
VOLUME 79, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 13 OCTOBER 1997
Direct Measurement of the Penetration of Free Chains into a Tethered Chain Layer
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Direct measurements of the penetration of free chains into a layer of tethered chains in good solvent
conditions are reported. The segmental profiles of both the tethered chains (N  1625 monomer
units) and the free chains (P  413 and 3846 monomer units) are obtained by neutron reflection. At
6 vol. %, the free chains penetrate the tethered layer at low surface densityssd, but are progressively
excluded from the layer with increasings. At the highests sspR2

g > 12d there remains significant
penetration into the layer for both values ofP; however, the form of the profile is strikingly different.
[S0031-9007(97)04197-5]
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Layers of tethered chains, polymer chains which are a
tached by one end to a surface or interface, have imp
tant technological applications [1–3]. Polymer brushe
thus formed are employed in such diverse areas as ad
sion, lubrication, colloidal stabilization, chromatography
and drug delivery. A number of important systems in
volve layers of tethered chains which are in contact wi
a solution of free chains, such as colloidal suspension
micelle-forming solutions of block copolymers and ho
mopolymers, and biological systems. In such systems,
degree of penetration of free chains into the tethered lay
can strongly affect critical properties such as the interacti
potential between colloidal particles, the phase behav
of block copolymers in multicomponent solutions, or th
adsorption of proteins onto surfaces. For example, a dep
tion of free chains between two polymer brush-coated co
loidal particles has been shown to lead to a weak attract
force which strongly affects the degree of dispersion [4]

Several theoretical approaches have been employed
describe such systems. Initially, de Gennes [5] used
scaling approach to outline the major regimes and pow
law dependencies, and pointed out the fundamental sign
cance of the degree of penetration of free chains into
brush. More detailed self-consistent field (SCF) calcul
tions [4,6] provided further quantitative details, yielding
weaker dependencies in addition to the power law beha
ior. Both treatments lead to three major regimes forP ,

N , whereP and N are the degrees of polymerization o
the free and tethered chains, respectively. These regim
are outlined here for the case of fixed free chain conce
tration sFd and varying surface density of tethered chain
ssd, as is the case in the experiments described belo
In regime I, s is very high such that the average seg
mental concentration in the brush is much greater th
F, and the structure of the brush is not affected by th
free chains. At lowers, where the average segmenta
concentration in the brush is comparable to or less th
F, the presence of the free chains leads to a contra
tion of the brush relative to the height in pure solven
However, the contraction can arise in two different way
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In regime II the free chains do not penetrate the brus
and the contraction is due to osmotic equilibration b
tween the solution and the brush. At values ofs still
lower but yet sufficiently large to form a strongly stretche
brush, the free chains penetrate the brush and screen
excluded volume interactions (regime III). With increas
ing P, regime II increases at the expense of regime I
For P ¿ N it is predicted that the free chains do no
penetrate the tethered layer and regime III disappears.

It must be noted that the quantitative predictions
the above theories are relevant only for the asympto
limit of high s, where the chains are strongly stretche
[1–3]. In this limit, Gast and Leibler [4] concluded
that regime III is not relevant for most practical system
since significant penetration of free chains into a strong
stretched brush is predicted only forP ø N. However,
it is now known that the asymptotic regime correspon
to very high reduced surface densitiesS ( spR2

g where
Rg is the dilute solution free chain radius of gyration) an
that in practice most systems do not fall into this limitin
regime [7–9]. We show below that forS , 12 the free
chains indeed penetrate the brush to a much greater ex
than is predicted in the asymptotic limit.

The model tethered chain layer in this wor
is a Langmuir monolayer of highly asymmetri
polydimethylsiloxane-polystyrene (PDMS-PS) dibloc
copolymers. The copolymer monolayer is spread onto
surface of a solution of free PS chains mixed with eth
benzoate (EB), a good solvent for PS. The short PDM
blocks lie on the surface of EB, anchoring the copolym
to the surface due to the low surface energy of PDM
relative to EB. The large PS blocks dangle into the su
phase and constitute the tethered layer [10].

It has been shown previously that the present syste
begin with a contracted brush at the lowests, and reach
brush heights approaching those obtained in pure EB
the highests [11]. Since either of two mechanisms
(regimes II and III) can lead to contraction of the tethere
layer, the degree of penetration of free chains into t
brush cannot be determined from variations in the heig
© 1997 The American Physical Society 2899
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of the tethered layer alone. Below we report the first me
surements of both the tethered and free chain segmen
profiles, providing a direct measurement of the degree
penetration.

The measurement of the segmental profiles of both t
tethered and free chains is achieved with neutron refle
tivity using selective deuteration. Since protonated PS
contrast matched with EB, the profile of the deuterate
component can be obtained unambiguously. In the fir
contrast scheme, the free PS chains are deuterated and
PS blocks are protonated. The deuteration is reversed
the second scheme. The molecular weights are nearly
same in the two contrast schemes, enabling a direct co
parison. The profiles are obtained as a function ofS at
fixed F. The comparison of tethered and free chain pro
files is made for bothP , N and P . N. The PDMS
block has no effect on the reflectivity as its neutron sca
tering length density is nearly matched with that of air.

The protonated PDMS-PS copolymer 8-166 (where th
numbers denote the molecular weight of each block
kgymol) and the deuterated (d8) PS homopolymers (4
and 400 kgymol, or 40K and 400K) were purchased from
Polymer Source (Quebec, Canada). The PDMS-PS (d
copolymer 21-169 and the protonated PS homopolyme
(43 and 400 kgymol) were obtained from Polymer Stan-
dard Service (Mainz, Germany). All polymers have
polydispersity index of 1.1 or less. Ethyl benzoate wa
obtained from Aldrich and redistilled before use. Th
PDMS-PS monolayers were spread from a dry grain of th
copolymer deposited onto the surface of the PS/EB su
phase. The copolymer surface density was then increas
or decreased by further addition of grains or aspiratio
of the surface, respectively. The surface layer obtain
in this manner is stable, and the pressure isotherm is
versible [7]. The surface pressure was measured using
Wilhelmy plate method in order to monitor the spreadin
process and control the surface density. The concentrat
of free chains was fixed at approximately 6 vol. %.

Neutron reflectivity experiments were performed on th
DESIR reflectometer (LLB, Saclay) which operates in th
time-of-flight mode. The incident angle was,0.6±, with
an angular resolution of about 5%. For analysis of th
data, reflectivity was calculated from model profiles usin
the optical matrix method, with a Debye-Waller factor
typically 3 Å, employed at the air surface to accoun
for roughness due to capillary waves. Best fits wer
obtained using a nonlinear least squares fitting algorith
(Marquardt).

Representative reflectivity curves from the first contra
scheme for the case ofP , N (40K deuterated free chains)
are shown in Fig. 1(a). The data are presented as the ra
of the reflectivity from the monolayer-covered surface t
the calculated Fresnel reflectivity for a bare subphase
uniform composition equal toF. Curves are shown forS
ranging up to 12. While the tethered chains are strong
interacting atS > 12, such systems are still far from the
asymptotic regime [7,8].
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FIG. 1. (a) Representative reflectivity data for 40K deuterat
free PS chains (,6 vol. %) and 170K protonated tethered PS
blocks. R0 is the calculated Fresnel reflectivity for a bar
subphase of uniform composition equal toF. The copolymer
surface density ranges up toS > 12. Open squares indicate
reflectivity for S  0. (b) Segmental concentration profiles fo
the 40K free PS chains. The dashed curve indicates the
chain profile forS  0. With increasingS, the free chains are
progressively excluded from the surface region.

The segmental profiles of the freed-PS chains are shown
in Fig. 1(b). With no copolymer present, the free PS cha
segments are depleted from the surface over a distanc
,60 Å [12]. This effect is due to the entropic penalty fo
chains which reside near a repulsive wall, and has be
examined in detail previously [13,14]. With increasingS,
the depth of the depleted zone increases and the shap
the free chain profile changes dramatically. At lowS, the
free PS chain profile is primarily affected at depths grea
than 100 Å. This indicates that free chain segments
first expelled from the body of the tethered layer rath
than the near surface region. At higherS, the gradient
in the free chain profile at the surface becomes stron
affected, decreasing rapidly toward zero at the high
S values examined. In addition, with increasingS the
shape of the profile changes from concave to conv
tending toward the exponential form predicted in th
asymptotic limit [6]. The depth of the depletion zon
becomes nearly independent ofS at the highest values
examined, saturating at roughly 600 Å. Thus, these resu
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clearly show significant free chain penetration at lowS

(region III), and progressive exclusion of mobile chain
from the body of the brush with increasingS.

Representative reflectivity curves for the case ofP .

N (400K deuterated free chains) are shown in Fig. 2(a
Curves are shown covering the same range ofS as in
Fig. 1(a). Interestingly, the form of the reflectivity curve
for the 400K free PS chains atS . 0 is very different than
that observed for the 40K free PS chains. Rather than
single peak, several are observed, and the peaks are sha
than those in Fig. 1(a).

The profiles for the 400K free chains obtained from
these data are shown in Fig. 2(b). AtS  0, the free
PS segments are depleted from the surface over nearly
same distance as observed for the 40K free chains in Fig
This is expected since the characteristic length of t
semidilute free chain solution is determined byF, and is
independent ofP. As in Fig. 1(b), Fig. 2(b) also shows
progressive exclusion of free chains from the body of th

FIG. 2. (a) Representative reflectivity data for 400K deute
ated free PS chains (,6 vol. %) and 170K protonated tethered
PS blocks. The range of copolymer surface density is t
same as that in Fig. 1. Open squares indicate reflectivity
S  0. (b) Segmental concentration profiles for the 400K fre
PS chains. The dashed curve indicates the free chain pro
for S  0. As for the 40K PS chains, the free chains are pr
gressively excluded from the surface region with increasingS.
However, the form of the free chain profile atS . 0 is much
different than for the 40K free chains.
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brush with increasingS. However, in addition to this trend
several surprising features are observed. It is remarka
that at the highestS, there remains significant penetratio
into the body of the brush for long free chainssPyN 
2.4d as was the case for short free chainssPyN  0.25d.
Moreover, in contrast to the profiles in Fig. 1(b), those f
the 400K free chains contain a plateau region within t
body of the tethered layer. Furthermore, at the high
S, the segmental concentration drops abruptly to zero
,200 Å from the surface, indicating complete exclusio
of free chain segments within that region.

Corresponding tethered chain profiles for the systems
Figs. 1 and 2 have been obtained using the second con
scheme. In Fig. 3 we show only the data obtained
S > 12 in the 400K PS solution along with reflectivity
from the tetheredd-PS layer in pure EB. Correspondin
profiles are shown in the inset. In contrast to Figs. 1
and 2(a), in this contrast scheme the reflectivity curv
for the tethered layer in the 400K and 43K solutions (da
for 43K solution not shown) are nearly identical, except f
rather subtle variations in the sharpness of the oscillatio
This indicates that the body of the tethered chain profile
nearly the same for both free chain lengths. The sharpn
of the oscillations is related to the magnitude of the tail
the profile. The exponential tail is most pronounced
pure EB, smaller in the 43K PS solution, and even furth
reduced in the 400K PS solution. The layer heights
the full range ofS have been reported previously [11
Defined by extrapolation of the body of the profile to ze
volume fraction, the layer heights were found to be nea
the same in the 6% 43K and 400K solutions at allS values.
The layers are contracted roughly 30% relative to that
pure EB at lowS but approach that in pure EB atS > 12.

FIG. 3. Reflectivity data for tetheredd-PS chains atS  11.0
in pure EB (open circles) and atS  11.6 in a 6 vol. %
solution of 400K protonated PS (filled circles).R0 is the
calculated Fresnel reflectivity for the subphase in the abse
of the copolymer. In contrast to the data in Figs. 1(a) and 2(
little variation is seen in the reflectivity for different free chai
lengths in this contrast scheme (reflectivity for the tetheredd-PS
chains in the 43K PS solution not shown). The inset shows
segmental concentration profiles for the tetheredd-PS chains
in pure EB (dashed line) and in the 6 vol. % solution of 400
protonated PS (solid line).
2901
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Direct comparisons of the profiles for the tethere
blocks and the free PS chains forS > 12 are displayed
in Figs. 4(a) (40K free chains) and 4(b) (400K fre
chains). In both cases there remains significant pene
tion of free chains into the body of the brush, althoug
the degree of penetration is greater for the smal
free chains. Profiles calculated from the analytic SC
theory of Zhulinaet al. [6] in the asymptotic limit are
also displayed in Figs. 4(a) and 4(b) for compariso
Much greater free chain penetration into the brush
observed in the experimental profiles than is predict
in the asymptotic theory. On the other hand, numeric
SCF calculations modeling the conditions of the 40
free chain solutionsS > 12d have shown significant
penetration into the layer, similar to that in Fig. 4(a) [15
Significant free chain penetration has also been obser
in recent molecular dynamics simulations [16] for ver
similar conditions. The significant penetration of fre
chains into the layer atS # 12 is further evidence that
such systems are far from the asymptotic regime, and t

FIG. 4. Comparison of the segmental profiles for the 170
tethered PS block and (a) 40K and (b) 400K free PS cha
at S  12. While the free chains are largely excluded from
the surface region, for both molecular weights there is mo
penetration of free chains into the brush than is predicted
SCF calculations in the asymptotic limit of strong stretchin
(dashed lines). The degree of penetration atS > 12 is lower
for the 400K chains than for the 40K chains.
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numerical SCF calculations are required for an accurate
description [8,15,17]. Another consequence of the above
is that regime II does not exist for theS range of most
practical systems, but rather regime III (penetration of
mobile chains) is most relevant. Finally, the fact that
total exclusion of free chain segments from the near
surface region is only achieved for certainS and PyN
has important implications for systems involving free
chains which interact with a surface, such as for protein
adsorption onto biosurfaces.
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