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ABSTRACT: Adsorption of poly(ethylene oxide) within porous glass, from aqueous solutions, was
investigated as a function of the polymer molecular weight, pore diameter, concentration, and time, using
differential refractometry. The kinetics of the process was found to depend on the ratio of pore diameter
to the correlation length in the polymer solutions. The adsorbed amount exhibited a dependence on pore
diameter for the longer molecular weights, with an unexpected observation of a higher adsorption in
smaller pores. This observation is explained by the interplay between geometry-dependent enthalpic gain
due to adsorption and entropic loss due to confinement.

Introduction

The effect of confinement on flexible polymers was
investigated thoroughly in the past decades: Theoretical
modeling and experimental observations1 suggested
that when the confining length scale (layer thickness
in thin films2,3 or pore diameter, d, in porous media4-6)
is comparable to or smaller than the radius of the free
coils, Rg, it dominates the behavior and properties of
the trapped chains. For example, a single chain in good
solvent conditions (dilute solution regime and Rg ∼ d),
which is trapped in a pore,4 rearranges into an array of
blobs of diameter d. As a result, the extension of the
chain along the pore, Rp, scales with the pore diameter
as Rp = aN(a/d)2/3. The entropic penalty of chain
squeezing in the pores leads to a lower concentration of
the chains as compared to the bulk solution, with a
partition coefficient K ) Cpore/Cbulk ) exp(Rg/d)3/5.4, 7-9

As the concentration increases, the pores become filled
with sequences of blobs of length Rp until the blobs begin
to overlap. The overlap concentration inside the pores
does not depend on the degree of polymerization, N, and
scales with the pore diameter Cp* = N/d2Rp = a-3(a/
dp)4/3.10 Above the overlap concentration, the polymers
are characterized by the correlation length, which scales
with the pore diameter ê ) d(Cp*/ C)3/4. Here as well, d
replaces Rg as the dominant length scale. When the bulk
concentration exceeds C*, a transition from weak to
strong penetration, due to the bulk osmotic pressure,
is observed. The partition coefficient becomes Kconc )
Cpore/C*bulk ) Kdilute exp(Cbulk/C*bulk)5/4.6

Pores, cavities, and capillaries are of vital interest in
applications such as size exclusion chromatography,11

catalysis, controlled drug release,12 and membrane
filtration.8,9 While theoretical models that describe these
systems assume, for simplicity, nonadsorbing walls, in
many cases the dissolved polymers adsorb to the inner
walls of the media. Recent computer simulations con-
sidered the effect of adsorption on chromatographical
separation of polymers and block polymers.13

Adsorption of flexible homopolymers at the solid-
liquid interface is one of the oldest subjects investigated

by polymer science.14-16 Yet, only the effect of flow on
adsorption within porous media has been described
theoretically.17

We suggest that in the case of adsorbing walls a
nonzero value of the segmental adsorption energy, ε,
may lead to an overall gain in free energy that can
compensate for the loss in entropy due to chain squeez-
ing in the pore. Consequently, the polymer concentra-
tion within the pore is expected to be higher than in
the case of a nonadsorbing wall. In this system, the total
surface coverage Γ (polymer mass per surface area) may
depend on the pore diameter d or on the ratio r* ) d/Rg
in addition to the dependence on the concentration and
solvent quality: Confinement of the chains in the pores
introduces an artificial cutoff length, thus limiting the
maximal loops and tail size. In extreme cases, where d
, Rg, the adsorbing chains may adopt a flat configura-
tion, where all segments are in contact with the surface,
leading to a value of Γ which is much lower than in the
nonconfined case and dependent on pore diameter.

Studies of adsorption in porous materials are experi-
mentally challenging: While many experimental studies
investigated adsorption on flat surfaces,14 adsorption
within porous media was investigated only in a few
model systems18,19 such as capillaries under controlled-
flow conditions.20 In these studies, the measured hy-
drodynamic radius was used as a sensitive probe to the
loop-tail-train distribution of the adsorbed layer. Yet,
these methods cannot measure independently the ab-
solute value of the adsorbed amount.

Here we report the use of a classical method, dif-
ferential refractometry,21 for the measurement of the
total surface coverage, Γ, of PEO adsorbed within
controlled porous glass (CPG) from aqueous solutions.
It is known that PEO monomers adsorb to glass via
hydrogen bonding with the surface silanol groups. The
adsorption is reversible and pH-dependent.20 The glass
is highly porous, with well-defined pore diameters of 8
and 89 nm. For the molecular weights investigated here,
the corresponding values of r* are in the range of 0.1 <
r* < 22. Using a differential refractometer, the depletion
of the adsorbed speciesfrom the bulk solution is mea-
sured directly with a characteristic sensitivity of δy )
(1 × 10-5 (y ) mass fraction of PEO). In this method
the observable is the difference in the PEO concentra-
tion in solution. Therefore, the calculation of the ad-
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sorbed amount is model-independent and is not affected
by the exact conformation of the adsorbed layer or the
detailed structure and interactions of the adsorbing
substrate.

In the following we describe a series of experiments
in which the adsorption of PEO from an aqueous
solutions was determined as a function of polymer
molecular weight, concentration, and pore size of the
CPG. We investigate the kinetics of the adsorption
process, and the overall adsorbed amount, and discuss
the effect of confinement.

Experimental Section
Materials. Poly(ethylene oxide) (PEO) of different molec-

ular weight Mw was purchased from Polymer Source, Canada,
and Polymer Laboratories, UK (Table 1). Controlled pore glass
(CPG) with a narrow pore distribution was obtained from
Schott Gerte GmbH, Mainz, Germany, and Sigma-Aldrich
(Table 2). The CPG89 was characterized by Porotec GmbH,
D-65719 Hofheim, Germany, while the CPG8 was character-
ized by the manufacturer. The size distribution of the CPG89
is presented in Figure 1.

Sample Preparation. We used Millipore water (Milli-Q
Plus system) to prepare all PEO/water solutions by weight.
Solutions in a concentration range of 0 < y < 0.025 [y ) mass
fraction of PEO, y ) mPEO/(mPEO + mwater); δy ) ( 1 × 10-5]
were investigated.

Great care was taken to purify the porous glass from water-
soluble contaminants of relatively high refractive index (e.g.,
salts). First, the porous glass was boiled 2 h in a mixture (1:3
by volume) of HCl (28 wt %) and concentrated HNO3 (30 wt
%). After thorough washing with water, the glass was trans-
ferred into a Soxhlet apparatus and was continuously ex-

tracted in water for 2 weeks. The glass was dried under
vacuum (1 Torr) at T ) 150 °C, which is sufficient to overcome
the capillary condensation of water trapped in the pores.

Technique. Adsorption measurements were carried out
using a differential refractometer (DR) which measures the
difference of refractive index between two liquids. The ap-
paratus is described schematically in Figure 2. A laser beam
passes through a rectangular quartz glass cell [Figure 2 (l)]
which is diagonally partitioned into two compartments. The
compartments contain two liquids of different refractive index.
In our experiments one of the compartments is filled with
water (refractive index no) and serves as a reference liquid for
the second compartment which is filled with PEO/water
solution (of a refractive index n). The cell is tightly sealed with
Teflon stoppers to prevent evaporation. As the incident laser
beam (2) passes through the cell, it is deflected by an angle,
R, proportional to the difference in the refractive index ∆n )
no - n, between the water and the PEO/water solution (Snell
law). A detection system (3) measures the deflection of the
beam, ∆x, at a distance of d ) 186 cm from the incidence point,
where ∆x is proportional to ∆n. The large distance is the origin
of the high resolution of the apparatus with δ∆n ) ( 5 × 10-5.
In the experimental concentration range, the refractive index
of the PEO/water solution is linearly proportional to the mass
fraction of PEO. The deflection of the laser beam ∆x is
calibrated using PEO/water solutions of known mass fraction.
A typical calibration curve is presented in Figure 2c. The

Figure 1. Pore size distribution of CPG89 measured with
mecury porosimetry. The first peak corresponds to the average
pore size (d ) 89 ( 5 nm), and the second peak results reflects
the average particle size (30-60 µm) of the densely packed
porous glass powder.

Table 1. Characteristics of PEO Samples

polymer Mw (g mol-1) Mw/Mn N Rg
a (nm) c*,b (g/cm3)

PEO9K 9 202 1.07 209 4.02 0.0561
PEO78K 77 592 1.06 1763 13.8 0.0116
PEO1.3M 1 300 000 1.14 29545 71.0 0.0014

a Calculated following the relation Rg
exp/nm ) 0.0202Mw

0.58.23

b Calculated using the experimental value of Rg:23 C* ) 3Mw/
(4πNARg

3).

Table 2. Characteristics of the Controlled Pore Glass

glass dpore (nm) a° (m2/g)
specific pore

vol, mL/g
particle size

(µm)

CPG8 7.7 182 0.47 38-75
CPG89 89 34.2 0.90 30-60 Figure 2. Differential refractometer.22 (a) A schematic rep-

resentation of the optical system (1), the diagonally partitioned
quartz glass cell (5 cm × 2 cm × 2 cm) (2), and the laser (He:
Ne 10 mW) (3). The detection system includes an optical ruler
and a bisected photodiode, d ) 186 cm. (b) Side view showing
glass beads (the porous glass) on the bottom of one compart-
ment. The laser beam passes above the beads and through the
liquid. (c) A typical calibration curve, presenting the measured
∆x value as a function of the solution mass fraction, in PEO/
water mixture.

8316 Grüll et al. Macromolecules, Vol. 34, No. 23, 2001



resulting precision of the apparatus in determining the mass
fraction of PEO, δy, is δy ) (1 × 10-5. In these experiments,
a high thermal stability is required, as the refractive index is
temperature-dependent. In the present setup, temperatures
fluctuations, δT, are of the order δT ) (1 mK. All the
adsorption measurements described in this study were carried
at a constant temperature of T ) 25 ( °C and pH of 6.2.

Adsorption Measurements. In a typical experiment, a
known mass mo of a PEO/water mixture is filled into one
compartment of the cell (Figure 2) and the initial concentration
yo is measured. Next, a known mass of porous glass, mglass, is
added to the mixture and vigorously stirred. During the
measurement, stirring is repeated every 10 min. After stirring,

the porous glass is allowed to settle down, and the laser beam
passes through the liquid above it (Figure 2b). The adsorption
of PEO within the CPG causes a depletion of PEO from the
bulk solution (above the glass) and therefore changes the mass
fraction y of the solution. The adsorbed amount of PEO is
calculated using eq 1.

mo is the mass of PEO/water mixture, mglass the mass of CPG,
and ao the specific surface area of the CPG. Typical values
are mo ∼ 1.69 g, mglass ∼ 0.048 g, ao∼ 34 m2/g, yo ) 0.0148,
and yeq ) 0.0144.

Results
In this study we investigated the adsorption of PEO

from aqueous solutions within porous glass of two
different pore diameters [d ) 8 nm (CPG8) and 89 nm
(CPG89)] as a function of concentration polymer mo-
lecular weight and time.

In Figure 3 we present the time dependence of the
adsorption of PEO9K within CPG89 (a) and CPG8 (b,c).
We observe that while in the big pores (Figure 3a, r* ∼
23) the adsorption takes place almost instantaneously,
adsorption in the small pores (Figure 3b, r* ∼ 2) is
considerably slower. Up to 20 h is required to reach the
final value of Γ (Figure 3b,c). A weak dependence of the
kinetics on the initial concentration is observed.

Figure 4 presents the adsorption kinetics of PEO1.3M
in CPG89 (r* ) 1.3) at different initial concentrations

Figure 3. Total surface coverage Γ (mg/m2) of PEO9K within
CPG89 as a function of time. (a) Two different initial concen-
trations: (0) y ) 0.022 and (O) y ) 0.001. (b) Adsorption within
CPG8 at three different initial concentrations: (0) y ) 0.0250,
(]) y ) 0.0070, and (O) y ) 0.0007. (c) A double-logarithmic
plot of (b).

Figure 4. Total surface coverage Γ (mg/m2) of PEO1.3M
within CPG89 as a function of time at three different initial
concentrations: (0) y ) 0.0165, (]) y ) 0.0043, and (O) y )
0.0011. (a) A linear plot; (b) a double-logarithmic plot.

ΓPEO ) m°
mglass - a°

(y° - y) (1)
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in a linear (a) and a double-logarithmic plot (b). At this
pore size the adsorption is fast, and the rate is inde-
pendent of the initial concentration. The final value of
Γ is reached within 5 h. A very different behavior is
observed in Figure 5, where the time dependence of the
adsorption of 1.3M PEO within CPG8 is presented (r*
) 0.1). We observe a strong dependence of the adsorp-
tion rate on the initial concentration. For the lowest
concentration, y ) 0.001, multiple plateaus (Γ vs time)
at intermediate times are observed. The final value of
Γ is attained after about 5 days (Figure 5a). In Figure
5b the adsorption kinetics is presented in a double-
logarithmic plot. The linear part indicates that the
different adsorption steps are diffusion-limited and are
characterized by different diffusion constants. With
increasing initial concentration the adsorption kinetics
becomes faster and is almost instantaneous for the
highest concentration y ) 0.016, though this solution
is very viscous. In Figure 6 we present adsorption
isotherms (Γ vs y) for three different molecular weights
in CPG89 (Figure 6a) and CPG8 (Figure 6b). For both
adsorbents the low molecular weight PEO9K exhibits
a low affinity adsorption isotherm and reaches a plateau
value at fairly low concentrations (y > 0.015). This
plateau value is slightly higher for the bigger pore size
CPG89 as compared to the smaller pore size, CPG8. A

different behavior is observed for PEO78K and
PEO1.3M: The adsorption isotherms pass through a
maximum value in a concentration range of 0.002 < y
< 0.008 and decline with further increase in the bulk
concentration. At the high concentration regime, we
observe that the plateau value of the isotherm Γ∞ is
smaller for both PEO78K and PEO1.3M than that of
PEO9K. This observation is valid for both CPG8 and
CPG89. An unexpected observation is that the adsorp-
tion, Γ∞, of PEO78K and PEO1.3M is higher within
CPG8 than within the bigger pores of CPG89.

Discussion
In this study we used differential refractometry to

investigate the kinetic and steady-state behavior of
aqueous solutions of PEO in the presence of controlled
porous glass (CPG).

We found that while PEO9K and PEO78K adsorbed
instantaneously at all measured concentrations, on both
CPG8 and CPG89, the adsorption rate of PEO1.3M
exhibited a dependence on the pore diameter and the
initial concentration of the solution. Adsorption of PEO
1.3M on CPG89 was fast, comparable to that of the
lower molecular weight polymers, especially when the
higher viscosity of the solution is taken into account. A
very different behavior was observed in the case of
CPG8. Here we found a strong dependence on the initial
concentration of the solution. In particular, at the low
concentration regime we observed a multiple plateau
behavior, a single slope at intermediate concentrations,

Figure 5. Total surface coverage Γ (mg/m2) of PEO1.3M
within CPG8 as a function of time at three different initial
concentrations: (0) y ) 0.0157, (]) y ) 0.0039, and (O) y )
0.0010. (a) A linear plot; (b) a double-logarithmic plot.

Figure 6. Adsorbed amount of PEO with various molecular
weights as a function of steady-state concentration on (a)
CPG89 and (b) CPG8.
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and an instantaneous adsorption at high concentrations.
The dependence on the initial concentration results from
the dependence of the relevant diffusion coefficient on
the correlation length: in the dilute regime the diffusion
coefficient is given by23

where kb is the Boltzmann constant, T is the absolute
temperature, η is the solvent viscosity, and RH is the
hydrodynamic radius of the polymer. In the semidilute
regime, the chains overlap and the correlation length ê
is smaller than the coil radius and decreases further
with increasing concentration. The relevant diffusion
coefficient becomes then Dconc:6

where φ ) Ca3. It is known that transport in a semidi-
lute solution is as much as 2 orders of magnitude faster
than in dilute solutions.10 Both the small correlation
length and the higher osmostic pressure in more con-
centrated solutions (above c*) of PEO1.3M facilitate a
more rapid penetration into the CPG8 and therefore a
faster equilibration.

The multiple-plateau behavior observed at the low
concentration regime (C < C*) reflects a typical single-
chain behavior: To penetrate into the pore, a chain has
to unfold. The plateau regions in the graph reflect the
time span, where many single chains unfold and slowly
penetrate into the pores while effectively blocking the
access to the pores for other polymer molecules. This
behavior is modified at concentrations above C*, where
interchain entanglements lead to the formation of a
transient network with a mesh size ê, the relevant
length scale in this regime. The higher osmotic pressure
at C > C* results in a much higher penetration,
resulting in the observed kinetics.

We observe that the adsorption isotherms of the high
molecular weight polymers exhibit a high affinity
behavior, similar to the behavior in nonconfining envi-
ronment. The low molecular weight PEO9K deviates
from this behavior, in agreement with previous observa-
tions.14 An unexpected feature of the adsorption iso-
therms of the higher molecular weight polymers
(PEO78K, PEO1.3M) is a local maximum.

To discriminate between a kinetic and a thermody-
namic origin of the observed maximum, we performed
the following adsorption experiment: CPG89 was in-
cubated in PEO78K at an initial concentration corre-
sponding to y ) 0.026 (a high concentration regime,
denoted by H). Following the usual experimental pro-
tocol, the system was allowed to reach a steady state
and the value ΓH was noted. Then, the solution was
diluted to a concentration y ) 0.008 (a low concentration
regime, denoted by L). This concentration corresponds
to the concentration where the maximum of Γ was
observed (Figure 6a). The system was allowed to reach
a steady state, and the new value of ΓL was measured.
We found that ΓL > ΓH. This suggests that the maxi-
mum is not of a kinetic origin but rather represents a
steady-state behavior. A similar observation of a maxi-
mum in the adsorption isotherm was reported by
Eletkova et al.23 for poly(ethylene glycol) in water, yet
the origin of the phenomenon was not discussed. We
suggest that the observed maximum may originate from
a conformational transition triggered by the concentra-

tion of the solution. As the observable in DR experi-
ments is the total adsorbed amount, we are not able to
test this assumption at this stage of the study.

In general, the question of whether the value of Γ
measured in our experiments corresponds to thermal
equilibrium or to a steady state is relevant to the
interpretation of the data. It is known that relaxation
processes of adsorbed chains are slow, and are even
more so in porous media, at high solution concentra-
tions. It is therefore reasonable to assume that the
initially adsorbed layer is in a state of incomplete
equilibrium that reflects the history of the system.
Relaxation to a steady state (or preferably thermal
equilibrium) might continue for a few weeks. From the
experimental point of view, this requires long-term
monitoring of Γ in a well-controlled environment. In
particular, a high long-term thermal stability is re-
quired. Indeed, in this study the temperature fluctua-
tions, δT, were of the order δT ) (1 mK over weeks,
and that allowed us to monitor the value of Γ over
weeks. We believe that the reported values represent a
long-lived steady state, if not complete thermal equi-
librium.

The most noteworthy observations of this study are
summarized in Figure 7: We present the plateau values
of the surface coverage Γ∞ for CPG89 and CPG8 along
with a experimental data of Γ∞ taken from ref 25. The
first observation relates to the measured value of Γ∞ for
the different molecular weights: Unlike the case of flat
surfaces, we find that Γ∞

PEO9K, the adsorption of the
lowest molecular weight polymer PEO9K, is higher than
that of the higher molecular weight polymers. In addi-
tion, the value of Γ∞

PEO9K in CPG89 is higher than that
in CPG8. We suggest that both observations are a
manifestation of the degree of confinement experienced
by the polymer: PEO9K is less confined by both CPG’s
than the higher MW polymers and is effectively non-
confined in the 89 nm pores of CPG89. For the two
polymers of the higher molecular weights, we find that
the relevant length scale that determines the adsorbed
amount is the pore diameter. This is conceptually
different from observations of polymer adsorption in a
nonconfining media, where a molecular weight depen-
dence is expected. We note that it is the pore diameter,
d, rather than the ratio r* that determines the value of
Γ. This observation may be explained by realizing that
in a confined media the adsorbed amount is mainly
determined by the number of monomers in contact with

D )
kbT

6πηRH
(2)

Dconc ) (1 - φ)Dc ) (1 - φ) kT
6πηê

(3) Figure 7. Steady-state value of the adsorbed amount of PEO
at a concentration y ) 0.015, Γ∞, in CPG89 (O) and CPG8 (0)
and experimental data for a flat surface.25

Macromolecules, Vol. 34, No. 23, 2001 Adsorption of PEO in Porous Glass 8319



the wall that adsorb in a “train” configuration. In our
system, this value is approximately 0.4 mg/m2.14,25 The
second observation, which at first sight seems counter-
intuitive, is that for the two longer polymers a higher
value of Γ∞ is measured for the smaller pore diameter
(CPG8). One may expect a higher adsorption in the
larger pores, i.e., CPG89. However, we suggest that the
observed higher value of Γ∞ for CPG8 may be explained
by the following picture: When a polymer chain is
confined in a tube of a diameter d, it suffers from
entropy loss due to confinement. The entropy of the
confined chain scales with the pore size26 as S ∼ -N(a/
d) 5/3. In the case of an adsorbing wall, an enthalpy term
has to be added to the consideration. The enthalpic gain,
∆H, is the segmental sticking energy, ε, multiplied by
the number of contacts with the wall. To a first ap-
proximation, we may estimate ∆H by considering only
the monomers that are forced into contact with the wall,
due to squeezing of the chain into the pore. Under this
assumption, the number of wall-segment contacts
depends on the number of blobs26 b ) N(a/d)5/3 multi-
plied by the contour length of a blobs (πd). The total
enthalpy gain due to adsorption for a confined chain
should scale with the tube diameter as ∆H ) - επdN(a/
d)5/3. We can see that in this picture the enthalpic gain
due to adsorption depends on d and increases with
decreasing pore diameter. The idea that substrate
geometry may affect the value of the adsorbed amount
was recently discussed for a different geometry.27 In
Figure 8 we present a schematic description of the
dependence of the enthalpic gain and entropic loss on
pore diameter. Superposition of these two relations
defines a regime in which decreasing pore diameter
results in a net gain of the Gibbs free energy due to
adsorption leading to a local minimum. Thus, we expect
that for a given chain length, in a certain range of pore
diameters, a higher adsorbed amount will be obtained
for smaller pores. The exact location of the crossover
between the regime in which the enthalpic gain domi-
nates the adsorption, to the regime in which the entropic
loss takes over, depends on the values of the prefactors
and especially on the value of ε. For high values of ε
the transition would occur at lower d values. Note that,
as expected for an infinite value of d (flat surface), a
positive value of ε will always lead to adsorption. We
may now add an additional entropic loss due to adsorp-
tion-induced distortion, which may be as high as the
difference between the enthalpic gain and the first-

approximation loss of entropy.
To summarize, we investigated the adsorption of PEO

from aqueous solutions within porous glass (CPG) as a
function of time, pore diameter, molecular weight, and
concentration. We found that the adsorption rate is
diffusion-controlled and depends on the ratio of pore
diameter to the correlation length of the polymeric
solution. For the long chain polymers, similar values of
adsorption were measured for a given pore diameter.
In addition, we identified a regime in which enthalpic
interactions dominate over the loss of entropy due to
confinement, leading to a higher adsorbed amount in
narrower pores.
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Figure 8. Dependence of the entropy, enthalpy, and Gibbs
free energy of polymeric chains on pore diameter in a case of
adsorbing walls. The model assumes that the chains are not
distorted by the attraction of the walls.
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