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ABSTRACT: In this study, the free-end distribution of a polystyrene self-assembled brush in good solvent
(toluene-d) is directly probed by use of neutron reflectometry. This is accomplished by the selective deuterium
enrichment of polystyrene chains so that all but the last 16% of the monomers of each chain are contrast-
matched to the solvent. Thus, only these unlabeled terminal monomers are effectively “visible” to the
neutrons. The analysis of the experimental results supports the picture that free ends are not localized at the
brush height, but are distributed throughout the brush in agreement with previous theoretical and simulation
studies. Detailed comparison is made between the experimentally determined free-end profiles and those
predicted by self-consistent field theoretical and simulation models.

Introduction

Polymer chains may become terminally attached to a planar
surface either by chemical grafting or physical adsorption of a
suitable end-group or anchor-block. In good solvent, when the
grafting density is sufficiently high, such tethered chains stretch
away from the surface due to excluded volume interactions. The
tendency of the chains to stretch is opposed by an elastic restoring
force of entropic origin until equilibrium results from a balance
between these antagonistic effects, leading to the formation of a
“polymer brush”.

It is widely recognized that the physical properties of polymer
brushes are important for the controllable modification of sur-
faces and the stabilization of colloidal properties.1 These practical
applications together with fundamental theoretical interest, have
spurred numerous theoretical and experimental investigations of
various polymer brush systems for over 30 years.2-12

The concept of end-grafted polymer chains was first intro-
duced by Alexander in 1977 using a scaling approach.13 Later in
1980 de Gennes treated such systems using a blob scaling
model.14 In this early scaling theory (often called Alexander-
de Gennes theory), the monomer density is assumed to be the
same throughout the brush, implying that polymer chains are
uniformly stretched and that all chain-ends are located at the edge
of the brush.

The Alexander-de Gennes model successfully describes the
considerable stretching of overlapping chains and gives the
correct scaling law concerning the layer thickness (or “brush
height”) dependence on molecular weight. However the assump-
tion of the Alexander-de Gennes theory that all chains are
equally stretched from the grafting surface is a serious simplifica-
tion that underestimates the conformational entropy of the
grafted polymers.

Several discrepancies originating from this simplification were
addressed by the introduction of analytical (aSCF)15-17 and
numerical (nSCF)18-20 self-consistent-field models by the end

of the 1980s, together with numerous Monte Carlo (MC)21-24

and molecular dynamics (MD)25,26 simulations. SCF theory
(notably the work of Milner, Witten, and Cates17) and simula-
tions showed that the monomer volume fraction profile of a
brush in a good solvent decreases monotonically away from the
surface andhas an approximatelyparabolic form.This prediction
has been verified experimentally in many works11,27-30 for
adequately dense brushes by the use of neutron reflectivity
experiments. Neutron reflectometry was used because it is a
sensitive technique that provides unique information about the
volume fraction profile of adsorbed polymers normal to the
reflecting surface.31

In the SCF model, chain ends are allowed to distribute
themselves throughout the brush layer, in contrast to the Alex-
ander-de Gennes picture. Both analytical and numerical results
based on SCF theory predict that chain ends populate the whole
brush layer even near the grafting surface, while the peak of the
chain end distribution is located within the brush layer. In
general, MC andMD simulations confirm these predictions with
only a minor difference that concerns the existence of a non-
vanishing free-end population very close to the surface.

In a recent study the distribution of free ends of an end-grafted
polymer layer in the mushroom regime has been probed experi-
mentally by the use of grazing incident X-ray standing waves.32

However, the predictions of simulations and theory have never
been experimentally tested for the case of tethered overlapping
chains in the brush regime. The purpose of the present neutron
reflectivity study is to fill this gap by directly measuring the free-
end distribution of a self-assembled polystyrene brush in a good
solvent such as toluene-d. This is accomplished by contrast-
matching to the solvent all but the last 16% of the monomers
of the polystyrene chains (Figure 1) whose other end is terminally
adsorbed onto quartz by means of a zwitterion. We compare the
experimentally determined free-end distribution profiles with
those predicted by SCF theory, while bond fluctuation Monte
Carlo (BFMC) simulations of polymer brushes are also per-
formed in order to gain better insight into the features of our
experimental data.*Corresponding author. E-mail: ctop@physics.upatras.gr.
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Experimental Section

a. Materials. Two PS-X end functionalized polymers, carry-
ing a zwitterionic end-group (X= (CH3)2N

þ(CH2)3SO3
-) were

used in this study. The polymers were synthesized by anionic
polymerization high vacuum techniques, utilizing (3-dimethy-
lamino)propyllithium as initiator in benzene, and have a narrow
molecular weight distribution. The dimethylamino end groups
of the polymers were transformed to the polar zwitterionic ones
by the postpolymerization reactionwith cyclopropanesultone.33

The first polymer, denoted as “ghost” chain (Mw=77200, Mw/
Mn=1.05), was a pseudorandom copolymer, P(Sh-co-Sd8), con-
sisting of a mixture of deuterated and hydrogenous styrene
monomers (13.3% molar hydrogenous styrene, Sh), in order to
precisely match the scattering length density of toluene-d. The
second polymer, denoted as “marked” chain (Mw=92000,Mw/
Mn=1.04), was a pseudoblock copolymer, which consisted of a
block of the previous pseudorandom copolymer, P(Sh-co-Sd8)
(84% molar) and a block of hydrogenous styrene monomer
(16% molar). Nondeuterated styrene units were placed at the
nonfunctionalized end of the polymer chain, via synthesis.More
specifically, a mixture of hydrogenous and deuterated styrene
monomer, in the appropriate ratio, was polymerized first and a
sample was withdrawn from the reactor (“ghost” chains). Sub-
sequently, a predetermined amount of hydrogenous styrene
monomer was introduced in the reactor and allowed to poly-
merize, giving the “marked” chains.

Molecular weights and polydispersities of the samples were
determined by size exclusion chromatography (SEC) using a
Waters system, composed of aWaters 1515 isocratic pump, a set
of three μ-Styragel mixed bed columns, with a porosity range of
102-106 Å, a Waters 2414 refractive index detector (at 40 �C),
and operated/controlled through Breeze software. Tetrahydro-
furan was the mobile phase used, at a flow rate of 1.0 mL/min at
30 �C. The setup was calibrated with polystyrene standards
having weight average molecular weights in the range 2500-
900000 g/mol. Composition of the polymers were determined by
1H NMR spectroscopy (Bruker MSL 400 spectrometer in
CDCl3 at 30 �C), using a polyisoprene homopolymer as an
internal standard.

b. Neutron Reflectometry and Data Analysis. Neutron reflec-
tivity measurements were carried out at the Laboratoire Leon
Brillouin in Saclay using the EROS time-of-flight spectrometer.34

The angle of incidence,θ, was 0.75�, and thewavelengthwas in the
range of 2 to 30 Å. The reflectivity was measured as a function of
the scattering vector QB, where |QB|=Q=(4π/λ) sin θ.

Adsorption was studied on optically flat quartz slabs. Before
measurements the quartz substrates were cleaned in 3:1 (v/v)
H2SO4-HNO3 followed by 3:1 (v/v) HCl-HNO3 for 6 h each.
Then, substrates were washed in distilled water followed by a
rinse with absolute ethanol. Reflectivity measurements were
taken with the aid of a Teflon cell containing the polymer
solution and the optically flat quartz slab as substrate.11 Solu-
tions of the copolymers in toluene-d (a good solvent for PS) at a
concentration of 0.1 mg/mL were used for adsorption.

From previous studies, it is known that the chains tether to
the substrate via the zwitterionic group “X” and that the
adsorption process occurs over a period of many hours.12,35,36

It is also known35 that the adsorbance plateau is reached at very
low values of bulk solution concentration and that the final
adsorbance attained remains unchanged when the bulk concen-
tration is in the range 5 � 10-2 to 1 mg/mL. In the present
experiments, adsorption was allowed to take place for at least
50 h, andmeasurementswere carried out periodically during this
time. After the first 12 h of adsorption, subsequent measure-
ments showed no observable change in the volume fraction
profiles of the adsorbed polymers. Reflectivity curves were
acquired over a period of over 12 h for the sake of statistical
accuracy.

Before measuring the reflectivity profiles of the “marked”
chains, we checked the effect of “ghost” chain adsorption.
As shown in parts a and b of Figure 2, the neutron reflectivity
of the quartz surface is not altered, within the experimental
error, after the adsorption of ghost chains. This observation
implies that the selective deuteration of the PS chains gives a
polymer that adequatelymatches the scattering length density of
the toluene-d solvent, so that such chains are in effect “invisible”
to reflected neutrons.

On the other hand, adsorption of the “marked” chains on the
quartz substrate substantially alters the neutron reflectivity of
the quartz/toluene-d interface, as is illustrated in Figure 3a
where the neutron reflectivity profiles for the case of “ghost”
and “marked” chain adsorption are plotted. The fact that the
last 16% of the marked chains is characterized by very different
scattering length density, compared to toluene-d, leads to the
observed differences in the reflectivity profiles. These differences

Figure 1. Schematic illustration of the system under study.

Figure 2. (a)Neutron reflectanceof thequartz/toluene interface, before
and after “ghost” chain adsorption. (b) Magnification of part a in the
scattering vector region 0.010-0.012 Å-1. The error bars of the
measured reflectivity are also plotted. Within the experimental error,
the presence of “ghost” chains does not cause anymeasurable change in
the neutron reflectivity profile (i.e., the profile after the adsorption of
“ghost” chains is essentially identical to the Fresnel reflectivity of the
bare quartz/toluene-d interface).
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are of the order of 15-20% while the statistical error of the
measured reflectivity points is of the order of (1-2%. The
range where the differences between the two profiles are most
pronounced is approximately between 0.010 and 0.012 Å-1.
This is shown in greater detail in Figure 3b.

We stress here that neutron reflectometry is arguably themost
suitable method for the investigation of volume fraction profiles
given its high resolution and the inherent correspondence
between the volume fraction profiles of labeled species and the
reflectivity spectrum. Provided that sufficient data are collected
so that the statistical error of the measurements is kept low (as is
the case in this study and other investigations28,29,37-40) neutron
reflectometry is a very sensitive probe of the volume fraction
profile of adsorbed or grafted macromolecular species.

In order to fit the neutron reflectivity data from adsorbed
“marked” chains, we have used various trial end-segment
volume fraction profiles that are based on the predictions of
SCF theory andMC simulations. As in the case of our previous
NR studies,37-40 the Simplex method was used as a fitting
routine to minimize the sum of the weighted squared differences
between the experimental points and the fitted reflectivity curves
with respect to the fitting parameters. It should be stressed that
the data could not be fitted using functional forms that largely
deviate from the SCF and MC predicted free-end distribution
profile.

c. Simulation Methodology. Bond fluctuation Monte Carlo
(BFMC) simulations were performed using the same algorithm
that was used by Lai and Binder21 for the study of polymer
brushes in good solvent conditions. We concentrated on mon-
itoring the distribution of the endmonomers and of the last 16%

of the chains for many different combinations of grafting
density σ and chain contour length N.

Briefly, in theBFMCmodel eachmonomer occupies a cube of
eight lattice sites on a cubic lattice. Each Monte Carlo step
involves a random local displacement in one randomly selected
direction of a random monomer and the implementation of the
excluded volume and bond length criterion. The allowed bond
vectors connecting two neighboring monomers may only have a
length equal to 2,

√
5,

√
6, 3, or

√
10.41 The choice of this set of

bond vectors ensures that two bonds cannot cross each other.
K linear polymer chains each consisting of N monomers are

placed in a L � L � D box (L=200, D=500) with one end
randomly and irreversibly tethered on the xy plane at z=0. The
grafting density is given by σ=4K/L2.42 All monomers are
repelled by the plane at z=0 and periodic boundary conditions
are imposed in the directions tangential to this plane.

Chain contour lengths N ranged from 25 to 100 and grafting
densities from 0.025 to 0.15. For each set of parameters 107

Monte Carlo steps per monomer (MCS) were performed for
equilibration followed by 107MCS for the calculation of the end
segments profiles.

Results and Discussion

First, an important question that may arise is whether the
profile of the last 16% of the grafted chains is representative of
the free-end profile of the brush. In fact, aSCF theory 23 predicts
the following form for the probability distribution Fn of a given
monomer n
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h sin nπ
2N

� �� �2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1-

z

h sin nπ
2N

� �
2
64

3
75
2

vuuuut

� θ h sin
nπ

2N

� �
- z

" #
ð1Þ

where z is the distance from the surface, h the height of the brush,
N the number of monomers per chain and θ a step function. For
the end monomer (n = N), eq1 takes the form

Fn¼NðzÞ ¼ 3z
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In Figure 4, we present numerical calculations based on eqs
1 and 2, for the normalized probability distribution of both the
end monomer FN(z) and the last 16% of the chains F16% (z).43

Note that the two distributions have onlyminor differences while
the position of the peak differs only by 0.7%. Analogous results
are also found by the BFMC calculations that were performed.
For all combinations of grafting densities and chain lengths
studied, FN(z) and F16% (z) have essentially the same form. The
peaks of these two distributions have a maximum difference of
about 5%,while F16% (z) is slightly less extended in comparison to
FN(z). As an example, in figure 5 we present relevant results for a
systemwith σ=0.1 andN=100. Based on these results, wemay
conclude that, by experimentally monitoring the last 16% of the
grafted chains, we can in principle get a very good approximation
of the free end distribution.

In Figure 6, we present a scaling plot of BFMC determined
F16%(z) for different values of the grafting density σ. Although
several important features such as the location of the peak
approach the SCF predictions, we note that there are some
systematic deviations from the theoretical curve that have also
been observed in other simulation works.21 In particular aSCF

Figure 3. (a) Neutron reflectance of the quartz/toluene-d interface, in
the case of “ghost” and “marked” chain adsorption. Note the change in
the neutron reflectivity profile that is caused by the adsorption of
“marked” chains. The two curves represent the results of the fitting
procedure: (blue curve) Fresnel fit; (black curve) fit with a modified
aSCF model, function B. (b) Magnification of part a in the scattering
vector region 0.010-0.012 Å-1. The error bars of the measured
reflectivity are also plotted.
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theory predicts that F16%(z) and FN(z) should tend to zero linearly
with z, whereas we obtain a nonzero free-end density very close to
the surface. Also, the tail of the distribution does not show the
abrupt decrease to zero that is predicted by aSCF.

The relatively long tail at the end of the free-end distribution,
as in the case of the total volume fraction profile, is a result of the
finite number ofmonomers per chain and has also been predicted
by nSCF calculations.However the fact that the end density stays
nonzero near the surface is neither found in aSCF nor nSCF
results. It is quite possible that this feature would become
asymptotically valid for the limit Nf ¥, σ f 0 (keeping Nσ1/3

finite) that is hardly accessible experimentally. Also, note that in
figure 6 the concentration of free-ends very close to the surface is
dependent on the grafting density of the brush and that the profile
is rather convex in the region between z = 0 and the position of
the peak. A polynomial fit of the profile in this region suggests
that a function of the form a þ bz2 describes the simulation data
very accurately.

We have used both the predictions of SCF theory and BFMC
simulations as starting points for the fitting of neutron reflectivity
data, concerning the adsorption of the “marked” chains (Fig-
ure 3). The first trial function (A) is based on eq 2, which is a pure
aSCF profile of the form F1(z) ∼ z(1 - z2)1/2. The second trial
function (B) is a general modified aSCF profile of the form
F2(z) ∼ c þ zn(1 - z2) plus a Gaussian tail at the end of the dis-
tribution. Finally the third trial function (C) is a Shultz function
of the form F3(z) ∼ c þ zne-azx. Parameters n, a, x, and c of
functions B and C are left free during the fitting procedure in
order to check the BFMCpredictions of a nonzero concentration
at z=0and convex nature of the distribution near the surface.We
note once again that trial functions that substantially deviate

from the above-mentioned profiles and do not distribute the free-
ends in the whole of the brush layer, give very poor fits, thus

Figure 4. Normalized distribution of free ends and of the last 16% of
the monomers of each chain, as predicted by aSCF theory.

Figure 5. Normalized distribution of the end monomer and of the last
16 monomers as determined by BFMC simulations for system para-
meters σ = 0.1 and N = 100.

Table 1. Weighted Squared Differences and Total Adsorbed Amount,
As Determined by Fits of the Experimental Data Using the Three

Different Trial Functions, Described in Texta

function
(best fit parameters)

weighted squared
differences

total adsorbed
amount Γ(mg/m2)

function A 0.936 2.1( 0.1
function B

(c = 0.0028, n = 2)
0.802 2.4( 0.1

function C
(c = 0.0012, n = 2,
a = 2.6 10-6, x = 4)

0.824 2.2( 0.1

aThe best fit parameters for each model are also presented.

Figure 7. Free end distribution profiles as determined by different fits
of the experimental neutron reflectivity curves: (solid curve) SCF
theory, function A; (dashed curve) modified aSCF theory, function B;
(dotted curve) Shultz function, function C.

Figure 6. Scaling plot of (a) F16%(z) and (b) the brush volume fraction
profile for four different grafting densities, as determined by BFMC
simulations. The number of monomers per chain is set equal to 100.
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exhibiting very large sums of the weighted squared differences
between the experimental points and the fitted reflectivity curves.

In Table 1, we summarize the fitting results (parameters, total
adsorbed amount) for each trial function, and in Figure 7, the
profiles that give the best fits are plotted. First, we observe that
the pure SCF profile (function A) gives a satisfactory fit with a
total adsorbed amount equal to 2.1mg/m2, close to that found for
the other two functional forms. However trial functions B and C
give better fits when c is nonzero and when the exponent n takes
the value 2. It is quite interesting that this value of the exponent
was also found by fits of the BFMC free-end profiles. Also note
that the best fit profiles of function B and C tend to have slightly
higher adsorbed amounts (2.2 and 2.4 mg/m2 respectively) and
similar forms, while their peaks are closer to the edge of the layer
(i.e., the brush height) than to the surface.

It is evident from the fitted experimental results that the free-
end distribution of the studied PS brush in toluene tends to
deviate from the asymptotic limit predictions of SCF theory
primarily in the region near the surface. We get an appreciable
free-end concentration near the surface that is non-negligible in
comparison to the magnitude of the distribution peak, a char-
acteristic that is also observed inBFMC simulations for relatively
low grafting densities.

By taking into account the total adsorbed amount Γ=
(100/16) � R

F16% (z) dz we may calculate the reduced coverage
σ*=π Rg

2/s2, where Rg is the radius of gyration of PS in toluene
calculated using the relation Rg=0.0115Mw

0.595 44 and s the
interanchor distance calculated by s= (NAΓ/Mw)

-1/2. The best
fitted trial function in figure 7 gives Γ=2.4 mg/m2, s=80 Å, and
σ*=6with a brush layer extension essentially six times larger than
the radius of gyration of free PS chains in solution.

Previous studies11,29,30 confirm that end-attached macromole-
cular layers characterized by reduced coverage values greater
than 2 (where the onset of chain stretching occurs), tend to exhibit
brush-like behavior and generally follow scaling laws and other
predictions of SCF theory despite the fact that they are not
strictly in the asymptotic limit of high surface coverage and strong
stretching of the chains. The question of when tethered macro-
molecular chains can be regarded to have formed a “true”
polymer brush has been recently discussed in detail by Brittain
and Minko.45 On the basis of a review of the literature, these
authors suggest that the brush regime proper occurs for reduced
coverage values, σ*>5.While the systemwehave investigated in
the present study is obviouslywithin the brush regime on the basis
of this criterion, it is quite possible that the observed deviations of
the free-end profile from eq 2 are due to the fact that the self-
assembled brush under consideration lies in the intermediate
region between the mushroom regime (σ*e 2) and the asympto-
tic limit (σ* g 20).46 On the other hand, polydispersity effects,
although small for our polymers (Mw/Mn= 1.04), may also play
a contributory role in smearing the profile. It would be very
interesting if one could in future perform a similar experiment
with brushes that are prepared via “grafting-from”methods (i.e.,
polymerization techniques involving the in situ growth of chains
on initiator-functionalized surfaces) such that much higher
reduced coverage values (though with usually higher polydisper-
sity) can be achieved.

Conclusions

In conclusion, we have performed the first direct measurement
of the free-end distribution of polymer brushes in good solvent.
The controlled labeling of the last 16% of the monomers of PS
chains via selective deuterium enrichment permits the determina-
tion of the end-segment profile via neutron reflectivity. The
determined profile apart from some deviations from the SCF
theory shows that free ends are distributed throughout the brush

layer and that the distribution peak is located within the brush
andnot at the height of the layer. Finally our results show that the
labeling method employed together with the sensitivity provided
by the neutron reflectivity technique could also be used in many
other studies, as has been described recently,47 where information
for a specific part of a chain or a specific type of chain in a mixed
system needs to be extracted.
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