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ABSTRACT: The potential application of Surface Plasmon Resonance (SPR) spectros-
copy in evaluating the thickness and volume fraction of adsorbed macromolecular
layers is discussed in this work. The sensitivity of SPR spectroscopy to different layer
concentration and to the layer extension normal to the surface (thickness) is theoreti-
cally illustrated. A new approach for the interpretation of SPR data is presented,
which is applicable whenever the functional form of the density profile is known. The
use of the proposed procedure for the fitting of experimental results from PS-PEO
brush self-assembly on alumina surface has allowed the determination of the layer
parameters, which have been found to be in accordance with theoretical mean-field
and scaling predictions, being also in good agreement with previous results from neu-
tron reflectivity experiments. Furthermore, it has been confirmed that the depend-
ence of the brush layer thickness d on the molecular weight Mw obeys the scaling
law d ! Mw

0.63. Since surface plasmon measurements can be acquired quite fast, it is
suggested that under the present analysis scheme, the technique may be imple-
mented to probe the average conformational properties of adsorbed macromolecular
layers during their formation or under external stimuli. VVC 2007 Wiley Periodicals, Inc.

J Polym Sci Part B: Polym Phys 45: 2060–2070, 2007

Keywords: adsorption; block copolymers; brush structure; interfaces; surface
plasmons

INTRODUCTION

The adsorption of polymers at interfaces is a
field of fundamental importance in a wide range
of applications like adhesion, lubrication, and
the stabilization of colloidal dispersions.1 Fur-
thermore macromolecular adsorption in general,
is also relevant to biology in conjunction with
film coatings that may modify a surface to imi-

tate interesting biological interfaces. These
widespread applications have spurred numerous
theoretical and experimental investigations on
the subject for over 35 years.

A very interesting model system that has
received much attention is the one that concerns
terminally grafted polymers or polyelectrolytes
onto a solid surface, especially the case of brush
formation where the grafting density is so high
that leads to strong overlap between the chains
and elongation normal to the surface. These sys-
tems and especially A-B type block copolymer
brushes formed by self assembly or the ‘‘grafting
from’’ method have been extensively reviewed,2,3
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while considerable experimental,4–11 theoreti-
cal,12–17 and computer simulation18 effort has
gone into the determination of the segment den-
sity profile as a function of coverage, molecular
weight, polydispersity, solvent quality, salt con-
centration and so forth.

Recently many studies have focused on the
effects of external stimuli, like solvent shear,19

temperature variations,7 applied electrical
fields,20 and ionic strength variations,21 to the
conformational properties of polymer brushes
and other relative systems. Potentially, control
of the brush layer response to environmental
changes, may lead to surfaces with switchable
properties that is, ‘‘smart surfaces.’’22

Various experimental techniques have been
employed to determine the properties of polymer
brushes on solid surfaces, such as neutron scat-
tering5,6 and reflectivity,7–11 direct surface force
measurements,23,24 hydrodynamic methods,25

multiple angle ellipsometry,21 evanescent wave
ellipsometry,26 and quartz crystal resonance.27

Among them the most accurate and commonly
used method that may also yield the detailed
structure (volume fraction profile) of the brush
layer is neutron scattering mainly because sour-
ces of small wavelength as ‘‘fast’’ neutrons, gen-
erally provide better experimental resolution.
However as neutron sources are not readily
available in the lab and the measurement proce-
dure is relatively time consuming it is hard to
follow the dynamics of conformational changes
in real time.

In the present work we examine the potential
effectiveness of the Surface Plasmon Resonance
Spectroscopy (SPRS) as a fast complementary
technique for the study of the conformations of
self-assembled polymer brushes. Since the theo-
retical prediction28 and first experimental obser-
vation29 of surface plasmons (SP), many experi-
mental methods based on the extremely sensitive
characteristics of SP have emerged, focusing on
the study of surface effects. In particular the opti-
cal excitation of SP by evanescent waves under
the Kretschmann configuration30 has been used
for in situ adsorption studies of self-assembled
monolayers,31 polymer adsorption on metal or
chemically altered surfaces32–37 and in many bio-
logical applications such as protein interactions,
lipid bilayers, tissue engineering, cell adhesion on
biomaterial surfaces, and antigen-antibody bind-
ing.38 Furthermore many useful techniques based
on the optical excitation of SP were introduced as
surface plasmon microscopy,39 surface plasmon

waveguide spectroscopy40 and surface plasmon
field-enhanced fluorescence spectroscopy.41

With the exception of a few cases,42 most SP-
related works in the literature focus solely on
the measurement of adsorbed amounts. This is
due to the fact that with any optical based
probe, the response is depended on both thick-
ness and dielectric constant variation of the
layer under investigation. The separation of
these two convoluted contributions is a quite
challenging task especially in the case where
the layer comprises of a very small number of
molecules and is non light absorbing (transpar-
ent).43 In these cases alternative methods have
been proposed that involve multiple wavelength
measurements44,45 or combinations of different
surrounding mediums46,47 that unfortunately
limit the applicability of the technique.

It has been shown48 that for very thick
adsorbed layers (above 0.5 lm) the density
profile can be determined by ellipsometric
measurements. Recently, Toomey et al.49 have
demonstrated that under certain experimental
conditions and analysis scheme, ellipsometry,
can monitor in situ the adsorbed amount and
thickness of self-assembled polystyrene-poly
(vinyl pyridine) block copolymer brushes, ad-
sorbed on silicon oxide surfaces from toluene.
Also Sarkar and Somasundaran50 have related
changes in the response of SP with conforma-
tional changes of Poly(acrylic acid) immobilized
on gold surfaces under pH variation.

In this work we present numerical calcula-
tions on the effect of different adsorbed layer
conformations on the SP response. These calcu-
lations are checked by fitting SPR experimental
results from adsorbed PS-PEO diblock copoly-
mer layers on alumina surfaces. It is shown that
the SPR curve is sensitive to different conforma-
tions of the adsorbed layer for thicknesses above
20 nm, but the technique cannot resolve the
detailed functional form of the volume fraction
profile. The term ‘‘conformation’’ that is used
throughout this text, refers to different exten-
sions and approximate concentrations of the
adsorbed polymeric layer. Details on the experi-
mental data treatment are presented, together
with a discussion of the accuracy that can be
obtained and the potential use of this analysis
in a wide range of studies where time resolved
information for the adsorbed layer extension
and concentration is required, as for example, in
the case of self-assembly dynamics and external
stimuli response.
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THEORETICAL CONSIDERATIONS

Free electrons on a metal boundary can, under
certain conditions, perform coherent oscillations
which are called SP. These oscillations are elec-
tromagnetic waves that propagate along the
interface between a metal and its dielectric envi-
ronment. A comprehensive review of SP physics
is given in the book by Raether.51

The optical excitation of SP may be triggered
by an evanescent electromagnetic wave, gener-
ated by light incident on a medium such as a
metal-coated glass prism under total internal
reflection conditions. This configuration was first
proposed by Kretschmann et al.30 At a particular
incidence angle the wavevector of the evanescent
electromagnetic field matches the SP wavevector,
inducing oscillations of the free electron gas of
the metal. This resonance interaction is observed
as a sharp minimum in the reflectance due to the
energy transfer from photons to SP.

For practical applications of SPR, it is essen-
tial that the valence electrons of the metal film
in contact with the prism should exhibit a ‘‘gas-
like’’ behavior. This requirement leaves a few
candidates for the excitation of SP and in prac-
tice only silver, gold, and most rarely aluminum
thin films have been used.

The quantitative description of the reflected
intensity versus the angle of incidence (SPR
curve) can be described by Fresnel’s equations
or in a more compact way by the matrix formal-
ism for homogeneous stratified dielectric
media.52 The system is modeled as a stack of

optically homogeneous layers that are character-
ized by their thickness and complex dielectric
constant (Fig. 1). The first layer is the prism,
while the last layer is the bulk surrounding me-
dium, that are both treated as semi-infinite. In
the simplest case, between these two layers only
one additional thin metal layer is present.

The shape of the SPR curve is characterized
by four major parameters: the critical angle hc,
the angular position of the minimum hmin, the
minimum reflection intensity Rmin and the half-
width h1/2 (Fig. 2). The critical angle depends
solely on the refractive indices of the prism and
surrounding medium while all other parameters
are dependent on the properties of each layer.

In the case of an additional layer on top of
the metal film, the SPR curve is altered. Based
on this fact many SP-based applications have
emerged to measure the adsorption of poly-
mers32–37 or other surface interactions.31,38

Because of the extremely sensitive response of
the SPR curve, even subnanometer layers could
be resolved. The maximum probing depth is
about 200 nm due to the exponentially decaying
nature of the evanescent field.

As in the case of ellipsometry, the sensitivity
of the SPR technique refers to the ‘‘optical thick-
ness’’ of the layer under study. However the ‘‘op-
tical thickness’’ is a composite quantity includ-
ing both layer thickness and dielectric constant
contributions. The identification of these two pa-
rameters from a measured ‘‘optical thickness’’ is
very difficult for layers that are transparent
(real dielectric constant) and impossible for
layers thinner than 20 nm.44 Salamon et al.43

have shown that in the case where the layer

Figure 1. Generalized stacked layer model of the
optical system under study. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 2. Key properties of the SPR curve for a
prism/gold/toluene system (see text).
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under study is light absorbing (non zero imagi-
nary part of the dielectric constant) the estima-
tion of its thickness and dielectric constant is
much simplified.

Considering the system prism/metal/transpar-
ent layer/surrounding medium, the main effect
on the shape of the SPR curve due to the thin
transparent layer is a shift of hmin. To a first
approximation53 this shift is given by

DðsinhminÞ

¼e%1=2
0

e2%en
e2

! "
e01en
e01þen

! "
e2%e01
en%e01

! "
ð%e01enÞ

%1=2 2pd2

k

! "

ð1Þ

where e0 the real dielectric constant of the
prism, e1 ¼ e10 þ ie100 the complex dielectric con-
stant of the metal, e2 the real dielectric constant
of the coating layer, en the real dielectric con-
stant of the surrounding medium, d2 the thick-
ness of the coating and k the wavelength of the
incident light beam. Obviously a certain shift of
hmin can be produced by infinite pairs of (e2,d2),
so from this single information, it is not possible
to deduce the values of thickness and dielectric
constant of the coating layer.

Apart from hmin, two other parameters of the
SPR curve, namely Rmin and h1/2 may yield use-
ful information. However, for a transparent coat-
ing, different pairs of (e2,d2) give a negligible
effect on Rmin.

51 On the contrary the half-width
of the SPR curve h1/2 has different values for
each pair of (e2,d2). This is due to the fact that
the presence of the transparent layer changes
the electromagnetic field distribution propagat-
ing inside the metal film and surrounding me-
dium. With growing ‘‘optical thickness’’ of the
layer, the field flow in the metal substrate
grows, leading to increased damping of SP or in
other words, to bigger half-width of the SPR
curve. Thus, in principle, if this change in h1/2 is
large enough to be experimentally measurable,
one may obtain the values of e2, d2.

An analytical expression based on a second
order approximation53 that relates h1/2 to e2, d2 is
quite complex while it does not provide sufficiently
accurate results. This is because the magnitude of
h1/2 depends also on higher order effects. It is for
this reason that detailed numerical calculations
were carried out, using the matrix formalism52 for
the calculation of SPR curves.

Since we are interested in the case of non
light absorbing layers of terminally adsorbed

polymers that have typical thicknesses above 20
nm,9 we initially performed numerical calcula-
tions involving the above-mentioned quantities
for the four layer system, prism (e0 ¼ 2.97)/gold
(e1 ¼ %11 þ i1.46, d1 ¼ 50 nm)/polystyrene
brush layer (e2,d2)/solvent–toluene (esolvent
¼ 2.23). For polystyrene we have epolymer ¼ 2.50.
All given values for the optical properties of
each material are valid for the used laser beam
wavelength k ¼ 632.8 nm.

Initially the polymer layer volume fraction is
considered as a step function with uniform poly-
mer concentration. It is also assumed that the
dielectric constant varies linearly with the poly-
mer fractional volume.31 That means that the
dielectric constant of the adsorbed layer is
approximated as e2 ¼ Vsolvent ' esolvent þ Vpolymer

epolymer, where esolvent, epolymer the dielectric con-
stants and Vsolvent, Vpolymer the fractional vol-
umes occupied by the solvent and polymer,
respectively.

Let us assume that a measurement on this
system yields a shift in hmin equal to 0.508 after
the formation of a polystyrene brush on the gold
surface.54 In Figure 3(a) we present numerical
calculations, which provide all possible (e2,d2)
pairs for Dhmin ¼ 0.508. Then for each one of
these pairs we calculate Dh1.2 and plot it against
d2 [Fig. 3(b)]. As it was mentioned, each pair
corresponds to a different Dh1/2 making it possi-
ble to distinguish the correct pair (e2,d2).

The dependence of Dh1/2 on d2 appears to be
approximately linear with a small slope equal to
( %5 ' 10%4 degrees/nm. This slope and the SPR
apparatus resolution55 are the two factors limit-
ing the experimental accuracy. In the present
case if there is a 60.0058 experimental error in
the determination of h1/2, then the error in d2 is
estimated to be about 610 nm, while for
60.00058 error in h1/2 the accuracy is improved
by one order of magnitude being equal to 61 nm.
The error associated with the dielectric constant
of the polymer layer is related to the error in d2

[Fig. 3(a)]. As mentioned above when the thick-
ness of the layer under study is below 20 nm,
the error in e2 rises considerably, making the
estimation of the adsorbed layer parameters
impossible.

The key factor influencing the magnitude of
the slope in Figure 3(b) is Dhmin, which corre-
sponds to the amount of adsorbed polymer. So,
for very concentrated and long brushes we
expect improved measurement accuracy because
the magnitude of the slope in Figure 3(b)
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increases and consequently the change in Dh1/2
is easily detected. It should be mentioned that
this fact limits the applicability of the method
only for very short or dilute polystyrene layers
in toluene that are characterized by a coverage
below 1 mg/m2, depending of course on the ap-
paratus resolution. Self-assembled brushes9

have typical coverages above 1 mg/m2 while
chemically grafted brushes7 may produce cover-
ages above 10 mg/m2.

Apart from gold, we performed calculations
involving excitation of SP on silver and alumi-
num thin films. For aluminum [Fig. 4(a) and
4(b)] we found comparable results concerning
the possible attainable experimental accuracy
while for silver it was found that the depend-
ence of Dh1/2 on different (e2,d2) pairs is weaker
by a factor of two compared to gold or alumi-
num, mainly due to the low imaginary part of

the dielectric constant of silver. Therefore gold
or aluminum films are the best choice for this
kind of investigations.

Now we turn to the more general case where
the polymer volume fraction is not constant
throughout the layer length d0 and is character-
ized by a specific functional form V(z). Although
SPR technique is unable to determine the func-
tional form of the volume fraction profile, when
an underlying theory (or complementary infor-
mation from other experimental techniques)
about the form of the adsorbed layer is avail-
able, then with the proposed method it is possi-
ble to deduce the parameters of the model from
SPR measurements.

Figure 3. (a) Numerical calculation of (e2, d2) pairs
corresponding to Dhmin ¼ 0.50 for the prism/gold/PS
layer/toluene system described in the theoretical sec-
tion. (b) SPR curve half widths corresponding to dif-
ferent (e2, d2) pairs, plotted against d2. Dotted lines
determine the approximate error margins correspond-
ing to a hypothetical experimental error in h1/2 equal
to 60.0058.

Figure 4. (a) Numerical calculation of (e2, d2) pairs
corresponding to various shifts of hmin for the five
layer system prism (e0 ¼ 2.97)/aluminum (e1 ¼ %49
þ i19.7, d1 ¼ 15 nm)/alumina-Al2O3 (eoxide ¼ 2.6, doxide

¼ 3 nm)/polystyrene brush layer (e2, d2)/toluene (es
¼ 2.23). The values in parenthesis give typical
adsorbed amounts of polystyrene brushes that produce
the respective Dhmin. (b) SPR curve half widths that
correspond to different (e2, d2) pairs, plotted against d2.
It is evident that high adsorption amounts tend to pro-
duce bigger changes in h1/2 (the values in parenthesis
give the approximate slope).
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In the case of A–B type block copolymer
brushes, theory, simulation and experiment sug-
gest that above a certain grafting density the
volume fraction profile has a parabolic form.11

VðzÞ ¼ V0 1% z2

d2
0

! "
ð2Þ

where z is the distance normal to the surface, V0 is
the polymer fractional volume on the surface and
d0 is the thickness of the brush layer. For the mod-
eling of such systems we divided the total profile
in multiple layers n of constant thickness d0/n,
each one having polymer fractional volume that is
strictly defined by the layer’s parameters and the
profile’s functional form. Thus, each layer is char-
acterized by a pair of Vp and dp. These values are
inserted in the Fresnel equations and produce a
reflectivity curve, which is in turn compared to the
experimental one. Then using a Simplex least
squares method, the best fit criteria (minimum in
the sum of squared deviations) determine the final
V0p and d0p values. Obviously the above method
can be used for any function describing the volume
fraction profile such as exponential or power law.

It is also of interest to examine the case
where a reflectivity curve that is produced by an
adsorbed parabolic profile is fitted using differ-
ent functional profiles. Using the above-men-
tioned method, with step and power law profiles
(V(z) ¼ V0[1 % (z/d0)

n] with n ¼ 1. . .4) as trial
functions instead of the known parabola, we
obtained equally good fits resulting in almost
the same estimation for the total adsorbed
amounts. However they give different estima-
tions for the layer extension and volume frac-

tion. These facts are illustrated in Figure 5
where an SPR curve deduced by a parabolic pro-
file (as has been taken from a previous neutron
reflectivity study9) is fitted using a step function
and different functional forms of the layer vol-
ume fraction profile. While the estimation of the
total adsorbed amount is accurate enough for all
cases, there are significant errors in V0 and d0

which especially for d0 can be as large as 30% in
the case of the step function profile.

Since the vast majority of real adsorbed poly-
meric layers largely deviate from a step profile
form, it is evident that the commonly used step
profile functions for the fit of SPR data may
result in large errors in the estimation of the
other two parameters V0,d0. These theoretical
considerations are checked experimentally in
the following sections.

EXPERIMENTAL

An extensive description of the SPR apparatus,
sample preparation and experimental procedure
is given in a previous publication.37 Briefly, for
these experiments, we used a custom made SPR
apparatus in the Kretschmann30 configuration.
SP are excited by a p-polarized laser beam (k
¼ 632.8 nm) on thin (( 15 nm) aluminum films
prepared by vacuum evaporation on the face of
an optically flat SF10 high refractive index (n
¼ 1.7230) equilateral prism. The copolymer
adsorption from toluene solutions is studied on
the ultra-thin (( 3 nm) naturally occurring ox-
ide layer (alumina-Al2O3) formed on freshly
evaporated aluminum films upon contact with
the ambient atmosphere.

A custom made h % 2h goniometer driven by
two precision stepper motors was used to per-
form scans of the intensity of the reflected beam
as a function of the incidence angle (SPR curve).
A beam splitter is placed between the laser
source and the sample to monitor the source
light intensity. The intensity of the source and
reflected beams were measured with the aid of
two photodiodes whose output was transmitted
to a DSP module and on a PC for data process-
ing and storage. Normalized SPR curves were
obtained by dividing the reflectivity of p-polar-
ized light by that of s-polarized light. Because s-
polarized light does not excite SP, such normal-
ization corrects any errors caused by the optical
components and scanning procedure.36

Figure 5. Fitting of a parabolic layer profile (full
line) using several other functional forms.
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Solvent and polymer solutions where placed
in a custom made PTFE cell, which is sealed
with the aid of a PTFE O-ring pressed against
the aluminum coated face of the prism. The tem-
perature inside the cell was monitored by a
PTFE coated thermocouple with a precision of
60.1 8C. Four diblock copolymers of polystyrene-
b-polyethylene oxide (supplied from Polymer
Laboratories) were used in this study. Their mo-
lecular weight and other characteristics are
summarized in Table 1.

After each evaporation procedure the samples
were stored for at least 3 days in a specimen
box left in the laboratory environment to ensure
the complete formation of a stable oxide layer
over the aluminum surface. Then the prism was
attached to the PTFE cell and placed on the
rotating sample stage of the goniometer.

First, the cell was filled with 10 mL of fresh tolu-
ene (P.A. quality) and the SPR curve was recorded
every 10 min for about 1 h. These experimental
SPR curves were fitted to a four-layer model
(prism/aluminum/alumina/toluene) where the re-
fractive index of toluene is set according to the
measured temperature.37 Typical values of the
dielectric constants found were eAl ¼ %49.8 þ i19.7
and eAl2O3 ¼ 2.6 while the thickness of the alumi-
num layer was 3.1 6 0.2 nm. When no significant
change to the fitting results (more than 1%) was
observed over a period of 1 h, 5 mL of PS-PEO co-
polymer solution (0.3 mg/mL) was added into the
cell to obtain a final concentration of 0.1 mg/mL. It
is known56 that at this concentration the copoly-
mers are not in a micellar state. After the injection
of the copolymer solution into the cell, changes in
the SPR curve weremeasured every 10 min for 4 h.
Each reflectivity scan covers 148, from 628 to 768.

Data Analysis

To determine the characteristics of the brush
layer, the values of dielectric constants and

thicknesses of the aluminum and alumina films
were kept fixed to the values measured before
solution injection. Two fitting models were used:

a. A five-layer model (prism/aluminum/alu-
mina/brush layer/solution) where the brush
layer is treated as a step of thickness d0s and
constant polymer fractional volume V0s

b. A 14-layer model (prism/aluminum/alumina/
brush 10-layers/solution) where the volume frac-
tion of the brush layer possesses a parabolic func-
tional dependence that is approximated by ten
layers57 of equal thickness d/n and varying poly-
mer fractional volume according to eq (2).

In the first fitting model the thickness d0s

and fractional volume V0s of the step layer are
left as free parameters while in the second
model the fractional volume at the surface V0p

and the parabola thickness d0p (eq 2) are the
two parameters determined by the fit. In both
cases no extra constraints were imposed to the
fitting parameters.

In all calculations the refractive index of the co-
polymer chains is set equal to npolymer ¼ 1.582.
Also the effect of non zero copolymer concentration
contribution to the refractive index of the bulk so-
lution is taken into account.37 All fitting algo-
rithms used, were developed in Fortran language,
implementing the Simplex least squares fitting
method that has been previously used for the anal-
ysis of neutron reflectivity data.19 The root mean
square of residuals of all fitted SPR curves was in
the range 2.5% 3.53 10%4.

Errors in the experimentally determined SPR
curve come mainly from the following sources:
laser intensity fluctuations, noise in the photo
detectors and related electronics, positioning
uncertainty related to the limited accuracy of the
goniometer and uncertainty related to the preci-
sion of the solution temperature measurement.
Calculations for the present experimental setup
and angle scan range, summing up the contribu-
tion of all these factors give a 60.0028 error in
hmin and a 60.0088 error in h1/2. It was found
that errors in the measured temperature mainly
affect the position of the curve minimum while
laser intensity fluctuations raise the errors in
the determination of the curve half width.

RESULTS AND DISCUSSION

The main result drawn from the numerical anal-
ysis presented in the theoretical section is that
quantitative information for the structural

Table 1. Characterization of Copolymers
Used in This Study

Copolymer

Molecular
Weight
(MW)

PEO
Content
% wt

Polydispersity
(Mw/Mn)

PS-PEO 80 K 80,000 5.0 1.07
PS-PEO 182.7 K 182,700 4.2 1.07
PS-PEO 322 K 322,000 2.4 1.19
PS-PEO 496.7 K 496,700 1.2 1.18
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parameters of adsorbed layers can be extracted
from SPR measurements. This is true, especially
for the systems under investigation where
adsorbed polymers form polymeric brushes with
a known profile form.

In a previous SPR study37 we have studied
the kinetics of PS-PEO brush formation at the
alumina/toluene interface. It was found that the
PS block has a negligible affinity for the alu-
mina surface but on the contrary the PEO block
anchors the copolymer chain on the surface. Ki-
netic rate factors and final adsorption amounts
observed where typical for self-assembled brush
layers.

To check the theoretical analysis, we chose to
study the conformational properties of self-
assembled PS-PEO diblock copolymer brushes
formed on the alumina/toluene interface. By fit-
ting experimental SPR curves produced by
adsorption of four different PS-PEO copoly-
mers on alumina surfaces, we estimate the brush
thickness, surface coverage and concentration.

The experimental results for the adsorption of
all four copolymers have shown that at a maxi-
mum of 2 h after the solution injection in the
cell, the adsorbed amount reaches a plateau
value, marking the completion of the self-assem-
bly process. Therefore only SPR curves acquired
after this 2 h threshold were fitted using the
two models (step-parabola) as described in the
experimental section. The obtained results for
each copolymer and other related quantities as
the reduced coverage r* and interanchor dis-
tance s58 are presented in Table 2.

A straightforward comparison of the fitted ex-
perimental results for the three copolymers of
80 K, 182.7 K, and 497 K molecular weight with
previously published neutron reflectivity data9

cannot be made because the total adsorption in
each case is not the same due to differences in
the PEO-SiO2 and PEO-alumina interaction
energy. However, the layer thicknesses d0p and
volume fractions on the surface V0p obtained by

SPR are of the same order of magnitude as
those determined from neutron reflectivity data,
while the same qualitative behavior is found for
the dependence of V0p, d0p on the molecular
weight Mw.

Mean field60 and scaling theory13 predict that
for self-assembled brushes of end tethered asym-
metric diblock copolymers, where the interan-
chor distance is fixed, the layer thickness varies
linearly with Mw. However, in the present case
the interanchor distance varies for each layer
and only the interaction energy between the
PEO anchor block and the surface is approxi-
mately fixed, since all used copolymers have com-
parable PEO chain lengths (Table 1). Under these
conditions the layer thickness is expected to vary
with Mw

3/5.61 This is a result that has been verified
for PS-PEO brush self-assembly on quartz and
mica surfaces using neutron reflectivity9 and sur-
face force measurements,24 respectively.

In Figure 6, the thickness of each copolymer
layer versus molecular weight is plotted in the
case of parabola fitting model. It is evident that
despite their lower surface coverage, chains of

Table 2. Results of Fitted SPR Measurements

PS-PEO Mw Gp (mg/m2) Rg (nm) r* s (nm) V0p d0p (nm) V0s d0s (nm)

80 K 3.58 6 0.02 9.7 7.9 6.1 0.150 6 0.019 36.4 6 5.3 0.135 6 0.018 27.1 6 4.4
182.7 K 3.08 6 0.02 15.8 8.0 9.9 0.095 6 0.014 49.5 6 7.5 0.086 6 0.013 36.5 6 5.8
322 K 2.60 6 0.02 22.1 7.5 14.3 0.046 6 0.006 85.0 6 10.4 0.042 6 0.006 61.9 6 8.3
496.7 K 2.07 6 0.01 28.7 6.6 19.8 0.028 6 0.004 111.4 6 16.0 0.027 6 0.004 79.4 6 12.1

Gp adsorbed amount parabola model, Rg radius of gyrAtion, r* reduced coverage, s interanchor distance, d0p parabolic profile thickness,
V0p volume fraction of the parabolic profile on the surface, d0s step profile thickness,V0s step profile fractional volume on the surface.

Figure 6. Experimentally determined thickness of
brush layers plotted against molecular weight for
each copolymer.
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higher molecular weight tend to produce longer
brush layers. The linear behavior in this log–log
plot reveals a power law d0p ! Mw

0.6360.11 that is
in agreement with the above-mentioned theoret-
ical result.

Also, for a variable surface density both scal-
ing13 and mean field calculations60 predict that
the product d0ps

2/3 or equivalently d0p
3/2G%1/2

varies linearly with copolymer molecular weight
Mw. In Figure 7, a scaling plot of d0p

3/2G%1/2 ver-
sus Mw is presented. The obtained slope 1.09
6 0.17 is quite close to 1, as predicted by the
mean field theoretical calculations.

This quantitative and qualitative agreement
in the results both with theory and previous
experiments, demonstrates that the SPRS,
under the adopted data analysis scheme can ap-
proximate the length and the average concentra-
tion of a polymer brush layer. This is accom-
plished by assuming a parabolic functional de-
pendence of the volume fraction profile that is
justified since the values of the calculated inter-
anchor distance and reduced coverage suggest
strong overlap between PS chains (brush re-
gime11).

The error bars in Figure 6 are calculated
using all fitted SPR curves that were acquired
2 h after the initiation of each adsorption experi-
ment. The magnitude of these error bars is in
accordance with expectations based on the theo-
retical analysis and the resolution of the present
SPR apparatus.

In the case where no assumptions are made
about the functional dependence of the volume
fraction profile and a step function is used, the
obtained results (Table 2) give a good estimate

of the total adsorbed amount G but the volume
fraction V0s and especially the thickness d0s of
the brush layer are systematically underesti-
mated. This fact should be taken into account in
the interpretation of SPR experiments involving
macromolecular adsorption on surfaces.

As described in the theoretical section, an ap-
paratus possessing better resolution is expected
to be capable of measurements of both thickness
and fractional volume with adequate precision
during the self-assembly procedure. This kind of
measurements could be very helpful to realize
whether the equilibrium layer structure is
determined from equilibrium arguments only or
if it is dominated by kinetic issues.49

In conjunction with recent advances in the
experimental implementation of SPRS,36,62,63

the evolution of the adsorbed layer may be
monitored with enhanced accuracy and time re-
solution. Furthermore, the use of self-assembled
or deposited thin coatings64 on the metal sur-
face, may expand the applicability of the method
to imitate surface chemistries that are also stud-
ied by other experimental techniques.

Finally, it should be pointed out that the over-
all resolution of the technique, except for the ex-
perimental setup accuracy, is highly dependent
on the optical contrast between the solvent and
the macromolecule under investigation. In the
present case the refractive indices of toluene
and polystyrene have a relatively small differ-
ence (Dn ¼ npolystyrene % ntoluene ¼ 0.09). For
higher differences between these two refractive
indices, improved sensitivity of the SPRS tech-
nique is expected. For example in the case of
water soluble polymers (Dn ( 0.2), theoretical
calculations predict improved accuracy by a fac-
tor of two in the determination of the conforma-
tional properties of adsorbed layers. This result
is very important for polyelectrolyte and biomo-
lecular adsorption, because this class of macro-
molecules is water soluble.

CONCLUSIONS

Despite the fact that SPRS is a widely used
technique in the study of macromolecular sys-
tems near solid/liquid interfaces, most reported
applications focus on measuring adsorbed
amounts at equilibrium or rate factors of
adsorption kinetics. The present work demon-
strates that by presumption of functional form
of the density profile, SPRS may successfully

Figure 7. Scaling of d0p
3/2G%1/2 with molecular weight

Mw.
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approximate the volume fraction and thickness
of surface adsorbed macromolecular layers.

We have conducted an analysis on the experi-
mental accuracy that can be achieved depending
on the overall SPR apparatus resolution. The ex-
perimental investigation of end-tethered PS-PEO
copolymer brushes on alumina, provided results
that are consistent with theory and previous neu-
tron reflectivity and surface force data. In combi-
nation with the potential high temporal resolution
of the technique, one may acquire real time infor-
mation concerning the approximate density and
extension of polymeric layers during the assembly
procedure or under external stimuli. It is shown
that gold or aluminummetal thin films are the op-
timum choices for this kind of investigations. It is
predicted that in the case of water-soluble macro-
molecules the applicability of the technique is
enhanced due to higher optical contrast. Finally
the current numerical analysis suggests that the
step profile functions, commonly used for the
interpretation of SPR data, leads to a large sys-
tematic underestimation of the layer extension
and volume fraction.

The authors thank Professor Chris Toprakcioglu for
helpful discussions and comments on the manuscript.
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