difference in segmental adsorption
energy between the blocks (øsA ) 2kT, øsB ) 1.87kT).

Figure 9. SCF calculations of the adsorbed amounts θa

(expressed in equivalent monolayers) as a function of the
fraction νA, for fully compatible blocks and an athermal solvent.
Parameters: øsA ) 2, øsB is indicated, other ø-parameters are
zero, and N ) 100.

Figure 10. SCF calculations of the adsorbed amounts θa

(expressed in equivalent monolayers) as a function of the
fraction νA, for fully compatible block (a and b) or incompatible
blocks (c) from a poorer solvent. Parameters: øsA ) 2, øsB )
1.83, N ) 100, for curve a, øAO ) øBO ) øAB ) 0, for curve b,
øAO ) øBO ) 0.45 and øAB ) 0, and for curve c, øAO ) øBO )
øAB ) 0.45.
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When we choose a positive interaction energy between
the segments and the solvent (øAO ) øBO ) 0.45, curve
b), the adsorbed amount is increased for all compositions
of the block copolymer as compared to the adsorption
from an athermal solvent (curve a). To reduce the
amount of unfavorable polymer-solvent contacts, the
solvent is expelled from the adsorbed layer. The lateral
repulsion between the polymers is reduced and more
chains can adsorb per unit area. The layer is more
compact as compared to a layer adsorbed from an
athermal solution. This can also be seen in the volume
fraction profiles of the A and B blocks in the adsorbed
layer for the two different solvencies (parts a and b of
Figures 11). These volume fraction profiles are given
for compositions that give a maximum in Figure 10. In
Figure 11a, most segments of both blocks can be found
in the first few layers close to the surface. Nevertheless,
a small segregation can be seen as the B segments are
relatively more extended in the solution than the A
segments. In Figure 11b the fraction of A and B
segments in the first layers is enhanced because the
solvent is expelled from the adsorbed layer due to the
repulsive interaction between the polymer segments and
the solvent. The segregation between A and B seg-
ments, necessary for an anchor-buoy structure of the
adsorbed layer, is evolving: the B layer is slightly more
extended into the solution than in Figure 11a.

When the solvent quality decreases, less anchoring
segments are needed to keep the whole polymer at-
tached to the surface in comparison with an athermal
solution, which causes a shift in the position of the

maximum to a slightly lower νA and a slight increase
in the relative height of the maximum (defined as the
ratio between the adsorbed amounts in the maximum
and at νA ) 1). These two effects due to the solvency
(Figure 10) are, however, small in comparison to those
occurring when the adsorption energies are varied
(Figure 9).

When we assign a positive interaction energy to A-B
contacts (i.e., the A and B blocks now become incompat-
ible if they are long enough), the shape of the curve
changes remarkably. The relative height of maximum
is increased considerably, and a minimum appears at
low νA. The minimum can be explained by considering
the structure of the adsorbed layer. At low νA the A
and B segments are forced to have many unfavorable
contacts with each other in the mixed adsorbed layer;
the total repulsive interaction energy is therefore high
and the adsorption is decreased. The segregation,
already seen in the volume fraction profiles in Figure
11b, is promoted by the incompatibility of the A and B
blocks, so that the number of A-B contacts is further
reduced. This effect is demonstrated in the volume
fraction profiles of the A and B blocks given in Figure
11c. The first layer is almost completely occupied by
adsorbed A segments, whereas most B segments form
a more dilute buoy layer, extending away from the
surface. A real anchor-buoy structure can be seen,
although it is not as pronounced as in Figure 1b. The
reason for this anchor-buoy structure is different from
that in Figure 1b. In the latter case, it is the difference
in adsorption energy; in Figure 11c, it is block incom-
patibility.

Statistically, the amount of unfavorable A-B contacts
is the highest when both blocks are equal in size. For
a block copolymer in which the A and B segments have
the same segmental adsorption energy and a positive
AB interaction energy, this gives rise to a minimum in
the adsorbed amount as a function of the polymer
composition at νA ) 0.5 (result not shown). When the
A and B segments have a slightly different adsorption
energy the minimum is shifted to νA < 0.5 and a
maximum develops at νA > 0.5, as seen in Figure 10c.
The theoretical curve in Figure 10c is in qualitative
agreement with the experimental results presented in
Figures 7 and 8. Experimentally we do not find a
minimum, but the number of available compositions of
the block copolymers was rather low; it would be
interesting to include samples with νA around 0.3.

The calculations presented above were performed
with equally flexible blocks. In reality, however, the
chain stiffness might well be different. It is an estab-
lished fact that some polymers are rather flexible,
whereas others are stiff due to large side groups or
internal structures. We performed some SCF calcula-
tions where we assigned a positive bending energy to
one of the blocks or to both blocks, along the lines
reported in the literature.1 The effect of introducing
chain stiffness appears to be very small and is definitely
less pronounced than those of changing solvency and
block incompatibility. The results of the theoretical
calculations with stiff polymers are therefore not shown
here.

Conclusions

The adsorption of two series of block copolymers and
the corresponding homopolymers on silica was mea-
sured with reflectometry, and the hydrodynamic layer

Figure 11. Volume fraction profiles (æ(z)) of the A and B
blocks at the maximum value of θa in Figure 10.
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thickness was determined by dynamic light scattering.
All polymers adsorb by the same mechanism: hydrogen
bonding between an oxygen of the polymer and a silanol
group on the silica surface. The segmental adsorption
energy is relatively high, of the order of 5kT.32 On the
other hand, the difference between the segmental ad-
sorption energies of the two blocks is low, giving rise to
nonselective adsorption of the block copolymers. For
two types of block copolymers used in this study, the
adsorbed amount as a function of block copolymer
composition shows a shallow maximum; at this maxi-
mum, the longest block is also the strongest adsorbing
block. The same trend is found for the hydrodynamic
layer thickness. These findings differ from theoretical
predictions concerning selective adsorption, where a
pronounced maximum is found for a short anchor block.

With numerical self-consistent field calculations, we
demonstrated that the same trends as in our experi-
mental findings can be predicted by theory. In nonse-
lective adsorption, when the difference between the
adsorption energies of the blocks is low, both blocks
compete for the same adsorption sites on the surface.
When the differences in solvency are small and the
blocks are compatible, only a very shallow maximum is
seen at high fraction of A segments νA. Assigning a
positive interaction energy to the two different segments
decreases the compatibility of the blocks. Due to this
incompatibility, the blocks try to avoid each other, which
promotes an anchor-buoy structure. This effect gives
rise to a considerable increase of the adsorbed amount
in the maximum as a function of the block copolymer
composition. At this maximum, the longest block is also
the strongest adsorbing block. For this nonselective
adsorption with incompatible blocks the typical anchor-
buoy structure of the adsorbed layer, necessary for an
effective steric stabilization, is maintained, be it less
pronounced than for selective adsorption. The buoy
layer is far less extended into the solution.

The nonselectively adsorbed block copolymers show
a higher adsorbed amount and a higher hydrodynamic
thickness as compared to the homopolymers of similar
molar mass. Even though the effects are not as out-
spoken as found for selectively adsorbed block copoly-
mers, this kind of block copolymer is promising for the
steric stabilization of aqueous dispersions.
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