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ABSTRACT: We analyze the entanglement of polymer brushes embedded in long-chain melts and in good and
© solvents. Individual entanglements are identified using a modified version of primitive path analysis. Due to
entropic collapse, the brushes embedded in the melt are more self-entangled than those in the implicit solvents.
The self-entanglement of the brushes in the good @nsblvents as a function of coverage follows a simple
scaling argument. We observe a depletion of entanglements near the systems’ confining walls and offer several
possible explanations. In the melt-embedded systems, the brushes entangle predominantly with the melt at low
coverage and with themselves at high coverage. The peak of thedm&hentanglement density is highest at

an intermediate coverage, but the integrated areal bmnit entanglement density continues to increase with
coverage for the studied systems. This areal density correlates well with earlier measurements of the work of
adhesion.

1. Introduction in a polymer melt were carried out by Gré&tyvho found that,

At high surface coverage, polymer chains grafted at one end N @greement with theory, that there was a crossover from a
to a surface are strongly stretched, forming a polymer brush, Wet o a dry brush as the chain lengt, increased. This
Polymers grafted to surfaces have a number of useful applica-CroSSover has important implications for po_Iymer adhesion, as
tions, including colloidal stabilization and lubrication in small this phase separation of melt and brush chains reduces entangle-
molecule solvent® and for increasing adhesion between a Ments at the interface, since even for melt chains Mh<
surface and elastometé.Theoretical interest in these systems o there is strong segregation of the melt from the brush for
arises from the confinement of the polymeric chains, which leads Nigh coverage. As a result, adhesion enhancement due to a
to configurations that are qualitatively different from those of (€thered polymer layer shows a surprising nonmonotonic
free chains. Following the early work of Alexan8iend de behaviof-39 as a function o. Initially the work of adhesion
Gennes, there have been a large number of theoretical and INCréases as the coverage increases. Howevel, asitinues
experimental studies of polymeric brushes. For reviews on O increase, the tethered chains begin to overlap and phase
polymer brushes, see refs—10. Both scaling® and self- separate from the melt. In this regime, the interpenetration of
consistent field (SCE}12 calculations predict that in a low ~ the tethered chains into the polymer melt decreases with
molecular weight solvent, above an overlap concentration, the INcréasings and as a result the work of adhesion decreases. At

brush heightlf) scales with the tethered chain lengtt)(and sufficiently high coverage, the polymer melt is completely
grafting density ) ash ~ aN2X, wherea is the monomer size expelled from the tethered chains, thereby causing the work of
andx depends on the solvent ,quality. For a good solvent adhesion to fall off to the bare value due to dispersion forces

Y5, while in © and poor solventss = ¥ and 1, respectively. ~ ©ONY-*
These predictions have been confirmed by computer simulations, Recently, it has been shown that Edward’s original concept
using both molecular dynamics (MBY¥ and Monte Carlo of a primitive path® can be applied to computer-generated
(MC)¥>-20 methods, as well as experimentally using the surface polymer melts to identify polymer entanglements. Everaers and
force apparatudi—23 small-angle neutron scatterid$?®> and collaborators performed “primitive path analysis” (PP&¥fand
neutron reflectivity?6-28 obtained results for the entanglement lenbjthin agreement
As the molecular weight of the solvent increases, de Génnes Wwith the predictions of a chain-packing motfethat explains
found that mobile solvent chains of the same chemical speciestrendsinrheological simulatiofisand experimental resufts’>48
as the brush are expelled from the brush as the surface coveragéor melts and semidilute solutions of linear homopolymers. The
= and melt chain lengtiNy, increase. Raplideet al2® and PPA technique, suitably modified, can be used to obtain
Aubouy et aB® developed this approach further, constructing a information about the behavior ahdizidual entanglements,
phase diagram fo\»,Z). Experimentally, polymeric brushes ~ which has not been accessible through other theoré&tair
in a melt have been studied by neutron reflectivity3* experimental means.
secondary-ion mass spectrometty! and nuclear-reaction Here we apply the PPA to identify the entanglements for a
analysis®®3” These experiments agree with the theoretical polymer brush in contact with a polymeric matrix. All simula-
predictions in that in the presence of mobile chains the brush tions are for a coarse-grained mddéh which monomers are
contracts. The first numerical simulations of a brush immersed represented by beads connected by springs. This allows us to
study highly entangled polymer systems. All of the results
* Corresponding author. E-mail: robhoy@pha.jhu.edu. presented here are for long grafted chains of lemgtk 501
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Chain A

beads, where the entanglement length in a melt is approximately
Ne ~ 7052 The polymeric matrix studied consists of melt chains
of lengthNy, = 1000 beads.

We begin by measuring the brushrush entanglement
density [ogb(z)] for melt-embedded systems as well as for the
same brushes in implicit good ami solvents.02°(z) increases
rapidly with X for all systems studied. The extent of the brush
increases with increasing solvent quality, thbéb(z) de- -
creases due to the lower brush density. The melt is a very poor Chain B
solvent for the brushes, which collapse near the wall to which Figure 1. Two-dimensional schematic of entanglement identification.
they are grafte@_ Due to this Co”apse, the integrated, areal For simplicity of visualization, we depict chain B as lying perpendicular
entanglement densityd?(%)] is much higher for the melt-  ©© the Page.
embedded SyS'[emS than fOI’ the |mp||C|t SO|Ven'[ SyStemS The Table 1. Surface Coveragex)’ Number of Tethered Chains (']l)’ and

calculatedQ2(Z) for the good and® solvent systems are well Number of Melt Chains (nw) and Length (L) for the Brush—Melt
fit by a simple scaling argument©Q2°(%) 0 227x, Systems Studied

Next we examine the brustmelt entanglement density [ 2o? n Nm Lo 2o? n Nm Ldo
p';m(z)] for the melt-embedded brushaim(z) increases rap- 0.008 30 476 61.2 0.03 50 193 40.8
idly with =, but even at lowX there is considerable brush 0.01 50 630 707  0.05 50 106 316

melt entanglement. There is a clear crossover from dominance %02~ 50 302 500 007 100 137  37.8

of brush—melt entanglements to brgshrusr_l entanglements as points on thez = 0 plane with densitye. The wall atz = L, is
coverage increases. We also examine the integrated areatbrush pare The implicit solvent systems all hame= 500 chains with
melt entanglement densit@ﬁm(Z)]. This increases monotoni- N, = 501. Periodic boundary conditions are applied inxttendy

cally with = for the systems studied. As expecte@gm@) directions. Parameters for the brughelt systems are given in
correlates well with measurements of the work of adhegibn ~ Table 1. These systems are a subset (excluding the highest
performed by Sides et &.for the same brushmelt systems. ~ coverages) of those studied in ref 53. o
However, the correlation is nonlineaﬂgm is sublinear in= Equilibration of brusk-melt systems with long chains is non-

hile W+ | i Thi be attributable to ch . trivial because of the slow diffusive dynamics; the systems in this
while WIS supralinear. This may be attributable 1o changes In g,y \ere thoroughly equilibrated using a double-bridging hybrid
the adhesive failure mechanism with increaskig

i i ' . . method described extensively in ref 53. In addition to standard MD
In.the next section, the simulation method is described. In equilibration, Monte Carlo moves that alter the connectivity of chain
section II, we present the results of our entanglement analyses subsections were periodically performed, allowing the chain

Finally, in section IV we conclude. configurations to relax more rapid®>¢Brushes in implicit solvents
are more easily equilibrated. These systems were created by
2. Polymer Model and Entanglement Analysis Method tethering straight chains randomly to the plane &t 0, with the

restriction that no two tether points are withior 2f each other.

We employ a coarse-grained beapring polymer modét that ; ) . .
; : ; Newton’s equations of motion were then integrated folv1@vith
ncorporates key physical features of linear homopolymers, such . ;
I b Y phys! " ! e UM e velocity-Verlet method®” where the time stept = 0.01r,

as covalent backbone bonds, excluded-volume and adhesivef h 4-sol A= 0.005 - for the ©-sol
interactions, and the topological restriction that chains cannot cross. ™" the good-solvent case antl= 0.00%, for the ©-solvent case.

All monomers have massnj and interact via the truncated and During .equilibration,.all systems stqdied were cpupled to a heat
shifted Lennard-Jones potential bath using a Langevin thermostatt with damping time 2, ;. The

interactions with the planar substrate were modeled using an

A2 [o\12 [o\6  [o\6 integrated LJ potential
o-slg (- -] e ,
C, C, (3 9
us'a = =314 - ()] @)
wherer. is the potential cutoff radius and, ;(r) = 0 for r > r..
We express all quantities in terms of the leng#), energy §€), for z < 2.20 and U\&an — 0 forz > 2.25, With eyay = 0.1¢. Since
and time ¢, = vV mozle). ksT > ey, the walls are effectively repulsive.

Covalent bonds between adjacent monomers on a chain are After equilibration is completed, we perform primitive path
modeled using the finitely extensible nonlinear elastic (FENE) analyses as in refs 41 and 59. All chain ends are fixed in space
potentiaf* and several changes are made to the interaction potedfi#l.is

L cut off at its minimum agz = (2/5)/%¢. Intrachain excluded-volume
_ 2 2 interactions are deactivated, while interchain excluded-volume
Urenelr) = 2kRO In(1 = (1/Ry)) ) interactions are retained. The covalent bonds are strengthened by
settingk = 100:/0?, and the bond lengths are capped atlt@
where k = 30kgT/0?, T is temperature, and?, = 1.50. All prevent chains from crossing one anotfeWe do not attempt to
simulations of the brushmelt systems and good-solvent brushes preserve self-entanglements, but their number in melts of the same
are run afl = 1.0¢/kg andr, = 26, while the®-solvent brushes density is negligiblé? The system is then coupled to a heat bath
are ruf*atT = Tg = 3.1&/kg andr, = 2.50. We also simulated at T = 0.00%/kg so that thermal fluctuations are negligible, and
brushes in an implicit poor solvent with= 1.5/kg andr. = 2.50 the equations of motion are integrated until the chains minimize
at coverageXo? = 0.008 and 0.03. The good-solvent brushes have their length. This typically requires1000r ;. The FENE potential
equilibrium bond lengthygs = 0.96> while the ®-solvent brushes is linearized forr < Ry/2 so that the length minimization takes

have equilibrium bond lengthy, = 0.910. place at constant tensiGhResults for brushes embedded in the
For the brush-melt systemsp, tethered chains and, melt melt are an average of over2Q0 statistically independent systems,

chains are placed in a simulation cell of slzex L, x L, with Ly while those for brushes in good aflsolvents are averaged over

= Ly andL, = 1540. The monomer density = 0.856°. All melt two to six configurations.

chains haveN,, = 1000 monomers. All brush chains haMg = While standard PPA gives the correct number of entanglements,

501 monomers and are tethered at one end to randomly locatedthe procedure is not sufficient to identify individual entanglements.
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Figure 2. Brush monomer density(2) for a brush embedded in a

melt (solid), poor solvent (dotted® solvent (dashed), and good solvent
(dash-dotted) at coverages (&p? = 0.008 and (b=0? = 0.03.
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Figure 3. Brush—brush entanglement densipt for o> = 0.008

(dashed)X0? = 0.03 (solid), and=0? = 0.07 (dash-dotted) for (a)
good solvent and (b® solvent.

In the standard PPA methdd, the chains maintain the same
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Figure 4. (a) Brush-brush Q2 for melt-embedded brushes (tri-

angles) and brushes in implicit good (squares) @nbtars) solvents.

The fits toQ2°(Z) for the good-and-solvent brushes ai@™” [J 178

and QP [0 315, respectively.
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Figure 5. Brush—brush entanglement dens'wﬁb(z) for Z0? = 0.008
(dashed)Zo? = 0.03 (solid), andZo? = 0.07 (dash-dotted) for melt-
embedded brushes.
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Figure 6. Brush—brush (dashed), brustmelt (solid), and mettmelt
(dash-dotted) entanglement densities 02 = 0.01.

introducing extra beads to reach the limit of zero thickness chains
in a manner analogous to the work of Tzoumanekas and The-
odorou®®

At the end of the standard PPAy. — 1 new beads are placed
between adjacent beads on the original chains. (Insertion of extra
beads at fixed bead diameter was performed previously and does
not affect PPA results: S. K. Sukumaran, private communication.)
The bead diameter (i.e., range of the LJ potential), rangé‘,i"ﬁlf,
and R, are reduced to hfec of their initial values. The bonds are
further strengthened by setting= 100n4.Jo?, and their lengths
are capped at 1d2ngec to avoid chain crossings. The equations of
motion are integrated until the chains again minimize their length

diameter during the length minimization process. As a result, a high after another~1000r, ;. We foundngec = 8 to be sufficiently high
percentage of monomers have interchain contacts, many of whichto get converged results for entanglement density profiles and use
may not represent true entanglements. In addition, the excludedthis value in the remainder of the paper. The rapid quench and use

volume may allow the formation of trapped unentangled Id8ps.
For this reason, we extend the analysis of Everaers €t lal.

of thin chains suggest that our results are similar to those which
would be obtained by the other PPA-like meth6H%
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Figure 7. (Color online) a) top, b) bottom of thin-chain PPA end state for one configuration at covEsage0.03. Brush chains are red and melt
chains are green. The cross sections depicted are approximatelaet@ss and 56 high.

The average primitive path lengthyf) is a convenient measure  density and extent of the brush in all four cases increases with
of the entanglement length in a homogeneous sy&tdmt since increasingZ, as expected.

we are interested in identifying individual entanglements, we use Figure 3 shows representative brughrush entanglement

an alternate procedure. One entanglement between chains A and By gities for the good- ar@-solvent brushes over the full range
is a block of consecutive monomers on chain A having interchain YA .
of coverages. The “noise” ip, (2) is due to the finite number

contacts with chain B, as shown in Figure 1. One entanglement
typically involves many monomers, because the reduced bond Of the systems. Entanglements tend to locally cluster rather than

length is small compared to the bead diameter: the angle betweerbe uniformly distributed. The fluctuations in2%(2) reflect

the two sections of chain A attached to the entanglement is often fluctuations in the (squared) monomer density at the end of the

large, so chain A "wraps around” chain B. Identifying the number PPA. As expected from Figure 2, the good-solvent brushes have
i S . X . = o

of entanglements through interchain “contacts” requires care. Setting|ower peaks in2(2), but the entanglements extend to larger

the contact radiug,on equal to the interaction cutoff overestimates The ©-solvent brushes are-5 times more entangled than the
the number of entanglements, because when defined this way some

monomers in the middle of one true entanglement are often out of good solvent brushes agbthe peaksobtf(z), but th_e p%;iks are
contact with the other chain. Setting the contact radius too high harrower. The extent gf. (2) (range ofz over whichp(2) >

also overestimates the number of entanglements. We,56b the 0) increases rapidly with increasirly as expected. Figure 4
value at which the counted number of entanglements is minimized, shows the total, integrated number of brudfmush entangle-
approximately 6/4, i.e.,rcon = (5/4)(1/8)2/°. ments per unit are®L%(X), where

For computational simplicity, we assume all entanglements are
binary, i.e., involve only two chains. This may lead to an bb Znax bb
overestimate of the number of entanglements, because a ternary Q= o Pe (z) dz (4)
entanglement (a vertex including three chains ACBis counted

as three entanglements:—8, A—C, and B-C. Because of these bb
approximations, the absolute values of the entanglement densitiesTheZ-dependence " for the good- an®-solvent brushes

given should be considered uncertain to an order of 10%. However, €N beé understood through a simple scaling argument. Assuming
the relative values of brustbrush vs brushmelt entanglement @ Step-function density profileand uniform brush height,

densities should be represented very accurately. QP should be proportional tg?h, where ¢ = S/h is the
concentration of the brushes. The® 0 3%h gives Q2 [
3. Results 327X For a good solvent this scaling predicts an exponent of 2
3.1. Brush—Brush Entanglements.Figure 2 shows the brush ~ — X = %3 while for the 6 solvent 2— x = 3. A least-squares

monomer density d(z)] for the good,®, and poor solvent fit to the data gives exponents of 1.28 0.14 for the good
systems and the brusimelt systems at coverag&s? = 0.008 solvent and 1.50+ 0.16 for the® solvent, in very good
and=02 = 0.03. Reference 53 showz) for the brush-melt agreement with the scaling prediction.

systems for the other coverages considered here. The brush Figure 4 also showa;b for melt-embedded brushes. The
density in the melt-embedded systems is sharply peaked neabrush-brush entanglement densities in these systems are clearly
the wall and has a much lower average height than even themuch higher than those for the brushes in goo®aolvents.
poor solvent system. The melt is clearly a very poor solvent This is expected from the monomer density profi€® as the

for the brush, as the brush collapses near the wall. As the solventstrong exclusion of the melt from the brush significantly
quality increases, so does the extent of the brush. The maximumincreases the number of brushrush entanglements. Figure 5
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R Results for eaclE are an average over ten statistically independent
0.06F systems.
- 0.05¢ the peak at lowz coinciding with the peak of the brustmelt
b 0.04F P2(Z). The latter peak is greatest fafo? = 0.008 and
Ci'-)o .03f disappears foEo? > 0.02, as shown in Figure 8.
0.02 : Figure 7 shows the top and bottom sections, corresponding
TR to z > 1040 andz < 500, respectively, of the thin-chain PPA
0.01¢ end state for one configuration witto? = 0.03. Long straight
0.0t segments terminate in sharp junctions (entanglements) for both

0.0 brush and melt chains. The ends of the chains near the top and
bottom walls are clearly unentangled, consistent with Figure 5.
The highz peak inp} "(z) evidently corresponds to a region of

' n ' ' ' ' ' C high melt monomer densitst the end of the PPAndeed, we
I H ] find that for entanglements between chains of type A and B,
0.06 . 1 where A and B can each be brush or melt, that the entanglement
® R : density p2°(2) is proportional to the product of the relevant
0,0.04 / AR i monomer densitiega(2)pe(2), at the end of the PPA.
< L N ] Figure 8 depicts brushbrush, bruskmelt, and mek-melt
0.0zl ! - ] entanglement densities for the three coverabes= 0.008,
TTE N VN 0.03, and 0.07. The peak pf™(2) is always atz ~ 150, but
[/ _.o = \X ] the width of the peak increases dramatically with increaging
0.0 =-— -2 For =02 = 0.008, there is negligible brusimelt entanglement
0.0 0.04 0.08 0.12 abovez = 300, while for =02 = 0.07, there is significant
ZINio entanglement up to= 500. This reflects the increasing height
Figure 8. Brush—brush (dashed), brusimelt (solid) and meltmelt of the brushes.
(dash-dotted) entanglement densitigy2), p."(2), andp{"(2) for (2) At low z, the crossover between a preponderance of brush

0% = 0.008, (b)Xo* = 0.03, and (c}o® = 0.07 melt entanglements and a preponderance of brbsish
shows p2%(2) for melt-embedded brushes for the same three entanglements clearly occurs &2 = 0.03. At this coverage
coverages shown in Figure 3. Note that the peak in the brush the peaks of the brustbrush and brushmelt entanglement
brush entanglement density is displaced from the wall even densities are of nearly equal height. For higher coverages the
though the peak in the monomer densi(y) is at the wall. We peak of the brushbrush entanglement density is higher, the

return to this point in the next section. reverse of the situation for lower coverages. The results are in
3.2. Brush—Melt Entanglement. Figure 6 shows brush general consistent with increasing phase separatior as

brush, brusk-melt, and mek-melt entanglement densities for increases.

302 = 0.01. The most prominent features are reduc£g) at Sides et al. examiné#the work of adhesionW*) for the

both walls for all three types of entanglements and a large peaksystems considered in this paper (cooled to the glassy state), as

in the melt-melt pJ™(z) near the bare wall (largg). The well as similar systems at high&r At low pull velocities, W*

reduction inp."(2) near the bare wall agrees with recent PPA increased monotonically with for the range o studied here.
observation®64 and experimental evidence for reduced en- One would like to relateV* to the number of bruskmelt
tanglement densities in thin filnfs.0One possible reason for  entanglements, as shown in FigureV¥ correlates very well

the apparent decrease in entanglement density near the walls isvith the total number of entanglements per unit aﬁégé“,

that the entanglements may be biased toward self-entanglementsvhich within our error increases monotonically with The
rather than mutual entanglemefisStandard PPA does not  correlation, however, is highly nonlineemg”‘ is sublinear inz
capture self-entanglements, and there may be an excess in selfdue to the abovementioned phase separaWdris supralinear
entanglement density near the wall due to the reduced chainin =, showing that, at the coverages considered here, the
dimensions along.®”¢8 Another possible reason is that there strengthening effect of the gradual transition from chain scission
are no chains to entangle with outside the walls, and the chainto crazing? with increasingz overcomes the weakening due to
tension present in PPA pulls entanglements further inside the phase separation. This may be helpful in the development of
system. This would explain the peak #"(2) at highz and adhesion science.
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i inai i ; (13) Zhulina, E. B.; Borisov, O. V.; Pryamitsyn, V. A. Colloid Interface
melts, was shown to give new insight into the properties of Sci. 1990 137 495-511.

polymer brushes. For a brush in a small molecule solvent, (14 murat, M.; Grest, G. SMlacromolecule<.989 22, 4054-4059.
modeled here as a continuum, implicit solvent, the extent of (15) Cosgrove, T.; Heath, T.; van Lent, B.; Leermakers, F.; Scheutgens, J.

the entanglement densipl”(2) extends to larger heights as the Macromolecules 987 20, 1692-1696.
9 F&Z 2) 9 9 (16) Chakrabarti, A.; Toral, RMacromoleculedl99Q 23, 2016-2021.

coverageX increases, as expected. As the solvent quality (37) pickman, R; Hong, D. CJ. Chem. Phys1991 95, 4650-4665.
decreases and the brush collapses, the number of-bbugkh (18) Lai, P.-Y.; Binder, K.J. Chem. Phys1991, 95, 9288-9299.

entanglements increases. A simple scaling argument for the total(19) Lai, P.-Y.; Binder, K.J. Chem. Physl992 97, 586-595.
number of bruskbrush entanglements gives results that are in (20) Chakrabarti, A.; Nelson, P.; Toral, Rhys. Re. A. 1992 46, 4930

4. Conclusions

; . ; 4934,
very good agreement Y‘”th the S|mU|at'0n.S- _ (21) Taunton, H. J.; Toprakcioglu, C.; Fetters, L. J.; KleirNldture1988
As the molecular weight of the solvent increases, there is an 332 712-714.
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expected, both the peak in monomer density of the brush and(24) Auroy, P.; Auvray, L.; Lger, L.Phys. Re. Lett. 1991, 66, 719-722.

in p2(z) increase rapidly with increasing coverage. Over the (?® ’;5“58?” P.; Auvray, L.; Lger, L. Macromoleculesl991, 24, 2523

range of coverages that we could study, the total number of (26) Cosgrove, TJ. Chem. Soc. Faraday Tran99Q 86, 1323-1332.
brush-brush and brushmelt entanglements increased with (27) COSgrovel, T.I; Heath, T. G.; Phipps, J. S.; Richardson, R. M.
i i e i i i i Macromoleculesl991, 24, 94.
|r}creda:15|ng cogerzgg. This gpcor;]&sftent(\;wtﬂ stufdleshof the work (28) Field, J. B.; Toprakcioglu, C.; Ball, R. C.; Stanley, H. B.; Dai, L;
of adhesion by Sides et ar,who found that for the same Barford, W.; Penfold, J.; Smith, G.; Hamilton, Wiacromolecules
coverages that the work of adhesion increased with increasing 1992 25, 434-439.
coverage. For larger coverages, it is expected that both the total29) 5?‘1%%%505'6”“5’ P.; Frederickson, G. Mlacromoleculesl993
number of entanglements and the work of adhesion woulql reach 0) Aubouy, M.. RaphdeE. J. Phys. Il Fr.1993 3, 443448,
a peak and decrease for large coverages. However, as discussgg1) Jones, R. A. L.; Norton, L. J.; Shull, K. R.; Kramer, E. J.; Felcher, G.
by Sides et al., it is presently not possible to equilibrate systems P.; Karim, A.; Fetters, L. IMacromoleculesl992 25, 2359-2368.
for higher coverages than those studied here. (32) Nicolai, T.; Clarke, C. J.; Jones, R. A. L.; PenfoldCalloids Surf.
| - h | | . h A. 1994 86, 155-163.

We also determined the meiimelt entanglement density both (33 cjarke, C. 3.; Jones, R. A. L.; Edwards, J. L.; Shull, K. R.; Penfold,
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