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ABSTRACT: Poly(ethylene glycol) (PEG) surface grafts are used as surface coatings that impart resistance
to nonspecific protein adsorption. In this work, brushes of poly(ethylene glycol), grafted to a cationic
polylysine backbone and adsorbed onto mica, were investigated with the surface forces apparatus,
providing direct measurements of forces and refractive index via thin-film interferometry. Surface force
isotherms were measured for different molecular architectures. The temperature dependence of the film
thickness was also studied. The observed interaction force is predominantly repulsive and nearly elastic
and can be described by polymer—brush scaling theory. Comparisons between polymer—polymer and
polymer—hard-wall compression isotherms show a significant interpenetration of the two polymer films.

Introduction

Poly(ethylene glycol) (PEG) is a water-soluble polymer
with the repeat unit (—CHs—CHy—0O—). Its water solu-
bility is known to be linked to its structural properties,
and it is unique in the family of comparable polyethers
since both poly(methylene glycol) (—C—0O—) and higher
glycols are insoluble in water.!

PEG chains grafted to the surface at a sufficiently
high density form a brushlike layer because the lateral
interactions between the hydrated chains cause them
to extend. These brushes are of great technological
importance: The steric repulsion can be exploited for
the stabilization of colloid particles in suspensions,? and
the brushlike films also form an effective barrier to the
adsorption of macromolecules. The ability of PEG films
to reduce the adsorption of proteins onto surfaces has
opened a broad field of applications in biotechnology.?
Surface-grafted PEG films are also of interest for
tribological applications since they contain a layer of
bound water, which drastically influences the lubrica-
tion properties.*=6

In a good solvent different film structures can occur
for a surface-grafted polymer film, depending on the
surface coverage.” At low coverages, the molecules
behave like isolated chains. If the interaction between
the polymer chains and the surface is negligible, as in
the case of short PEG chains on mica in an aqueous
environment, the polymer chains adopt a mushroom
conformation. The extension of the polymer into solution
is comparable in diameter to that of an isolated molecule
in solution, described as Ry, the unperturbed radius of
gyration. At higher surface coverages the polymer
chains start to interact with each other. In the semidi-
lute regime, the unperturbed chains overlap, and the
excluded-volume effect forces them to extend into a
brushlike configuration.® In the limit of high surface
coverage, the polymer chains are completely stretched
out. To balance the strong repulsive forces between the
chains, the grafting of the chain onto the surface must
be very stable. Therefore, such high surface coverages
are challenging to achieve experimentally.”?

The grafting strategy we have employed is based on
chemically grafting the PEG chains onto a polyelectro-
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Iyte chain via an amide linkage. In the present study
poly-L-lysine was used as a backbone. In Figure 1, the
building blocks of the copolymer are shown. In aqueous
solution the copolymer adsorbs via electrostatic interac-
tion onto oppositely charged surfaces such as metal
oxides or mica. This grafting strategy was originally
developed for improving the biocompatibility of micro-
capsules.!? The density of the adsorbed film is a result
of the balance between the electrostatic attraction of the
backbone and the steric repulsion of the PEG chains. It
depends on the architecture of the copolymer as well
as on the surface charge density of the substrate and
the properties of the solvent.11713

Here we report details of the interaction of two
opposing PLL-g-PEG layers that are brought into
contact with each other, a geometry which is relevant
for tribological applications or the contact of polymer-
stabilized colloidal particles. The effect of PEG chain
length and temperature was studied. A comparison
between the compression of a single brush by a hard
wall with the compresion of two brushes is made to
study the effect of interpenetration. The two architec-
tures studied here consist of relatively short poly-L-
lysine backbones grafted with PEG with 2 or 5 kDa.
From aqueous solution they both adsorb with a suf-
ficiently high density on the surface. In a “good solvent”
such as water, these films are in a brushlike configu-
ration in the semidilute regime.

Experimental Section

Polymer Film. The molecules used in this study were
synthesized and characterized according to the standardized
procedures previously described in great detail.!>1415 For this
work two different molecular architectures were used: PLL-
(20)-g[2.9]-PEG(2), which is the optimum architecture for
protein-resistant coatings on oxide surfaces,'? and PLL(20)-
g[3.5]-PEG(5), which has shown a remarkably good perfor-
mance as a lubricious coating on aqueous environment.®

The notation adopted here, PLL(a)-g[b]-PEG(c), refers to the
stoichiometry of the PLL-g-PEG molecule, indicating the
average molecular weight a (given in kDa) of the poly(L-lysine)
backbone as a hydrobromide salt used for the synthesis, the
grafting ratio b, which is the average number of lysine units
per side chain, and the average molecular weight of the PEG
chains ¢ (in kDa). The molecules used for this study contain a
94 Lys-mer. The side chains consist of PEG 44-mers (PEG(2))
and 114-mers (PEG(5)), both terminated with a methoxy
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Figure 1. Repeat units of the PLL-g-PEG molecule. Each
copolymer contains in average 94 lysine repeat units and about
27 (grafting ratio 3.5) or 32 (grafting ratio 2.9) grafted PEG
chains. The PEG(2) side chains contain on average 45 CHz—
CH2—O units, and the PEG(5) side chains consist of 114 units.
Inset: on negatively charged surfaces, the polylysine backbone
adsorbs on the substrate, and the PEG side chains form a
brushlike structure.
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Figure 2. Schematic drawing of the SFA experimental setup.
One surface is mounted on a spring, the base of which can be
moved by a motor. The two mica surfaces are coated with a
40 nm thick layer of silver on the far side. The separation of
the two mica surfaces can be readily measured in this thin-
film interferometer.

group. Both batches of PEG used for the synthesis have a
polydispersity of M,/M, below 1.1. The polydispersity of the
poly(L-lysine) backbone is higher (M./M, = 1.3). Because of
the synthesis process, small variations of the grafting ratio
are to be expected, although this is hard to verify experimen-
tally since the polydispersity of the entire copolymer is
dominated by variations in the backbone length.®

At pH 5.5, lysine units without grafted PEG chains all carry
positive charges. The density of the adsorbed film is deter-
mined by the balance between the strong electrostatic interac-
tion of the backbone with the negatively charged mica sub-
strate and the steric repulsion of the PEG chains when they
are forced to stretch to avoid overlapping. Since the adsorption
process is random, a distribution of the grafting distances is
expected.

Surface Forces Apparatus. The extended surface forces
apparatus (eSFA) used for the experiments reported here is
an enhanced and automated version of the SFA 3 (Surforce,
Santa Barbara, CA).6 In the SFA technique (Figure 2), the
distance between two surfaces is measured with multiple-beam
interferometry.l” The interferometric distance determination
was carried out with a fully automated spectrum aquisition
and evaluation system, using a linear high-resolution CCD
camera and applying a numerical fast spectral correlation
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(FSC) algorithm based on the optical multilayer matrix
theory.!® Our setup allows for a measuring rate of 1-2 data
points per second with a precision of op = +£25 pm for the
distance and o0, = +0.05 for the refractive index determination.

Compression isotherms with typical approach and retract
rates of 1 nm/s were measured in aqueous solution at con-
trolled temperatures. In contact, the normalized surface force
F/R(D) was determined from

FD) &k, _
R - R(D M) = 2aE(D) (1)

where the compliance of the force-measuring spring £ = 1002
+ 23 N/m and the effective radius R = (R.R,)??, representing
the local surface curvature, were used for normalizing the
force. M is the calibrated motor position. On the basis of the
Derjaguin approximation'®?° F/R ~ 27xE(D), the free energy
per unit area E(D) can be estimated.

The calculation of the free energy is subject to errors (e.g.,
motor nonlinearity, drift, geometry). A detailed error estima-
tion has been published elsewhere.?! Here, the accuracy of
F(D)/R is mainly limited by small motor nonlinearities to
typically £0.1 mN/m.

The eSFA is located inside a thermally insulated enclosure
at a controlled temperature with a stability of +20 mK/h in
the box and +2mK/h in the SFA body.??> The temperature
difference between the interferometer and the rest of the
sealed SFA interior is about 400 mK due to heating of the
water in the fluid cell by the light source.

Sample Preparation. For the preparation of the mica
surfaces (optical quality ruby mica, Spruce Pine) a cutting
procedure with scissors was used in order to avoid the
formation of nanoparticles reported to occur for the standard
preparation procedure.??~2> The mica sheets were covered on
one side with a 40 nm silver film. They were glued onto
cylindrical glass lenses with a spin-coated film of pure epoxy
resin (EPON 1004, Shell Chemicals) heated to 140 °C and
inserted into the SFA within 5 min after gluing. The SFA was
purged with dry nitrogen for at least 1 h. The optical thickness
of the mica surfaces was determined in a dry nitrogen
atmosphere in an unloaded adhesive contact at 25.00 °C. This
thickness was used as a reference for the following measure-
ments. The correction for the thermal expansion of the
interferometer was 1.2 x 107% ym~' °C~..

After separating the surfaces, the SFA was filled with
ultrapure water (puris. p.a., 0.2 um membrane filtered, Fluka,
Milwaukee, WI, used as received). A stainless steel container
was used for a slow transfer of the aqueous solutions into the
sealed eSFA through a closed circuit using a small N,
overpressure.

For the ex situ adsorption process, aqueous solutions with
an excess copolymer concentration of 1 mg/mL (PLL(20)-g[2.9]-
PEG(2)) and 0.5 mg/mL (PLL(20)-g[3.5]-PEG(5)) were used
with an immersion time of 30 min at room temperature (23
°C). Following the adsorption, the samples were thoroughly
rinsed with water and mounted into the SFA. Continuously
rinsing with ultrapure water during handling was used to
prevent unwanted dehydration of the samples.

Measurements of surface—force isotherms were first carried
out with one side covered with the polymer film (brush—wall
experiment). After that, the adsorption procedure was repeated
on the other surface with a fresh polymer solution from the
same stock solution to establish an interferometer with both
sides covered by a similar polymer layer (brush—brush experi-
ment).

Results and Discussion

Compression Isotherms. The surface-force iso-
therms measured on the single-sided and double-sided
polymer films are shown in Figure 3. The polymer forms
a compressible film of about 9 nm thickness and 17 nm
thickness for PEG(2) and PEG(5), respectively. The
compression of the adsorbed layers leads to a repulsive
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Figure 3. Compression isotherms measured on (a) PLL(20)-
g[2.9]-PEG(2) and (b) PLL(20)-g[3.5]-PEG(5) for the brush—
wall and brush—brush configuration. In the case of the brush—
brush experiment the repulsive force is visible at a greater
surface separation than in the brush—wall experiment.

force, which is almost completely elastic. In the case of
the brush—wall experiments, there is a weak hysteresis
visible in the low-load regime. This small attractive force
between the polymer layer and the probing mica surface
can be interpreted as the presence of unbound poly-L-
lysine segments attracted by the surface charges of the
opposing mica surface. At low ionic strengths, no at-
tractive force between the PEG chains and the mica
surface is to be expected.26

Film Thickness. A measure for the film thickness
was obtained by fitting the compression isotherms with
Alexander—de Gennes scaling theory®27 according to2®

F(D) _ (D — mDO)—5/4 (D — mDO)7/4 ]
R - 01[7 L +5 L 12
forD <L (2)

with the surface separation D, an offset Do = 1 nm that
accounts for the underlying PLL anchor, the brush
length L, m = 1 for the brush—wall experiment, and m
= 2 for the brush—brush experiment. C; depends on the
grafting density of the PEG chains on the surface. In
Figure 4, the same set of data as in Figure 3a after
subtraction of the offset (2 nm for the brush—brush and
1 nm for the brush—wall configuration for PLL(20)-
g[2.9]-PEG(2)) is shown together with fits from the
modified scaling model according to eq 2.

The scaling approach of Alexander and de Gennes®27
is based on a steplike density profile of the polymer. This
assumption is strictly only valid for very dense brushes,
where the chains are nearly completely extended, and
the osmotic pressure of the polymer follows a des
Cloizeaux behavior.? Milner, Witten, and Cates have
applied a self-consistent-field theory method for calcu-
lating the free energy of the compressed brush,29:30

Macromolecules, Vol. 38, No. 12, 2005

5 6

10 D (nm)
Figure 4. Compression isotherms measured on PLL(20)-
g[2.9]-PEG(2) at 25 °C for the brush—wall and the brush—
brush experiment. The data sets were shifted by 1 nm (brush—
wall) and 2 nm (brush—brush). This offset D accounts for the
underlying PLL anchor. The experimental data were fitted
with the modified scaling model according to eq 2 (dashed

lines, L = 7.6 nm for brush—wall and L = 6.2 nm for brush—
brush).

leading to a parabolic density profile, which is a more
realistic description. This theory was developed for
infinitely long chains, and though reproducing well the
behavior of chains of a polystyrene brush in toluene,
containing about a thousand chain segments,3! it is less
appropriate for the analysis of the short chains exam-
ined here. However, in the framework of the theory it
is possible to describe the effect of polydisperity on the
free energy of the brush.332 In the range of small
compressions, the slope of the free energy curve is
qualitatively altered, growing more slowly with com-
pression.32

The temperature dependence of the film thickness for
the brush—brush experiment is shown in Figure 5. The
film thickness shows a reversible negative temperature
dependence. Over the temperature range explored here,
the brush lengths scale linearly with a slope of —0.3 A/K
(PEG(2)) and —0.8 A/K (PEG(5)). This behavior, al-
though not included in the scaling theory, can be
explained by the structural solubility of the PEG
molecules in water, which causes a decrease in solvent
quality with an increase in temperature. Collapse of
polymer brushes with decreasing solvent quality is
predicted by various theoretical approaches.3334

The negative temperature dependence seen in Figure
5 is related to the large compensation between entropy
and enthalpy in hydrated PEG.3> Various reasons have
been put forward for the unusual thermodynamic
properties of the PEG—water system. Poly(ethylene
glycol) is an amphiphilic molecule that is soluble in
water as well as in a variety of organic solvents. This
amphiphilic behavior is due to the fact that a confor-
mational change around the C—C bonds of the chains
can vary the polarity of the molecule. In a polar solvent,
the gauche conformation is more favored because it has
a larger dipole moment than the trans conformation.36:37
In the gauche conformation, the distance between
neighboring oxygen atoms in the chain is close to the
oxygen—oxygen distance in liquid water,! thus enabling
the PEG chains to participate in the hydrogen-bonding
network of the water by connecting via the two lone
pairs of the oxygens of PEG.38740 Bridging between
oxygen atoms separated by two EG units via a hydrogen-
bonded water molecule is possible as well.#! The in-
crease in the population of the trans conformations at
higher temperatures causes a reduced polarity of the
PEG chains.?® In addition, the temperature increase
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Figure 5. Thickness of the (a) PLL(20)-g[2.9]-PEG(2) and (b)
PLL(20)-g[3.5]-PEG(5) films in brush—brush experiments as
a function of temperature. Squares: fit with eq 2, offset-
corrected; circles: thickness determined by comparing the
surface separation at an arbitrary, but small reference load
of 0.8 mN/m (a) and 0.6 mN/m (b). Solid line: linear fit of the
brush length data set determined with eq 2.

lowers the polymer—water interaction strength and
leads to the loss of water molecules that are not tightly
bonded to the polymer.42

Adsorbed Mass. From the refractive index data,
which were collected simultaneously with the compres-
sion isotherms, it is possible to extract the amount of
polymer adsorbed on the mica surface. The refractive
index, n(D) at a distance L between the surfaces, is
modeled with*3

n(D) = nH20 + mC(nPEG - nHzo)/D for D > C (3)

Here, n = 1.337 is the refractive index of the aqueous
solution, and n = 1.51 is the refractive index of the dry
PEG polymer. The prefactor is m = 1 for the brush—
wall experiment, and m = 2 for the brush—brush
experiment. The equivalent thickness { = I/p of the
dried polymer layer is the ratio of the adsorbed PLL-
¢gPEG mass I' and the dry polymer density p ~ 1.12
g/ecm3. The experimental data and the result of the fit
for PLL(20)-g[2.9]-PEG(2) are shown in Figure 6.

We find that the adsorbed mass of PLL(20)-g[2.9]-
PEG(2) and PLL(20)-g[3.5]-PEG(5) films are 200 £+ 100
and 160 + 80 ng/cm?, respectively. In the case of PLL-
(20)-g[2.9]-PEG(2), these values are in good agreement
with the data for the adsorbed mass of 217 + 14 ng/cm?
for PLL(20)-g[3.5]-PEG(2) adsorbed on niobium oxide
surfaces determined with optical waveguide lightmode
spectroscopy, whereas the value for PLL(20)-g[3.5]-PEG-
(5) is slightly smaller than the reference value of 247 +
77 ng/cm? on niobium oxide.ll:12 In a previous study,
the similarity of the polymer films on mica with the
films adsorbed on niobium oxide was shown for PLL-
(20)-g[3.5]-PEG(2) by means of the quartz crystal mi-
crobalance technique.*4
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Figure 6. Refractive index data for PLL(20)-g[2.9]-PEG(2).
The dashed lines show fits according to eq 3, with an
equivalent dry thickness of 2.027 A, corresponding to an
adsorbed mass of 200 ng/cm?2.

On the basis of the adsorbed mass, it is possible to
calculate the grafting density of the PEG chains. For
PLL(20)-g[2.9]-PEG(2), each PEG chain covers an area
of Zprge) = 7.8 nm? on average. For PLL(20)-g[3.5]-PEG-
(5) the average areal coverage of a PEG chain is Zprgs)
= 22.7 nm2.

The Flory radius of the free PEG chains Ry = aN%6
can be calculated with @ = 0.35 nm, the Kuhn statistical
length (which is the effective monomer length),%> and
N, the number of EG units per chain. It is about 3.4
nm for the PEG(2) chains with N = 45 and about 6 nm
for the PEG(5) chains with NV = 114 EG units per chain.
For a good solvent, such as water, the Flory radius is
similar to the radius of gyration of the free polymer
chain.?3 If the grafting distance reaches the limit of the
radius of gyration, the polymer is extended into a
brushlike conformation. For both polymers investigated
here, the average distance of the grafting points is
significantly smaller than the radius of gyration. At such
grafting densities, the polymers are in a brushlike
conformation, although both systems are still in the
weak overlap regime, where the scaling approach is not
strictly valid, since the osmotic pressure in the polymer
film is too low.? On the other hand, the experimentally
measured ratio of the two polymer film thicknesses is
in good agreement with the predictions of the scaling
theory. In this framework, the film thickness L is
proportional to N%/Zpgg?, where N is the number of
monomers and Zpgg is the surface area per PEG chain.
For the semidilute brush regime the exponent a is 1 and
b is 1/3. This leads to a ratio of the brush lengths Lprgey/
Lprg) = 0.56, which is close to the experimental value
of 0.53.

Interpenetration of the Brushes. For the analysis
of the brush—brush interpenetration, in Figure 7 the
data of the brush—wall experiment are plotted against
the distance D of the substrate surfaces, whereas the
data of the brush—brush experiment are plotted against
D/2. For both copolymer architectures, the curves of the
brush—brush experiments are located at smaller dis-
tances than the curves of the brush—wall experiments.
This means that the two brushes can overlap for about
2 nm (PEG(2)) and 4 nm (PEG(5)) without raising the
repulsive force above the detection limit. In an earlier
study, we observed a similar overlap behavior for a
slightly different polymer architecture and at a different
salt concentration.?8

The overlap is shown in detail in Figure 8. Here, the
overlap AD, normalized by L, is plotted vs the separa-
tion D normalized by 2L. L is the brush length of the
brush—brush experiment at 25 °C. For both polymers,
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Figure 7. Comparison of the brush—brush and the brush—
wall compression for (a) PLL(20)-g[2.9]-PEG(2) and (b) PLL-
(20)-g[3.5]-PEG(5) at 25 °C. The brush—wall data are plotted
against the gap distance D, and the brush—brush data are
plotted against D/2.
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number of data points). For normalizing, the brush length L
from the brush—brush experiment was used.

the overlap is about 28% of the brush length at the onset
of the repulsive force and decreases with increasing
compression. It is interesting to note that for PLL(20)-
g[2.9]-PEG(2) the maximum is at a separation of about
95% of the brush length, whereas for PLL(20)-g[3.5]-
PEG(5) the maximum occurs at a separation of 105%.

The overlap described above can be interpreted as an
interpenetration of the two polymer brush layers upon
compression. This interpenetration is schematically
shown in Figure 9. The repulsive force measured when
the two polymer brushes are compressed is a result of
the reduction of the conformational space of the polymer
chains and therefore a reduction of entropy. When the
film is confined by a hard wall, any conformation
extended beyond D is excluded. In the case of the
brush—brush experiment, at a distance 2D, the two
films start to interpenetrate each other. The number of
excluded conformations is, however, much smaller than
for a hard wall. There is a significant overlap AD while
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Figure 9. Schematic drawing of the polymer film compressed
by a hard wall and a second brush. In the brush—brush
experiment, the chains can overlap, whereas in the brush—
wall experiment, upon compression any conformation extended
beyond the separation is no longer possible.
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the repulsive force still remains below the detection
limit.

The unperturbed PLL-g-PEG films are relatively
dilute, containing about 80% water. The adsorption
process of the extended poly-L-lysine backbone is ran-
dom, leading to a nonuniform distribution of the grafting
points, and there is a significant contribution of the
polydispersity leading to a smooth decrease in the
density profile of the polymer film. The large difference
between the brush—brush and the brush—wall experi-
ment indicates that the density profile of the polymers
has a smooth tail.

In the literature there are only very few reports on
experimental comparisons between brush—brush and
brush—wall systems. Taunton and co-workers have
measured force—distance profiles on polystyrene—PEG
block coplymers in toluene and xylene.“6 In these
solvents the PEG group adsorbs on the mica surface,
whereas the polystyrene chains form a relatively dense
brush layer. The brush—wall experiments showed a
monotonic repulsive interaction without hysteresis.
Although the authors did not expressly quantify their
results, a comparison between the brush—wall and the
brush—brush experiments shows an overlap of about
one-third of the brush length.

Pelletier and co-workers measured the brush—brush
and brush—wall force profiles of polystyrene/poly(2-
vinylpyridine) in toluene.*’ Here, as well, the polysty-
rene forms a dense brush, while the poly(2-vinylpyri-
dine) acts as an anchor by adsorbing on the mica
surface. However, in contrast to Taunton’s work, the
brushes showed no overlap but followed the same force
curve as the brush—wall setup scaled by a factor of 2.

Interpenetration of polymer brushes has been the
subject of studies using a variety of theoretical ap-
proaches. It was not included in the scaling theory of
Alexander and de Gennes®?7 or in the self-consistent-
field (SCF) approach of Milner, Witten, and Cates,29:30
which describes the limit of infinite chain length. Martin
and Wang used numeric SCF calculations to study the
effect of finite chain length.*® They found that there is
a strong effect at the onset of the brush interactions,
which is much more pronounced for smaller chains and
is very sensitive to interpenetration. Chakrabarti and
co-workers,*? who performed Monte Carlo simulations
in a lattice model, showed both interpenetration and
compression effects to be present. Whitmore and Nool-
andi used mean-field SCF theory for the description of
the compressed brush.3® They calculated that the in-
terdigitation of the two opposing polymer brushes is
apparent for all surface separations for which the forces
are measurable, and each profile of the polymer can
reach fully across to the opposite surface. Neelov and
co-workers, who used stochastic dynamics simulations
to investigate the brush behavior under compression
and shear, found that at moderate compressions, where
the distance D of the grafting planes is about the length



Macromolecules, Vol. 38, No. 12, 2005

of the unperturbed polymer film, the interpenetration
is restricted to the outermost region.?°

Conclusions

In aqueous solutions the copolymer PLL-g-PEG ad-
sorbes readily onto negatively charged surfaces such as
mica. The molecules are anchored via electrostatic
interaction of the polylysine backbone with the surface,
and the PEG chains form a brushlike film, which is
semidilute. The grafting process restricts the density
of the PEG brush since the electrostatic attraction of
the backbone is balanced by the repulsion of the
hydrated PEG chains. Therefore, the grafting density
of the film is dependent on the polymer architecture.

Compression isotherms measured in a brush—wall
and brush—brush configuration were carried out with
the surface forces apparatus. The films show a strong
repulsion upon compression. In the brush—wall experi-
ments a small adhesive force was detected.

The thickness of the polymer brush shows a reversible
negative temperature dependence, which is a conse-
quence of the structural solubility of PEG in water.

A comparison of compression experiments between
the brush—wall and a brush—brush setup shows that a
significant overlap of the two brushes is necessary before
the repulsive force can be detected. This overlap is
interpreted as an interpenetration of the brushes. The
shift in the free energy is due to the fact that the
restriction of the conformational space of the polymer
is much smaller for two opposing brushes than for a
brush—wall configuration. It is expected that the inter-
penetration of the two brushes has an influence on
surface properties of the films, such as the frictional
behavior.
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