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Using surface force balance measurements we have established that polystyrene chains bearing
three zwitterionic groups have a higher end-group sticking energy than equivalent chains bearing a
single zwitterionic group. In a good solvent, polystyrene chains end-functionalized with three
zwitterionic groups form brushes of a higher surface coverage than those bearing a single zwitterion.
The increase in surface coverage is slow compared with the initial formation of the brush.
Measurements of the refractive index allow us to directly quantify the variation of surface coverage,
permitting comparison with models for the kinetics of brush formation based on scaling theory and
an analytical self-consistent field. We find qualitative support for associating the kinetic barrier with
the energy required for an incoming chain to stretch as it penetrates the existing brush. ©2004
American Institute of Physics.@DOI: 10.1063/1.1811602#

I. INTRODUCTION

At sufficiently high grafting density, chains of a nonad-
sorbing polymer that are attached at one end to an interface
stretch away from the surface forming apolymer brush. The
presence of the brush layer has been found to significantly
modify both normal and shear interactions between brush-
bearing surfaces.1 As a consequence, end-attached polymers
have found application in the stabilization of colloidal dis-
persions and have been suggested to play a role in biolubri-
cation. Various approaches have been adopted to end-attach
non-adsorbing chains at interfaces, classified as grafting to or
grafting from.2–4 In the grafting to approach, the nonadsorb-
ing polymer chain is functionalized with either a reactive or
adsorbing end-group; grafting from isin situ polymerization
from a surface initiator.

The systematic variation of the brush height with chain
length has been the subject of extensive experimental
investigation.5,6 In particular, the results of Tauntonet al.
have been found to agree well with the predictions of scaling
theory.5,7,8 In addition to chain length, the grafting density
should depend on the sticking energy of the end group@see
Eq. ~5!#. Contrary to this expectation, Kent has commented
that although the different approaches to brush formation
correspond to widely different~assumed! end-group sticking
energies, very similar grafting densities seem to be achieved
in all cases.9

Most efforts at tailoring brush architecture using the
grafting to approach have focussed on the use of diblock
copolymers and a selective solvent: the solvent chosen to be
good for the nonadsorbing block, termed the tail, and poor
for the other, termed the anchor.6 While technologically rel-

evant, this approach is not ideally suited to a systematic in-
vestigation of the variation of brush properties with end-
group sticking energy, as interactions between anchor blocks
could lead to coverage dependent sticking energies.

We have adopted a different approach using polystyrene
chains@PS(M ) –Xy# functionalized at one end byy51, 2, or
3 zwitterionic groups@X5(CH3)2N1(CH2)3SO3

2# attached
via short ~0.5k! polybutadiene spacers~see Table I! in an
attempt to control the sticking energy and hence the grafting
density.10 We have previously reported10 that brushes formed
with chains bearing different numbers of zwitterionic stick-
ing groups do not appear to show a systematic variation in
brush properties; here we present a resolution of this unex-
pected observation.

In particular, we establish that increasing the number of
zwitterionic groups does increase the sticking energy and
that this does result in an increase in the grafting density. We
find that the increase in the grafting density follows a loga-
rithmic time dependence with a time scale that is long com-
pared with the construction time of brushes formed from
chains bearing a single zwitterionic sticking group.5

The paper is structured as follows: In the following sec-
tion we present scaling relations for the dependence of graft-
ing density and brush height on the end-group sticking en-
ergy at equilibrium; after outlining the experimental
procedure we present the results of two types of experiment;
in the first we demonstrate that chains bearing three zwitte-
rions will displace shorter chains bearing a single zwitterion,
establishing that increasing the number of zwitterionsdoes
increase the end-group sticking energy; we then follow the
kinetics of the growth of a PS(65) –X3 brush over a time-
scale that islong compared with the formation of brushes
bearing a single zwitterion; the experimental kinetics are
compared with a model developed in the Appendix; we also
use the scaling relations presented in the text topredict the
equilibrium properties of the growing PS(65) –X3 brush
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from the directly measured properties~height and coverage!
of an equilibrium brush constructed from shorter chains bear-
ing a single zwitterion (PS(25)-X).

II. SCALING PREDICTIONS:
GRAFTING DENSITY AND BRUSH HEIGHT

The chain configuration in a brush is very different from
that of a free coil in solution: in a good solvent, the chain is
stretched to minimize the osmotic segment-segment interac-
tion. Using a scaling approach, Alexander found that the
segment-segment repulsion is balanced by the loss of chain
entropy, due to stretching, for a brush height,

L0;Na~a2s!1/3;Na5/3s22/3, ~1!

whereN is the degree of polymerization,a the Kuhn seg-
ment length, ands51/s2 is the surface coverage~chains/unit
area! of chains with average spacings.7,8

We follow the scaling approach, originally given by
Alexander7 and outlined by Kumachevaet al.,11 to determine
how the grafting density depends on the chain length and the
sticking energy of the end group.

The brush is regarded to comprise close-packed blobs:
there are three contributions to the free energyf of a mol-
ecule in a brush,

f >@2D1nb1 ln~a2s!#kBT, ~2!

respectively, the sticking energy, the excess repulsive energy
~wherenb is the number of blobs! and the surface entropy
term. For a brush comprisingn chains, covering an areaA
5ns2, the total free energy of the brush,Fbrush5n f . Blobs
are regarded as repulsive spheres containingg monomers,
hencenb5N/g and the blob sizes5g3/5a; each blob costs a
free energykBT. In equilibrium, the chemical potential of a
chain in the brush@mbrush5(]Fbrush/]n)A# must equal the
chemical potential of a chain in the reservoir (mch

>kBT ln fb , for volume fractionfb) and the area occupied
by a chain in the brush:11

s2>a2H ~11/6!N

D1 ln@fb /~a2s!#J
6/5

. ~3!

Neglecting the contribution to Eq.~3! due to the difference in
mixing entropy for surface and bulk chains allows simple
scaling dependencies to be derived for the area per chain and
brush height that are the same as those obtained by our ear-
lier approach,10

s2;a2FN

DG6/5

~4!

and

L0;aN3/5D2/5. ~5!

The scaling treatment clearly predicts a strong variation in
theequilibriumbrush height with the end-group sticking en-
ergy that was not observed in our previous study.10

It is interesting to compare the form of the adsorption
isotherm implied by Eq.~3!,

fb5~a2s!exp@2D1~6/11!N~a2s!5/6# ~6!

with Eq. ~A6! derived in the appendix by following the self-
consistent field~SCF! approach of Ligoure and Leibler,12

using a slightly modified form for the chemical potentials of
chains in the brush and bulk, which allows easy comparison
with experimental data.

In both cases, the second term in the exponential is the
chemical potential of the chain in the brush environment. As
pointed out by Alexander,7 this is equivalent to the free en-
ergy change due to the confinement of the chain to a cylinder
of cross-sectional areas21. Hence the surface coverage is
determined by the net energetic stabilization of a tethered
chain compared to a chain in the bulk.

III. EXPERIMENT

We use the surface force balance~SFB! technique, de-
scribed in detail previously,13,14 to measure the interaction
force Fn(D) as a function of separationD between mica
surfaces bearing the end-attached polymer layers. The sepa-
ration between the surfaces is measured interferometrically,
with an accuracy of ca. 0.3 nm, permitting the measurement
of normal forces with a resolution of order 100 nN. The
apparatus also has the capability to measure lateral forces
with similar sensitivity, although we do not exploit this in the
current study. The optical technique also allows the refrac-
tive index of the medium between the mica surfaces to be
measured, permitting a direct measure of the amount of
surface-attached polymer.

The mica pieces~ASTM V-2, Muscovite mica, S & J
Trading, New York! used in these experiments were typically
2–4 mm thick. A hot platinum wire~diameter 0.125 mm!
was only used to cut a large piece~ca. 10 cm2) of uniform
thickness, with no cuts made upstream of the mica in the
laminar flow hood; a scalpel was used to divide this piece
into the smaller samples~ca. 1 cm2) used in the experiments.
The mica pieces are coated with a ca. 50 nm thick silver film
and mounted, silver-side down, across cylindrical lenses us-
ing glucose~AR grade, Fluka! as a glue.

After mounting, the clean mica surfaces were brought to
a separation from which a spontaneous jump into contact,
under the action of the van der Waals attraction, was ob-
served in air, establishing the zero of surface separation, rela-
tive to which all subsequent separation measurements are
made. Pure toluene~AR grade, dried over 4A molecular
sieves, Fluka! was then introduced between the surfaces and
the forces measured in the absence of polymer. The surfaces
were then separated to ca. 500mm; ca. 5 ml of toluene was
removed and replaced by an equal volume of the polymer
solution; thorough mixing was ensured by using the syringe
to cycle ca. 2 ml in and out of the incubating bath. In the
case of thedisplacementexperiments described below, the

TABLE I. Molecular properties of the polymers PS(M ) –Xy used in this
study.

Polymer Mw Mw /Mn wt % polybutadiene RF ~nm!

PS(25) –X 26 000 1.04 ¯ 12.2
PS(25) –X3 28 000 1.04 4.5 12.2
PS(65) –X3 67 000 1.05 1.8 21.1
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same procedure was followed for the subsequent introduc-
tion of different polymers. The chamber was loaded with a
small quantity of phosphorus pentoxide as a drying agent.

The molecular characteristics of the polymers used in
this study are summarized in Table I and a description of the
synthetic procedure can be found elsewhere.10

The force profiles presented in Figs. 1–3 have been nor-
malized by the measured radius of curvature of the mounted
mica (R'0.01 m). Within the Derjaguin approximation,
Fn(D)/R52pE(D), whereE(D) is the equivalent interac-
tion free energy per unit area for parallel plates.

IV. RESULTS AND DISCUSSION

In all experiments, before introducing PS–X, normal
Fn(D) profiles were measured between bare mica surfaces
immersed in pure toluene. Some of the resulting profiles are
shown in the upper panel in Fig. 3. No forces were measured
for D.3 nm and the surfaces came into an adhesive contact
at D5161 nm. The scatter in the magnitude of the force at
closest approach, and indeed the distance of closest ap-
proach, are suggestive of the structural forces that have been
observed across similar nonpolar liquids;15 the precise form
of such forces is not relevant to the subsequent investigation
of end-attached polymers and was not determined in the
present study. Furthermore, the measured contact adhesion,
Fad /R5(26565) mN/m, is comparable to the largest val-
ues measured by Christenson between mica surfaces in inti-

FIG. 1. Force-distance profiles measured between~a! surfaces bearing a
PS(25) –X brush~filled symbols! and ~b! the same surfaces, following in-
cubation in a solution of PS(65) –X3 for 80 h ~empty symbols!. The solid
line indicates the interaction measured after 20 h incubation in PS(65) –X3 .
The dashed line is taken from Ref. 16. Notice that the range of interaction
measured in this work is greater by 5 nm. We attribute this to a higher
surface coverage resulting from the exclusion of water and the longer incu-
bation time.

FIG. 2. Force-distance profile measured between the same surfaces as in
Fig. 1: empty symbols identical to Fig. 1, filled symbols following incuba-
tion in a solution of PS(25) –X3 for 40 h.

FIG. 3. ~a! Force-distance profiles measured across toluene before introduc-
ing PS–X. ~b! Force distance profiles measured, between the same surfaces,
as a function of incubation time after introducing PS(65) –X3 . Empty sym-
bols correspond to an incubation time of 3–14 h, filled symbols correspond
to an incubation time of 40–60 h and crossed symbols correspond to an
incubation time of 136–150 h. The solid lines are the fits to Alexander-de
Gennes force profiles@Eq. ~8!# that yield the parameters listed in Table II.
The dashed line is a prediction of the equilibrium Alexander-de Gennes
force profile for PS(65) –X3 assuming chain spacings54.0 nm andL0

579 nm, which are estimated from the values for the PS(25) –X brush
using the scaling relations derived in the text.
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mate contact in benzene and cyclohexane.15 The key point is
that, in all the experiments reported here, the adhesion and
absence of long range forces indicated the system to be free
from contamination before introducing PS–X.

We report the findings of two types of experiment: in the
first we use the chain length and end-group sticking energy
to control the free energy of chains in brush environment; in
the second we follow the kinetics of brush growth.

A. Sticking energy of three zwiterion end group

The first of these experiments allows us to clearly estab-
lish that increasing the number of zwitterionic groups from
one to three does result in an increase in the end-group stick-
ing energy. In an earlier pair of experiments, it was estab-
lished that for PS(M )-X with the same end group, shorter
chains will displace longer chains.11,16 The driving force is
the greater free energy cost to the longer chain when con-
fined in the tube like environment of a brush. They derive a
simple expression for the interfacial free energy~for a unit
area!,

DF~D,N!>~kBT/a2!@$D1 ln@fb /~a2s!#%/N#6/5 ln fb . ~7!

It is clear that for constant sticking energyD, the interfacial
energy is more favorable for shorter chains. Equation~7!
suggests that it may be possible for long chains~with a high
end-group sticking energy! to displace short chains~with a
lower end-group sticking energy!.

The force profiles presented in Figs. 1 and 2 demonstrate
a test of this suggestion. The filled symbols in Fig. 1 corre-
spond to the interaction force profile measured between
brushes formed by the incubation of bare mica surfaces in
PS(25) –X (fb5131024) for 15 h; the empty symbols cor-
respond to the limiting interaction measured following the
introduction of PS(65) –X3 and incubation for periods be-
tween 85 and 133 h $fb@PS(25) –X#5531025/
fb@PS(65) –X3#51.831024%. The increase in the range of
the interaction provides clear evidence that the longer chain
~three zwitterionic groups! has clearly invaded the brush
formed from the shorter chains~single zwitterionic group!,
displacing the shorter chains. Following the argument given
above, this could only happen if the increased number of
zwitterionic groups doesincreasethe sticking energy of the
end group. Furthermore, we can estimate, from Eq.~7!, that
the the sticking energy of the invading PS(65) –X3 must be
at least 2.6 times~the ratio of the degrees of polymerization,
65/25! greater than the sticking energy of PS(25) –X. In Fig.
1, we present only the limiting data after a long incubation
period~minimum of 85 h!, with no significant change being
observed after a further 48 h incubation. We note that there is
greater variation between profiles measured over this limit-
ing period than for the initial PS(25) –X brushes, or is typi-
cal for our measurements of equilibrium brushes; this could
be an indication that the system has not reached equilibrium.
Measurements made at intermediate times lay between these
limiting profiles and the first profile measured after 20 h
incubation, indicated by the solid line in Fig. 1. These inter-
mediate profiles also showed greater variation between force
profiles than is apparent in the PS(25) –X profile. This could
be an indication of a mixed PS(25) –X/PS(65) –X3 brush.

Figure 2 shows the result of incubating the limiting
brush formed by the displacement of PS(25) –X by
PS(65) –X3 in a solution of PS(25) –X3 for a further 40 h.
The open symbols again correspond to the PS(65) –X3 ,
while the filled symbols correspond to PS(25) –X3 . It is
clear that when the chains have thesameend group, the
shorter chains displace the longer chains, as earlier
observed.11,16The time scale for this displacement~ca. 40 h!
is significantly longer than that observed in the earlier PS–X
experiments11,16 ~ca. 2 h!. This is consistent with the hypoth-
esis that increasing the number of sticking groups has in-
creased the sticking energy: for a chain to be displaced it
now has to desorb from a deeper potential well.

These observations provide clear evidence that increas-
ing the number of zwitterionic groups does increase the
sticking energy of the end group. The time scale for the
displacement of the the shorter chain~lower end-group stick-
ing energy! by the longer chain~higher end-group sticking
energy! appears to be slower than the displacement of longer
chains by shorter chains~with equivalent end-groups! ob-
served by Klein and Kumacheva.11,16 In the latter case, the
correlation length of the long chain brush is much larger than
the coil size of the invading shorter chain, hence the existing
brush does not present a significant potential barrier. Con-
versely, in the case reported here, the longer invading chain
has to penetrate pores much smaller than its free coil size if
it is to invade the short chain brush. The short chain brush
may thus present a significant potential barrier to the invad-
ing longer chain.

B. Evolution of PS „65…– X3 brush: Brush properties

In the second set of experiments we investigate the ki-
netics of PS(65) –X3 brush formation onto a bare mica sur-
face. The lower panel of Fig. 3 shows the variation in the
force-distance profiles for interactions between mica surfaces
bearing PS(65) –X3 as a function of incubation time. The
data points correspond to a large number of profiles mea-
sured both on compression and decompression. In line with
previous measurements of PS–X brushes,5 there is no sys-
tematic difference between profiles measured on compres-
sion and decompression. There is, however, a systematic
variation with increasing incubation time; this is in contrast
to the behavior observed with chains bearing a single zwit-
terionic group, for which an incubation period of 2–3 h was
found to be sufficient to achieve the equilibrium coverage.5

The data sets correspond to three different incubation peri-
ods: 3–14 h, 40–60 h, and 136–150 h. There is nosystem-
atic variation between profiles recorded in any one time
frame, while there is clearly a systematic variation in the
range and magnitude of the profiles measured in different
time frames. Each of the time frames corresponds to periods
in which force profiles were being measured, during which
the surface separation was ca. 500 nm or less. During the
intervening periods, the surfaces were separated to ca. 500
mm to allow for equilibration with the bulk solution; we
consider these intervening periods to increment the incuba-
tion time. The force profiles measured in the first time frame
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are identical to those presented in our earlier study10 in
which comparatively short incubation times were employed.

To quantify the variation in the surface coverage, we use
the refractive index profiles measured in the second time
frame, shown in Fig. 4~b!, to provide an absolute measure of
the surface coverage at this stage.14,17Assuming that the re-
fractive index depends linearly on the volume fraction of
surface bound polymer, and assuming the surface coverageG
to be independent of separation18 we find an adsorbed
amount of (5.761.8) mg/m2 corresponding to a mean chain
spacing,s5(4.560.9) nm.

We did not measure refractive index profiles for 3–14 h,
or for 136 h. Instead we adopt two procedures to determine
the coverage during these periods from the directly measured
value in the 40–60 h period. The first procedure involves
fitting the measured force profiles to Eq.~8!, which is ob-
tained by integrating the Alexander–de Gennes expression8

for the force/unit area acting on parallel plates bearing
brushes of uncompressed heightL0 :

E~D !5
F~D !

2pR
5

2L0kBT

s3 F4c1

5 S 2L0

D D 5/4

1
4c2

7 S D

2L0
D 7/4

2S 4c1

5
1

4c2

7 D G , ~8!

where the first term represents the increasing segment-
segment~osmotic! repulsion and the second the increase in
the chain entropy, as the chain stretching decreases with in-
creasing compression. Althoughc1 and c2 are in principle
different constants of order unity, in the fitting procedure that
follows we assume them to be the same. The justification is
that the fit is dominated by the high compression region
which is dominated by the osmotic term, described byc1 . To
use this expression the scaling constant must be determined:
fixing s54.5 nm@from refractive index profile in Fig. 4~b!#
and the uncompressed brush heightL0544 nm ~from the
onset distance of the repulsion! and using Eq.~8! to fit the
force profiles measured at the same time as the refractive
index profiles~filled symbols in Fig. 3 yields the constant
c>0.5). Having evaluated this constant fitting the profiles
for 3–14 h and 136 h, for which onlyL0 is known, deter-
mines the corresponding values for the mean chain spacing
s. The resulting parameters that describe the development of
the brush are given in Table II. Table II also lists the number
of blobs in the uncompressed brush,nblobs>L0 /s, in the
three phases of the brush development.

The second approach to obtain the surface coverages for
the initial ~3–14 h! and final~136 h! incubation periods fol-
lows that outlined by Tauntonet al.5 Focusing on the high
compression region of the profiles, dominated by osmotic
segment-segment repulsions, which are treated using a
Flory-Huggins mean-field approximation for the osmotic
pressure,19 the interaction energy at a separationD8 is given
by

E~D8!5E
2L0

D8
P„f~D !…dD5const3~M2/D8s4!, ~9!

so, for a givenE(D8) ~corresponding toFn /R510 mN/m in
this case!,

s25const3~M /D81/2!. ~10!

Following this approach to obtains for time frames 1 (D8
529 nm) and 3 (D8555 nm) from the directly measured

FIG. 4. ~a! Refractive indexm(D) as a function of separation between mica
surfaces bearing PS(25) –X brushes; force profiles measured at the same
time are not shown but were identical to those shown by filled symbols in
Fig. 1. ~b! Refractive index as a function of separation between mica sur-
faces that have been incubated in PS(65) –X3 for 50 h, corresponding to the
force profiles indicated by filled symbols in Fig. 3~b!. In both cases the
refractive index of pure toluene is indicated by the dotted line atm tol

51.497.

TABLE II. Brush parameters derived from fitting experimental force profiles measured for PS(65) –X3 to
Alexander–de Gennes force profiles. Figures in brackets obtained using the alternative procedure of comparing
the interaction free energy in the high compression regime via a Flory-Huggins mean-field scaling expression.
The table also shows the corresponding surface coverages (chains/nm2) and the fractional coverage expressed
relative to an equilibrium coverage ofseq50.0625 nm22 estimated by applying a scaling approach to the
directly measured surface coverage of the equilibrium PS(25) –X brush~see text for details!.

Incubation time~h! L0 ~nm! s ~nm! s(t) (nm22) u5s(t)/seq nblobs

3–14 4061 5.2 ~4.9! 0.042 0.67 7.7
40–60 4461 4.560.9 0.049 0.79 9.8

136 5561 4.3 ~4.2! 0.057 0.91 12.8
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chain spacing of time frame 2, yields 4.9 nm and 4.2 nm,
respectively, as indicated~in parentheses! in Table II; these
values are within the scatter of the values obtained from our
refractive index measurements. In our analysis of the kinetics
of brush formation we use the estimates of interanchor sepa-
ration obtained directly from the refractive index profile
~time frame 2! and the mean-field comparison of the high
compression region~time frames 1 and 3! to provide a mea-
sure of the surface coverage.

It is clear from the variation in the force profiles in Fig.
3 that the PS(65) –X3 brush is developing during the course
of the measurements. We use a scaling theory approach to
predict the equilibrium properties of this brush and hence
characterize how far the growing brush is from equilibrium.
Our starting point is the interaction force profile measured
between surfaces bearing what we believe to be fully devel-
oped PS(25) –X brushes. The solid symbols in Fig. 1 show
force profiles measured between mica surfaces that have
been incubated in solutions of PS(25) –X (fb;131024)
for a period of 20 h; profiles measured in separate experi-
ments~different mica substrates! with shorter incubation pe-
riods were identical but are not shown. The onset of the
interaction can be identified asL05(2963) nm. From the
corresponding refractive index profile, shown in Fig. 4~a!,
we determine a surface coverage of (3.161.6) mg/m2,
equivalent to a chain spacing ofs5(4.461.5) nm. Using
Eqs.~4! and~5!, we predict an equilibrium chain spacing and
brush height for the PS(65) –X3 brush ofs5(4.061.6) nm
andL05(7968) nm, respectively. The predicted force pro-
file for such a brush obtained using these values ofs andL0

in Eq. ~8! is shown by the dashed line on Fig. 3~b!. We use
the value of the equilibrium surface coverage evaluated in
this way (seq50.06 chains/nm2) to express the surface cov-
erages determined from the refractive index and the Flory-
Huggins mean-field procedure~bracketed figures! as frac-
tional surface coverages (u5s/seq); these fractional
coverages are also shown in Table II.

C. Evolution of PS „65…– X3 brush: Kinetic models

The kinetics of brush formation has been the subject of
both theoretical12,20–25and experimental26–33 investigations.
With the exception of Pelletieret al.,32 the effect of the ki-
netics of brush formation on the interactions between brush
bearing surfaces has not been considered. In the original
PS–X experiments of Tauntonet al.,5 it was noted that satu-
ration coverage was achieved on a time scale of 2–3 h. From
the data presented in Table II and Fig. 5, it is clear that the
time to reach saturation is substantially longer in the case of
a PS(65) –X3 brush. A possible explanation is afforded by a
consideration of Eqs.~4! and~5! and the schematic represen-
tation in Fig. 5. Scaling arguments@Eq. ~4!# predict that the
equilibrium coverage for the PS–X3 brush should be 36/5

times that for a PS–X brush with the same chain length
~assuming sticking energy due to three zwitterions is three
times that due to a single zwitterion!, hence the equilibrium
chain spacing should be about half that for the PS–X brush.
Consequently, chains arriving at a surface bearing an equi-
librium PS–X3 brush have to penetrate a tube with half the

diameter of chains arriving at an equilibrium PS–X brush.
Confinement of a polymer chain to a tube costs free energy,
hence we expect the denser brush to present a larger potential
barrier for the chains that arrive as equilibrium is ap-
proached. This picture is consistent with the findings of the
detailed kinetic investigations26–28,30,31 which use optical
methods~surface plasmon resonance and ellipsometry!, ra-
diolabeling or neutron reflectivity to follow the surface ex-
cess as a function of time and find a rapid diffusion-limited
regime followed by a slower regime. The first regime is
thought to end when the surface attached tails start to overlap
and stretch out from the surface. We will show below that the
time scale for the second regime depends strongly on the
density of the growing brush and hence on the sticking en-
ergy of the end group. Most of the kinetic studies have em-
ployed diblock copolymers and selective solvents to form
brushes. This architecture complicates the investigation of
the kinetics of brush formation, as it is possible that the
sticking energy varies as a function of coverage and that
there are additional structural rearrangements occurring
within the layer formed by the sticky block.34 We can, how-
ever, comment that the time scale for the formation of brush
of similar length PS chains~with poly~2-vinylpyridine! an-
choring block! followed by Pelletieret al.32 is similar to that
found in this study. Kinetic studies employing nonpolymeric
anchoring points~such as in this work! are less numerous.
Clarke et al. observe a similar time scale for the develop-
ment of a brush comprising PS chains of a similar length
bearing a carboxylic acid sticking group, from a melt of
much longer PS homopolymer chains.27 Despite using much
shorter thiolated poly~ethylene glycol!, Himmelhauset al.
find that brush growth extends over a period of tens of
hours;29 the key factor is the very high grafting density that
the high sticking energy of the thiol affords.

The evolution of dense brushes on a time scale that is

FIG. 5. Experimentally determined surface coverage of PS(65) –X3 as a
function of the incubation time. The fractional coverageu5s/seq , where
seq50.0625 chains/m2 is estimated by applying scaling arguments to a di-
rect measurement of the equilibrium surface coverage of a PS(25) –X brush.
The line is an exponential fit that is intended to guide the eye. The inset is a
cartoon to illustrate the confinement induced origin of the greater potential
barrier faced by chains penetrating denser brushes.
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long compared with the diffusion-limited build up of mush-
rooms and moderately stretched brushes has been predicted
by a number of analytical theories12,20,21,35that can be traced
back to Halperin and Alexander.36 At the heart of these theo-
ries is the idea that for a chain to enter a brush, it has to
penetrate a confining tube, which results in a potential bar-
rier, and that the penetration occurs by a reptative motion. In
the Appendix, we develop a framework, based on these ana-
lytical models, to allow us to examine the effect that the
model for the potential has on the comparison with the ex-
perimentally observed kinetics.

Assuming a scaling form for the position-dependent
chemical potential of an incoming chain in the brush envi-
ronment~shown as inset to Fig. 6!, predicts an increase in the
surface coverage that is approximately logarithmic with time
@Eq. ~B11!#:

~sa2!5/65C1N21lnU t

tU, ~11!

where t56ph/c0kBT is the characteristic time for brush
growth. In Fig. 6 we plots5/6 as a function of lnt, wheret is
the incubation time in hours, usings51/s2, wheres is the
average chain spacing obtained from the refractive index
data @Fig. 4~b!# and a mean-field comparison of the high
compression region~10 mN/m! of the force profiles in Fig.
3~b!. Equation ~11! predicts a straight line with gradient
(Na5/3)21. Usinga50.76 nm and the experimentally deter-
mined gradient of 531012 m25/3 yields N;320, compared
with the true degree of polymerization ofN5625. It is im-
portant to appreciate that the free energy barrier in Eq.~B9!
is correct to within a scaling constant of order unity, so we
do not feel that it is appropriate to attach too much signifi-
cance to the gradient of Fig. 6.

To examine the effect that changing to a SCF description
of the potential barrier~shown schematically as the inset to
Fig. 7! has on the comparison with our experimental data we
use Eq.~B20! which gives the evolution of surface coverage
s(t) relative to the coverage at some earlier times(t0). We
take t053 h, use w50.008 nm3, n53/a2 ~with a
50.76 nm), andN5625, and the coverage data from Table
II to plot the evolution of surface coverage as a function of
time ~Fig. 7!. The gradient of 1.331024 chains/nm2/s is 20
times smaller than the calculated value of (c0nkBT/24hN).
This implies that the coverage is increasing more slowly than
predicted by the SCF model for the kinetics we outline in the
Appendix.

We should point out that our kinetic model neglects the
effects of desorption and assumes the bulk concentration re-
mains constant. We believe both these assumptions to be
valid until the system is very close to equilibrium: the poten-
tial well occupied by surface attached molecules is about
27kBT ~assuming the sticking energy to be three times that of
a chain bearing a single zwitterion!; this means that the rate
of desorption will be negligible until equilibrium is reached
~at which point, the rate of adsorption will be similarly neg-
ligible!.

We should also emphasize that both the scaling and SCF
descriptions of the potential barrier aremean-field treat-
ments. As such they take no account of local inhomogene-
ities in the monomer density in the brush environment.
Physically one might expect there to be inhomogeneities that
persist on a range of time scales. Both scaling and the ana-
lytical SCF approaches are based on the assumption that the
chains are strongly stretched, which will have the effect of
suppressing short time-scalefluctuations. In a physical brush,
one can imagine a variety of molecular conformations
~mushroom, stretched, strongly stretched! and thermal fluc-

FIG. 6. Experimentally determined surface coverage as a function of the
incubation time, plotted to test the scaling description of the kinetics of
brush formation. The line of best fit is consistent withN5320. The inset
shows the scaling form of the chemical potential of a chain in the brush
environment.

FIG. 7. Experimentally determined surface coverage relative to the coverage
measured in the first time frame as a function of additional incubation time.
The inset shows the SCF form of the chemical potential of a chain in the
brush environment.
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tuations leading to the interconversion between these confor-
mations. The microscopic model of Himmelhauset al.29 at-
tempts to account for these effects by constructing an
effective Hamiltonian, that allows for molecules in the brush
to adopt a variety of conformations and for thermal fluctua-
tions to allow interconversion between these conformations.

On longer time scales, one can imagine that before equi-
librium is reached, the brush need not necessarily be laterally
homogenous. Such nonequilibrium effects might be espe-
cially relevant in this system, as the high sticking energy will
slow down surface diffusion of attached chains. The chains
might be more inclined to ‘‘stick where they hit’’ which
could lead to lateral inhomogeneities in the surface coverage.
Laterally inhomogeneous layers of tethered polymers have
been observed to form from a poor solvent.37,38

As the Alexander-de Gennes expression for the interac-
tion free energy@Eq. ~8!# is based on the assumption of uni-
form noninterpenetrating brushes, we can look for evidence
of inhomogeneity in the force profiles measured for the
growing brushes. In Fig. 8 we show the data from Fig. 3~b!,
replotted as the interaction free energy scaled by the appro-
priate value ofs3/L0 , wheres is the average anchor spacing
and L0 the brush height, as a function ofD/2L0 . The fact
that all the profiles collapse onto a single curve suggests that
the Alexander-de Gennes description@Eq. ~8!# is appropriate
for the growing brush and that the force profiles provide no
evidence for inhomogeneous brush growth. We note that
Kelley et al. have observed heterogeneity in polystyrene
brushes formed from diblock copolymers and comment that
interactions between surfaces bearing such layers also scale
in the manner expected for uniform brushes.39 However, we
again comment that direct correlation of surface structure
and interactions for brushes formed from diblocks may be
complicated by interactions within the layer formed by the
sticking block.34

In the Appendix we show that the flux of molecules in-
cident on the surface can be described as the product of the
concentration of molecules that have sufficient energy to sur-
mount the barrier~Boltzmann population! multiplied by the
velocity of crossing the barrier. In reality, the end group oc-
cupies a finite area, so to obtain a measure of the rate of
sticking, this incident flux should be multiplied by the prob-
ability that the end group lands on an empty site. Penn
et al.23 incorporate the effect of inhomogeneity by using the
phenomenological cooperative sequential adsorption~CSA!
model. They model the tethering kinetics using a Monte
Carlo approach in which each polymer chain is represented
by a disk of radiusRg in the relaxed state. The probability of
adding a polymer chain is taken to be the product of the
probability of penetrating the barrier presented by the al-
ready attached polymers~as in the SCF and scaling treat-
ments! and a second probability that was determined by the
energy required to change the conformation of the incoming
chain and the tethered chains local to the incoming chain. We
do not explicitly take inhomogeneity into account but a phe-
nomenological approach to allow for the fact that, to end-
attach, an incoming chain must land on an empty site is to
assume a simple Langmuir model in which the probability of
striking an empty site is assumed to be (12u), whereu is
the fractional surface coverage. In Table II we express the
coverage as a fractional coverage,u5s/seq where we cal-
culateseq50.0625 chains/m2 on the basis of scaling argu-
ments. The fractional coverages of 0.79 and 0.91 at 37 and
133 h imply empty-site probabilities of 0.21 and 0.09, re-
spectively; this would reduce the sticking flux at 133 h to 9%
of that assumed in our mean-field models.

Taken together, the results of the SCF and scaling analy-
ses of the kinetics provide qualitative support for the kinetic
barrier being associated with the stretching energy of a chain
as it penetrates the already present brush layer; they also
indicate that the kinetics of brush formation is strongly de-
pendent on the nature of the potential presented by the exist-
ing brush. The agreement with the self-consistent mean-field
model is to within an order of magnitude and simple consid-
erations of the physical effects not included in the model
suggest how the agreement might be improved.

V. SUMMARY

We previously reported that increasing the number of
zwitterionic sticking groups at the end of PS–X chains re-
sulted in no measurable change in the surface coverage.10 We
suggested that either increasing the number of zwitterionic
groups was not increasing the sticking energy~due to multi-
pole formation! or that the kinetic effects might be playing a
role.

We are now able to offer an explanation for this unex-
pected observation: it is a kinetic effect. We find that longer
chains (Mn565 000) functionalized with three zwitterionic
groups @PS(65) –X3# will displace shorter chains (Mn

525 000) bearing only one zwitterionic group@PS(25) –X#
from preformed brushes. A simple consideration of the free
energy of the brush indicates that this can only happen if the
longer chain has a higher end-group sticking energy. This

FIG. 8. Force profiles from Fig. 3~b!, scaled bys3/2pL0 , plotted as a
function of D/2L0 ; s is the average end-group spacing andL0 the brush
height. Scaling the interaction free energy in this way is equivalent to the
excess free energy per blob, which we show in units ofkBT on the right-
hand axis. The fact that all profiles collapse onto a single curve, provides
some evidence that the brush is growing homogeneously.
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clearly establishes that increasing the number of zwitterionic
groups at the end of the polystyrene chain does increase the
sticking energy of the end group.

We find that assembling PS(65) –X3 onto a bare mica
surface does result in a higher surface coverage than previ-
ously observed5,10 but that the increase in coverage occurs on
a much slower time scale. We suggest that the very slow
increase in surface coverage with time provides an explana-
tion for the observation that surface coverage appears to be
largely independent of the supposed sticking energy of the
end group:9 the denser brushes that should result from a
higher sticking energy are kinetically limited; Habichtet al.
reach the same conclusion and suggest that the grafting from
approach provides a better strategy to achieve dense
brushes.40

We use refractive index measurements to provide a di-
rect measure of the surface coverage for the growing brush.
Comparison with mean-field models for the kinetics of brush
growth provides qualitative support for associating the ki-
netic barrier with the stretching of an incoming chain that is
required if the chain is to penetrate the existing brush and
attach to the surface. Phenomenological considerations allow
us to make suggestions of how these models could be im-
proved. The dominant contribution to the potential barrier is
the excluded volume~osmotic! contribution. This suggests
that strategies to produce high density brushes using the
grafting to approach should seek to decrease this contribu-
tion: this immediately suggests reducing the solvent quality
or end-attaching from a melt. Consideration of our model for
the kinetics suggests that these strategies may not be without
problems: in a poor solvent the tails will be collapsed on the
surface, decreasing the probability that the sticky group lands
on an empty site; in grafting from a melt the ‘‘solvent’’ vis-
cosity will be high, decreasing the reptative mobility of in-
coming chains.
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APPENDIX A: SCF FORMALISM—CHEMICAL
POTENTIAL AND ADSORPTION ISOTHERM

The end-functionalized chain~zwitterionic end group
1PS tail! will only experience an attraction to the surface
when the zwitterionic end-group approaches to withind of
the surface, whered is the range of the dipole-induced-dipole
interaction. At greater distances from the surface, the chemi-
cal potential of the chain will be dominated by the chemical
potential of the PS tail in the brush environment. It is this
chemical potential which determines the dynamics of a chain
in the brush and consequently the kinetics of brush formation
and the equilibrium structure of the brush. As this chemical
potential plays a key role in interpreting both the equilibrium
structure and the kinetics of brush formation, we present
here, in outline, a derivation of the chemical potential of a
chain in the brush environment based on the original treat-

ments of Milner and co-workers.41,42 The aim is not to pro-
vide new results but rather to construct the result in a form
that is appropriate for direct comparison with our experimen-
tal data.

To permit unambiguous comparison with our experimen-
tal data, we start from Milner’s result42 for the free energy
per unit area of the uncompressed brush that he uses for
direct comparison with the experimental force profiles of
Taunton:5

f 0

kBT
5S 9

10D S p2

12D 1/3

Ns5/3w2/3n1/3. ~A1!

In this expression, and the following,w is the excluded vol-
ume parameter,n has dimensions of (length)22 and is de-
fined by the partition function of the system,s is the number
of chains per unit area andN is the number of monomers in
the chain. Milner uses the partition function to determine
values forn andw from experimental measurements of the
end-to-end distance (Re

256Rg
253N/n5Na2) and osmotic

pressure of chains in solution at a comparable concentration
to that found in the experimental brushes: this procedure
yieldsw1/350.2 nm and (3/n)5a25(0.76 nm)2, wherea is
the segment length.42

Assume the brush occupies an areaA so that the free
energy of the tails in the brushFtails5Af 0 and the number of
chains in the brushn5sA, the chemical potential of the
chain in the brush at a distance just greater thand from the
surface can be determined as

m tail

kBT
5

1

kBT S ]Ftails

]n D
A

5
1

kBT S ] f 0

]s D
A

5
3

2 S p2

12D 1/3

Ns2/3w2/3n1/3. ~A2!

Clearly the chemical potential at the bottom of the brush can
be equated with the maximum in the effective potential ex-
perienced by an incoming chain~see Fig. 7!, m tail /kBT
5U* ; in Appendix B we show the key role this potential
barrier plays in determining the kinetics of chain adsorption.

When an incoming chain has surmounted this barrier, it
falls into the potential well, associated with the attraction of
the zwitterionic end group for the surface, lowering its total
energy to (U* 2D)kBT. Imagining the surface as a checker-
board lattice, it is clear that at a coverage below saturation,
there will be an entropic contribution to the free energy of an
end-adsorbed chain: the area occupied by one chain iss21;
unit area isn21, henceSchain5kB ln(s21n)52kB ln(sa2/3).
The free energy of a single, end-adsorbed chain, in the brush
is

f

kBT
5U2TS5~U* 2D1 lnusa2/3u!. ~A3!

Hence the free energy of the brush covering an area,A, is

Fbrush

kBT
5n~U* 2D1 lnu~n/A!a2/3u!. ~A4!

Consequently, the chemical potential of an end-adsorbed
chain in the brush can be determined as
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mbrush

kBT
5

1

kBT S ]Fbrush

]n D
A

5~2D1U* 1 lnusa2/3u11!.

~A5!

For dilute bulk solutions~volume fractionfb), such as those
used to incubate the surfaces in the experiments described in
this paper, the chemical potential of a chain in the bulk may
be approximated bymbulk>kBT ln fb .

At equilibrium, the chemical potentials of a chain in the
bulk and end-adsorbed in the brush will be equal, giving the
following expression for the adsorption isotherm:

fb5~sa2/3!exp~2D1U* !. ~A6!

This result is equivalent to that of Ligoure and Leibler12 but
has been developed in a form that allows consistent compari-
son with our experimental data.

APPENDIX B: KINETICS OF BRUSH FORMATION—
EFFECT OF THE SHAPE OF THE POTENTIAL

Here we adopt the approach originally employed by
Halperin43 and subsequently followed by Johner and
Joanny,20 and Ligourre and Leibler.12 As with Appendix A,
our intention is not to provide a new model, but rather to
develop the existing models in a transparent framework that
can easily and consistently be applied to the experimental
data presented in the main body of the paper.

At the heart of the approach is a diffusion-convection
equation for the flux of chains inside the brush:

J52D~z!F]c

]z
1c

]U

]z G ~B1!

in which, c is the concentration of chains~chains/unit vol-
ume!, U is the potential experienced by the chain at a dis-
tancez from the surface, andD(z) is the appropriate diffu-
sion coefficient for a chain approaching the surface through
the existing brush environment. Equation~B1! can be recast
as

2J

D~z!
5exp@2U~z!#

]$c exp@U~z!#%

]z
, ~B2!

which if the flux is constant through the brush can be inte-
grated to give

J52
~c02cs!

E
0

L0 exp@U~z!#

D~z!
dz

, ~B3!

wherecs is the concentration that would be in equilibrium
with the surface coverages. We show below that the in-
crease in the surface coverage is sensitive to the form of the
potentialU(z).

1. Scaling approach

We first follow the approach of Johner and Joanny20 who
employ a scaling theory description of the energetics of a
chain in the brush environment,U(z)5F(z)/kBT, with F(z)
given by Eq.~B4!:

F~z!5kBTs1/2~L02z!. ~B4!

This potential is illustrated schematically in Fig. 6: the free
energy cost~in kBT) of a chain at a distancez from the
surface is equal to the number of blobs that have been in-
serted into the brush of heightL0 ; in the scaling approach
blobs have a constant size (s21/2) and each blob has an
energetic costkBT. That part of the incoming chain already
inserted into the brush is assumed to diffuse in a reptative
fashion, hence the mobilityL is given by

L2156ph~L02z!. ~B5!

Using the Einstein relation gives the appropriate diffusion
coefficient as

D~z!5
kBT

6ph~L02z!
. ~B6!

In the language of Kramer’s rate theory, the denominator of
Eq. ~B3! is the reciprocal of the transparence (K21):

K215E
0

L0exp@U~z!#

D~z!
dz

5
6ph

kBT E
0

L0
~L02z!exp@s1/2~L02z!#dz. ~B7!

This can be easily integrated:

K215
6ph

kBT FL0 exp~s1/2L0!

s21/2 G . ~B8!

Using the scaling expression for the height of the brush@Eq.
~1!# gives the result of Johner and Joanny:20

J52~c02cs!
kBT~sa2!1/6

6phNa2 exp@2N~sa2!5/6#. ~B9!

Conservation of chains at the adsorbing surface means this
flux can be related to the rate of increase in surface coverage
(s5chains/unit area),

ds

dt
52Jusurface. ~B10!

It is important to note that this treatment applies to chains
approaching well covered surfaces and does not describe the
initial diffusion limited adsorption of chains into the mush-
room regime, which is fast on the time scale of the experi-
ments reported here. When the system is still far from equi-
librium, cs may be set to zero: the barrier to adsorption is
sufficiently large that the effects of saturation are only im-
portant close to equilibrium which is approached very
slowly.

Combining Eqs.~B9! and ~B10! gives a first-order dif-
ferential equation, which can be integrated to give the sur-
face coverage as a function of time:

~sa2!5/65C1N21 lnU t

tU ~B11!

where t56ph/c0kBT is the characteristic time for brush
growth.
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2. SCF approach: Influence of asymmetric potential

If the SCF description of the brush the brush is adopted,
the shape of the potential experienced by an incoming chain
changes from Figs. 6 to 7, as derived explicitly by Milner.35

It is important to point out the inadequacy of the schematic
representation in Fig. 7:z* is comparable withd, the
length scale over which the dipole-induced-dipole interaction
between the zwitterion and the surface is significant, i.e.,
z* ;1 nm; by contrast the brushes measured in this study
have height,L0;40– 55 nm; the potential is veryasymmet-
ric.

In the preceding section we considered inserting chains
into a potential which increased linearly asz* was ap-
proached from the solution side. This corresponds to a con-
stant blob size and monomer density within the brush. Con-
sequently, inserting one additional blob~energy penaltykBT)
advances the chain by the same positional incrementDz,
independent of how far into the brush the chain has pen-
etrated. In the SCF description, the monomer concentration
follows a parabolic profile. In terms of blobs containing a
constant number of monomers, the blob size is decreasing as
the distance from the surface decreases. By keeping the num-
ber of monomers/blob constant we can still associate a free
energy penalty ofkBT with the insertion of an additional
blob ~i.e., the insertion ofnb more monomers into the brush
environment!. However, the distance that the chain advances
in return for paying the free energy toll decreases: the poten-
tial gradient increases; this qualitative picture is consistent
with Milner’s potential illustrated in Fig. 7. The simple form
of the scaling potential permitted direct integration of Eq.
~B3!, taking explicit account of the position dependent po-
tential and mobility. This is more difficult for the more com-
plex SCF potential so we adopt a different approach.

a. Case I: Symmetric potential

To gain some insight into the problem, we apply the
approach outlined by Halperin43 to a potential which is sym-
metric aboutz* :

Usym5U* 2v~z2z* !2/2. ~B12!

Equation~B3! becomes

J52
c0

exp~U* !E
0

L0 exp@2v~z2z* !2/2#

D~z!
dz

. ~B13!

The position-dependent diffusion coefficient@D(z)# will
smallest atz* , hence the main contribution to the integral
will be from the range aroundz* . To take this into account
we replace the upper limit on the integral bỳand D(z)
5D(z* ). From Eq.~B12! we may associate the width of the
potential kBT below U* with a5A2/v. The integral over
the gaussian equals 1/2A2p/v'a and Eq.~B13! becomes

J52
D~z* !c0 exp~2U* !

a
5c0 exp~2U* !vbarrier,

~B14!

which has a simple physical interpretation as the concentra-
tion of chains at the top of the barrier multiplied by the
velocity at which chains cross the barrier. The velocity of

crossing the barrier can be defined in terms of the chain
mobility at the barrier, which from Eq.~B5! is L(z* )
5@6ph(L02z* )#21. The chain velocity is then

vbarrier52kBTL~z* !F]U~z!

]z G
barrier

, ~B15!

where the potential gradient is the repulsive force acting on a
chain approaching from the solution. For the scaling poten-
tial @Eq. ~B4!# we obtain

vbarrier5
kBTs1/2

6phL0
, ~B16!

which gives the same expression for the flux as we obtained
above@Eq. ~B9!#.

b. Case II: Asymmetric potential

We now apply this approach to the asymmetric potential
illustrated schematically in Fig. 7. We use Milner’s expres-
sion for the potential35 but use Eq.~A1!, which is also due to
Milner,42 to obtain a modified expression for the free energy
per chain which is consistent with our comparison with ex-
periment:

U~z!5
2 f

p H cos21S z

L0
D2S z

L0
D F12S z

L0
D 2G1/2J , ~B17!

where f 53/2(p2/12)1/3Ns2/3w2/3n1/3 is the free energy per
chain in units ofkBT. Differentiating, multiplying by the
mobility and substituting L05(12/p2)2/3Ns1/3w2/3n21/3,
from Ref. 42 gives the velocity of crossing the barrier as

vbarrier5
nkBT

24hN
~B18!

which, for PS~65! (N5625) in toluene (h50.6
31023 Pa s), isvbarrier;331023 ms21. For a bulk concen-
tration of 1018 chains/m2 ~corresponding tofb;1024) the
flux incident on the surface, J0;1015exp(2U* )
chains/m2/s.

Conservation of flux at the surface gives the equation for
the rate of increase in surface coverage:

ds

dt
5

nkBT

24hN
c0 exp~2U* !, ~B19!

where the potential barrier,U* 53/2(p2/12)1/3Ns2/3w2/3n1/3

@Eq. ~A2!#. Integrating Eq.~B19! gives the following time
dependence for the surface coverage:

3

2B
$s~ t !1/3exp@Bs~ t !2/3#2s~ t0!1/3exp@Bs~ t0!2/3#%

5
c0nkBT

24hN
~ t2t0!, ~B20!

whereB5(3/2)(p2/12)1/3Nw2/3n1/3.
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