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Property modification of an inorganic surface can be readily achieved through the use of macromolecules
chemically grafted to the surface at specific functional sites along the chain. While numerous efforts have
addressed the properties of linear chains grafted at one end (tails), relatively few have extended such studies to
include double-tethered chains (loops). In this work, we consider loop/tail mixtures in which both chain species
possess an identical number of repeat units. Bond-fluctuation simulations have been performed to ascertain the
effects of composition, chain length and surface density on the segmental density distribution and layer height of
each constituent species and of the mixture. These results compare favourably with self-consistent field
predictions for bidisperse mixtures of grafted tails differing in length by a factor of two.q 1998 Elsevier Science
Ltd. All rights reserved.
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INTRODUCTION

Controlled modification of the properties of various
impenetrable (primarily inorganic) surfaces can be readily
accomplished through the use of grafted polymer chains.
Grafted polymer chains are chemically attached to a surface
at specific (‘sticky’) sites along the chain1–3, and constitute
a commercially viable means by which to customize surface
properties to enhance, for example, adhesion4, colloidal
stabilization5,6 and biocompatibility7. Precise property
modification at nanometre length scales requires detailed
information regarding the conformational characteristics of
the grafted chains and the height of the resultant thin
monolayer. While functional sites can, in principle, be
chemically incorporated anywhere along the chain (see, for
example, Ref. 8), one common approach has relied extensively
on chain-end functionalization. More specifically, emphasis
has been placed on chains capable of attaching to a surface at
only one end. Such single-tethered chains are referred to as
tails, and a concentrated layer of tails is designated abrush9,10.

Over the past decade, polymer tails have remained the
subject of extensive theoretical6,11–19 and simula-
tions5,18,20–25research, since studies of grafted tails provide
valuable insight into the factors affecting chain conforma-
tion and packing within a highly constrained environment
(i.e., within close proximity to a solid interface). Funda-
mental efforts addressing monodisperse and polydisperse
grafted tails have also greatly assisted in elucidating the
block and microdomain characteristics of microphase-
ordered diblock copolymers and copolymer mixtures26–30.
Topics of particular interest in static tail and brush analyses
generally include equilibrium chain conformations and

packing, as described in terms of the chain gyration radius
(Rg), the segmental density profile normal to the interface
(rz) and the polymer layer thickness (h). Scaling relation-
ships are also of considerable value in such investigations,
since they not only distinguish between different conforma-
tional regimes, but also facilitate the design of grafted
polymer layers from limited experimental data. For
instance,h in a good solvent is predicted11,12 to scale as
Nj1/3, whereN is the number of repeat units in the chain andj
denotes the density of anchored sites. Likewise, the critical
impingement density (jc), the density at which neighboring
chains interact and are forced away from the surface due to
increased volume exclusion, varies asN¹6/5 for tails.

If both ends of a chain are chemically functionalized, then
the chain upon grafting is more highly constrained, tethered
to the surface at two sites and forming a polymerloop. The
conformational31–33 and dynamic33,34 properties of loops
have also been examined, but not nearly to the same extent
as tails. One reason for this is that looped chains have been
conventionally regarded as tails of half chain length. This
assumption accurately describes the extension of looped
blocks in microphase-ordered block copolymers35–38, and
prior bond-fluctuation (BF) simulations32 reveal that the
critical chain impingement density for loops obeys the same
scaling relationship as that for tails. However, discontinuous
molecular dynamics (DMD) simulations33,34 have shown
that the scaling relationships describing the lateral diffusiv-
ity and relaxation time of polymer loops differ substantially
from those of polymer tails. Moreover, segmental density
profiles of loops exhibit greater chain stretching than tails at
comparable surface anchor densities. Thus, while loops may
be envisaged as tails of half chain length at lowj and N,
their conformational and dynamic characteristics may
deviate from those of tails when density saturation effects
become non-negligible.
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While systems consisting of either tails or loops at constant
N have been previously investigated (to different extents),
relatively little has been reported regarding the conformational
characteristics14,16–19and phase behaviour39,40of binary loop
or tail mixtures (each containing two isoconformational chain
species differing inN), let alone a mixture of loopsand tails
grafted to an impenetrable interface. In addition to describing
a mixture of dual-end-functionalized loops and single-end-
functionalized tails of equalN (illustrated in Figure 1), a
loop/tail mixture is likewise applicable to the case of dual-
end-functionalized chains in which only some of the chains
successfully re-enter the layer to attach to the interface and
consequently form loops41. The objectives of the present
work are two-fold: (i) to ascertain the effects of varyingN, j
and mixture composition on the equilibrium conformational
and layer characteristics of grafted loop/tail mixtures
through the use of BF simulations, and (ii) to compare
conformational and layer characteristics of such mixtures to
those of an analogous bidisperse mixture of grafted tails
differing in N by a factor of two.

SIMULATION ALGORITHM

The BF model, described in detail elsewhere32,42,43, was
used to simulate mixtures of single- and double-tethered
chains at an impenetrable surface in the presence of a good
solvent. The 3D periodic cell used in these simulations
consisted of 503 50 lattice parameters, and the cell height
was larger than the length of the longest chain fully
extended along theþ z direction (normal to the interface).
The BF model is an on-lattice Monte Carlo algorithm that
allows both bond length and direction to fluctuate according
to the following restrictions: bond lengths must lie within 2
to Î10 lattice parameters, and bond vectors are limited to the
set {(2,0,0), (2,1,0), (2,1,1), (2,2,1), (3,0,0), and (3,1,0)} and
all permutations thereof. Due to flexibility in bond length
and direction, the BF model comes close to emulating off-
lattice simulations, although subtle differences remain33,43.

At the onset of each simulation, the graft sites of the loops
and tails are randomly placed inside the periodic cell at
equally spaced positions, the distance between which
depends on the number of chains employed in the
simulation, which, in turn, depends on the chosen surface
density (j). The surface density, in conjunction with the
blend composition, also dictates the size of the system,
which ranged from 9 to 100 chains of length (N) 20, 40 and
60 in this study. As described in detail elsewhere32, the
polymer chains are initially arranged in an extended
conformation normal to the surface atz ¼ 0. Accordingly,
tails start as straight chains ofN beads perpendicular to the
surface, while loops begin as hairpins ofN beads (i.e.,N/2
beads comprise the sides of the hairpin normal to the surface
and connect at the top by a single bond of length 2). The
grafted sites remain stationary during system initialization,
but are subsequently allowed to diffuse laterally along the
surface during system relaxation and simulation to eliminate
any memory of their initial placement. The BF simulation
proceeds by first selecting a random bead on a random chain
and then moving the bead at that position by one step in a
random direction. The move is accepted if: (i) the resulting
bond vector remains in the set listed above, and (ii) the site
selected is not occupied by another bead (including its
neighboring sites). Equilibrium is achieved in the simula-
tions reported here by adhering to the protocol established
earlier32 for polymer loops of constantN grafted to an
impenetrable interface (this protocol averages three inde-
pendent simulation runs and assures virtually constant chain
and layer characteristics).

RESULTS AND DISCUSSION

Segmental density distributions for loops (rz,l) and tails (rz,t)
in which

� `
0 rz;idz¼ 1 (i ¼ l or t) andN ¼ 40 are shown in

Figure 2for loop mole fractions (xl) of 0.00, 0.25, 0.50, 0.75
and 1.00 at a surface density (j) of 0.11. (Since a loop is
grafted at two sites/chain, while each tail is anchored at only
one end, surface density is defined here in terms of the
number of chains,notgraft sites, per unit area.) Under these
conditions, adjacent loops and/or tails are expected to
interact with one another by excluding available volume,
since the critical impingement density (jc < 0.03 for a layer
composed solely of looped chains32) is exceeded. Whenj ,
jc, isolated grafted chains (loops or tails) adopt a mush-
room-like conformation since no volume constraints exist.
At higher j ( . jc), within the ‘scaling’ regime, however,
the layer densifies as the constituent chains become laterally
compressed. In this regime, the segmental density distribu-
tion of either tails or loops normal to the surface is
predicted6,13,14 to follow a parabolic trajectory. Such
distributions are evident inFigure 2a for pure loops (rz,l

atxl ¼ 1.00) and inFigure 2bfor pure tails (rz,t atxl ¼ 0.00).
As xl increases from 0.25 to 1.00 inFigure 2a, two
characteristics of the resultingrz,l warrant attention: the
maximum density nearz¼ 0 decreases nonlinearly, whereas
the average loop extension (alongz) increases. These
observations reveal that, in the presence of single-grafted
tails, the double-tethered loops are forced to reside closer to
the surface than do loops in the absence of tails.

According toFigure 2b, the shapes of therz,t distributions
depend more sensitively on mixture composition than the
shapes of therz,l distributions (Figure 2a). As the fraction of
loops is increased from 0.00 to 0.75, the parabolic profile
representative of a layer composed only of tails transforms
into profiles exhibiting a peak density alongz in the vicinity
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Figure 1 Discontinuous molecular dynamics (DMD) snapshot of a binary
mixture of single- and double-grafted polymer chains (tails and loops,
respectively) at an impenetrable interface. This snapshot shows the chains
in their near-initial bond-fluctuation (BF) simulation conformation for the
sake of clarity. Note that both chain species contain the same number of
repeat units (N ¼ 40)



where the correspondingrz,l vanishes. Moreover, the
magnitude and position of these peak densities (relative to
the interface atz ¼ 0) both increase with increasing loop
concentration. These profile characteristics indicate that,
upon increasingxl, the tails are effectively forced away from
the interface due to loop-induced volume exclusion and
adopt a more highly extended conformation along the
interface normal. Since the tails must adopt a stretched
(entropically unfavourable) conformation near the interface,
they squeeze the loops closer to the interface, which
explains the composition-induced loop compression evident
in therz,l distributions discussed above (Figure 2a).

Spatial competition between loops and tails consequently
appears to result in the formation of two sublayers: a dense
inner sublayer composed of both loops and tails in close
proximity to the interface, and a boundary sublayer
consisting primarily of tails atz beyond the inner sublayer.
Similar layering is predicted16–19for bidisperse mixtures of
tails grafted to an impenetrable interface. To facilitate
visualization of these distinct sublayers, therz,l and rz,t

distributions for the mixture possessing 75% loops are
presented together inFigure 2c. Note that, in this figure,rz,t

is relatively invariant with respect to position up toz < 20
and the maximum inrz,t occurs at almost the samez as that

at whichrz,l approaches zero. At distances beyond thisz, rz,t

decays according to a parabolic trajectory so that the tail
segments comprising the boundary sublayer adopt a more
unperturbed (relaxed) conformation alongz than those
stretched segments restricted to the inner sublayer. For the
mixture used to generateFigure 2c, the looped chains can
therefore be pictured as flattened mushrooms, while the tails
appear as interspersed long-stemmed broccoli.

The total segmental density profiles (rz) associated with
the loop/tail mixtures shown inFigure 2 are provided in
Figure 3. Each profile is the mole fraction average ofrz,l and
rz,t normalized so that

∫
0
` rz dz ¼ 1. The formation of a

structurally tiered monolayer becomes evident in these
distributions when the simple parabolic shape ofrz (for pure
loops or pure tails) evolves into a profile exhibiting a kink,
which occurs for all of the mixtures examined here. Recall
that the layer with the highestrz near the surface (atz ¼ 0)
consists of looped chains, reflecting the added conforma-
tional constraint of a second graft site. On the basis of
similar considerations, the boundary layer residing farther
from the surface is rich in tails. As the fraction of tails in the
mixtures is increased from 0.25 (xl ¼ 0.75) to 0.75 (xl ¼
0.25), it is reasonable to expect a proportional reduction in
rz near the surface, since fewer chains possess two graft
sites. The results displayed inFigure 3 are consistent with
this expectation. Also shown in the inset ofFigure 3 is the
fraction of segments residing in the inner loop-rich sublayer
for the three loop/tail mixtures discussed thus far. This
fraction, denotedf i, is calculated from

fi ¼

∫zp

0
rz dz∫`

0
rz dz

(1)

wherez¬ is the position alongz whererz,t exhibits a max-
imum andrz,l approaches zero (identified inFigure 2c).
Since

∫
0
` rz dz¼ 1, the fraction of segments in the

outer boundary layer (fb) can be immediately obtained
from 1¹ f i. From the inset inFigure 3, it can be concluded
that f i remains relatively constant at< 0.5, and is therefore
not strongly dependent on the fraction of loops, for the three
mixture compositions examined here.

Shown in Figure 4 are extremum density profiles for
loops and tails in the same mixtures described inFigures 2
and3 (with N ¼ 40 andj ¼ 0.11). Here,extremumrefers to
the two median beads (located at positionsN/2 andN/2 þ 1)
on looped chains and the end bead (located atN) on tails.
According to the data inFigure 4a, the median bead density
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Figure 2 Segmental density distributions for (a) polymer loops (rz,l) and
(b) tails (r z,t) for five mixtures with different loop fractions (xl): 1.00 (W),
0.75 (X), 0.50 (K), 0.25 (O) and 0.00 (S). In (c), the loop and tail segmental
density distributions for one mixture (xl ¼ 0.75) are presented together for
direct comparison. Also labelled in (c) isz* for the xl ¼ 0.75 mixture. In
each case,N ¼ 40 andj ¼ 0.11. The solid lines serve as guides for the eye

Figure 3 The total segmental density distributions (r z) for the polymer
layers corresponding to the distributions presented inFigure 2 (using the
same symbols). The inset displays the fraction of segments residing in the
loop-rich inner sublayer (f i) for the three mixtures examined here. The solid
lines serve as guides for the eye



profiles for the loops (rm,l) are asymmetric when only loops
are present (xl ¼ 1.00). For a layer composed solely of
looped chains, this feature indicates that most of the median
beads lie near the outer surface of the layer due to volume
exclusion considerations. Asxl decreases and the looped
chains are squeezed toward the surface, the position
corresponding to the maximum inrm,l is seen to shift
toward z ¼ 0, and the shape of the distribution becomes
more symmetric about its maximum.

In marked contrast, the shapes of the end-bead density
profiles for the tails (re,t) depend more sensitively on
mixture composition, as seen inFigure 4b. When the layer
is composed of only tails, the corresponding end bead
profile also appears highly asymmetric, exhibiting an onset
at the interface position (atz ¼ 0) and a maximum at a
position alongz near the outermost surface of the polymer
monolayer (whererz in Figure 3 approaches zero). As the
concentration of loops is increased, however, the magni-
tude, butnot the position, of the maximum is observed to
increase, while the onset of the distribution shifts outward
(alongz) from the interface. This shift in the onset of the tail
end distributions in loop/tail mixtures reveals that the
probability of finding the end of a tail near the surface is
diminished substantially in the presence of an inner sublayer
consisting of looped chains. Such behaviour can have
commercial ramifications if the mixture under consideration
is formed by sequential dual-end-functionalized grafting, in
which case both ends of each chain attach in turn to the
surface41. From the results presented inFigure 4a and
Figure 4b, it is clear that the probability of forming loops
from polymer chains functionalized with sticky sites at both
ends decreases markedly as the concentration of loops
increases.

Local stretching of individual bond vectors can be
quantified through the cosine of the angle between thejth
bond vector and the direction normal to the surface; i.e.,
(zj þ 1 ¹ zjÞ=(lr jþ1 ¹ r jl), wherer j is the positional vector of
the jth repeat unit andzj corresponds to the normal
component of the positional vector. Since this ratio, denoted
as cosv j, increases as the chains extend away from the
interface and the bonds consequently align normal to the
interface, it constitutes an excellent measure of local chain
stretching within the mixed inner sublayer. Shown in
Figure 5 is the absolute mean projection of thejth bond
vector normal to the interface, denotedl〈cosv j〉l, as a
function of bond positionj along the chain backbone for
polymer loops (Figure 5a) and tails (Figure 5b) with N ¼ 40
andj ¼ 0.11. As the concentration of loops in the loop/tail
mixture decreases and the loop-rich inner sublayer becomes
increasingly more compressed along the interface normal
(i.e., squeezed toward the surface), the loops cannot extend
freely from the interface, resulting in a reduction inl〈cosv j〉l
with decreasingxl, as seen inFigure 5a. In similar fashion,
l〈cosv j〉l for the tails within the inner sublayer are observed
in Figure 5b to decrease initially (forj , 20) as the loop
fraction decreases. At highxl, the tails residing in the inner
sublayer are forced to adopt a more locally extended
conformation due to lateral chain compression, resulting in
an increase inl〈cosv j〉l. Within the outer tail-rich boundary
sublayer (j . 20), however, mixture composition appears to
have very little effect on local tail stretching, according to
the BF results displayed inFigure 5b. This observation
implies that the local stretching of the part of a tail residing
in the tail-rich boundary sublayer is not greatly affected by
the enhanced stretching of the part of the tail within the
loop-rich inner sublayer. Thus, the local stretching of the tail
fraction within the boundary sublayer can be considered, to
a first approximation, independent of the inner sublayer.

The simulation results presented thus far illustrate how
the segmental density and bond orientation distributions of
polymer loops and tails vary with blend composition at fixed
N ( ¼ 40) andj ( ¼ 0.11). In this section, we explore the
dependence of chain/layer properties on composition, chain
length and surface density. Displayed inFigure 6 is the
composition dependence of the first moment of the
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Figure 4 Extremum density distributions of (a) the two median beads on
looped chains and (b) the end bead on tails for the mixtures described in
Figure 2 (using the same symbols). The solid lines are guides for the eye

Figure 5 Local stretching of the grafted (a) loops and (b) tails, as
discerned from the absolute mean projection of thejth bond vector normal
to the interface (l〈cosv j〉l), for the mixtures described inFigure 2(using the
same symbols). The solid lines serve as guides for the eye



segmental density profile, denoted〈z〉, which is an
established measure of the polymer layer height (h). It is
defined by

〈z〉 ¼

∫`

0
zrz(z) dz∫`

0
rz(z) dz

(2)

In Figure 6a, 〈z〉 is provided as a function ofxl for both
polymer loops and tails of varying chain length (N ¼ 20,
40 and 60) atj ¼ 0.16. It is immediately apparent from this
figure that an increase inN results in an increase in〈z〉 of
both the loop and tail constituents due to conservation of
mass. Another feature of this figure is that〈z〉 appears to
increase monotonically with increasingxl at constantN.
This trend can be explained in terms of chain packing
when we consider two different modes of chain compres-
sion that compete asxl is increased: (1)lateral compression
due to an increase in effective surface density, and (2)
normal compression due to an increase in the entropically
unfavourable stretching of tails. Asxl is increased, compres-
sion of the loops within the inner sublayer along the inter-
face normal is gradually alleviated, allowing the loops to
extend and fill space as they would ordinarily, in the absence
of tails. Loop extension also increases in this case due to
more lateral chain compression arising from impingement
of neighboring loops. The tails, on the other hand, are forced
to stretch further away from the interface asxl and, conse-
quently, the height of the loop-rich inner sublayer increases,
as reflected by the increase in〈z〉 for the tails inFigure 6a.
Figure 6aalso reveals that this relationship between〈z〉 and
xl for both loops and tails becomes more pronounced asN
becomes larger. InFigure 6b, the variation of 〈z〉 with
respect toxl and surface density (j) at constantN is

presented. Here,〈z〉 is seen to increase substantially with
increasingj at constantxl and, to a lesser extent (especially
at low j), with increasingxl at constantj. These trends can
again be attributed to chain packing considerations, since an
increase inj will generally induce greater chain stretching
away from the interface due to the increase in excluded
volume upon layer densification.

According to the predictions of classical self-consistent
field (SCF) theory13 for a polymer brush (i.e., a concentrated
layer of tails),〈z〉 scales asNj1/3. Recent DMD simulations
have demonstrated33 that, at constantN, polymer loops
grafted to an impenetrable interface obey this relationship
within the ‘scaling’ regime. Shown inFigure 7is 〈z〉/j1/3 as a
function ofj1/3 for each of the loop/tail mixtures examined
in the previous sections (withN held constant at 40). Scaling
behaviour is observed in this figure when〈z〉/j1/3 is
independent ofj1/3, which occurs at relatively largej for
both loops and tails at all mixture compositions. Below the
onset of the scaling threshold (wherej , jc), 〈z〉/j1/3 varies
with j1/3 since〈z〉 is nearly independent ofj, indicating that
interchain interactions are virtually absent. Each chain
therefore behaves as a random coil, adopting a mushroom-
like conformation, and〈z〉 only depends onN.

An alternative method for establishing the ‘scaling’
regime for grafted polymer chains is through the use of the
normal component of the radius of gyration (Rgz), which is
another measure of chain extension along the interfacial
normal and which is also proportional to the layer height (h).
Figure 8 displaysRgz=Nj1=3 versus Nj1/3 for chains with
different N at a single mixture composition (xl ¼ 0.50).
The mixture exhibits scaling behaviour whenRgz/Nj1/3 for
both loops and tails is not dependent onNj1/3. The onset
of the scaling regime in this figure appears to occur at
larger values ofNj1/3 asN is increased. Also provided for
comparison inFigure 8are results obtained from pure loops
and pure tails withN ¼ 40. It is important to recognize that
Rgz/Nj1/3 for the pure tails is less than that for the tails in the
50/50 loop/tail mixture, revealing that the tails in the
mixture are stretched further away from the interface.
Conversely, sinceRgz/Nj1/3 for the pure loops is greater than
that of the loops in the 50/50 mixture, it can be concluded
that the looped chains in the mixture are compressed, lying
closer to the interface than they normally would due to the
presence of tails.

Since loops are often considered as tails of half chain
length, we have elected to compare the BF simulation
results obtained here for loop/tail mixtures with SCF
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Figure 6 Average layer heights (〈z〉) of the loop (open symbols) and tail
(filled symbols) sublayers provided as a function of mixture composition
(xl) for the cases of (a) j ¼ 0.16 and (b) N ¼ 40. In (a), three values ofN are
examined: 20 (circles), 40 (triangles) and 60 (diamonds). In (b), four values
of j are shown: 0.06 (circles), 0.08 (triangles), 0.10 (diamonds) and 0.16
(inverted triangles). The solid and dashed lines for tails and loops,
respectively, are guides for the eye

Figure 7 Variation of the reduced average layer height (〈z〉/j1/3) with j1/3

for tails (top) and loops (bottom) at different loop fractions (xl): 1.00 (W),
0.75 (X), 0.50 (K), 0.25 (O) and 0.00 (S). The critical impingement density
is exceeded (and the scaling regime entered) when〈z〉/j1/3 becomes
independent ofj1/3. The solid and dashed lines for tails and loops,
respectively, serve as guides for the eye



predictions for a bidisperse mixture of tails of lengthsNL

andNS, whereNL ¼ 2NS and the subscripts refer to long (L)
and short (S) tails. The SCF theoretical framework chosen
for this comparison is that proposed by Lai and Zhulina18.
Following their derivation,a accounts for chain length
disparity and is defined as (NL ¹ NS)/NS. In the present
analysis of loop/tail mixtures,a ¼ 1 for all cases. Since each
looped chain corresponds to two short tails, the equivalent
SCF surface density (jeq) is given by j(1 þ xl). It
immediately follows that the fraction of short chains (xS)
in the equivalent bidisperse tail mixture is 2xl/(1 þ xl), and
the corresponding fraction of long chains (xL) is 1¹ xS. The
SCF-predicted segmental density profiles for the long and
short tails (rz,S andrz,L, respectively) are

rz,S(z) ¼
3
p

j2=3
eq

p2a3

8pu

� �1=3
"

x1=3
L

������������������������
1¹ x2=3

L ¹ z2
r

q
þ (1¹ z2

r )

3 tan¹ 1

��������������
h2

S ¹ z2
p

hox1=3
L

 !#
ð3aÞ

rz,L(z) ¼
rz(z) ¹ rz,S(z) 0 # z# hS

rz(z) hS # z# hL

(
(3b)

where

rz(z) ¼

3
2
j2=3

eq
p2a3

8pu

� �1=3

[1¹ z2
r ] 0 # z# hS

3
2
j2=3

eq
p2a3

8pu

� �1=3

[1¹ u2(zr)] hS # z# hL

8>>>><>>>>: (4)

Molecular properties referred to in equations (3) and (4) and
equation (4) include the monomer length (a), the chain stiff-
ness parameter (p) and the second virial coefficient (u).
Values ofa and the productpu used in the SCF calculations
that are compared with the BF simulation results obtained
here are, according to the results of Lai and Zhulina18,24, 2
and 31.2, respectively. The sublayer heights employed in
these equations (hk, k ¼ S or L) are given by

hS ¼ ho(1¹ x2=3
L )1=2 (5a)

hL ¼ ho(1þ ax1=3
L ) (5b)

where ho ¼ ð8pujeq=p
2)1/3NS. Lastly, zr is defined asz/ho,

and the functionu(zr) is evaluated from

u(zr) ¼
zr ¹ a[z2

r ¹ (1¹ a2)(1¹ x2=3
L )]1=2

1¹ a2 (6)

Predictions forrz,S, rz,L andrz based on this SCF theoretical
framework for a mixture of bidisperse grafted tails (with
a ¼ 1) are compared to BF simulations inFigure 9 (indi-
vidual segmental density distributions) andFigure 10(total
segmental density distribution) for a single mixture in which
N ¼ 40,j ¼ 0.16 (jeq¼ 0.11) andxl ¼ 0.50 (xL ¼ 0.33). It is
clear from both of these figures that the SCF predictions for
the bidisperse tail mixture agree very well with the BF
simulations obtained here for the grafted loop/tail mixture.
The principal difference between the SCF predictions and
BF simulations inFigure 9appears to be a sharp demarca-
tion athS in the SCF formalism. This predicted feature is a
consequence of the assumption made in the formalism that
the constituent chains completely demix (which is only rig-
orously true in the limit of infinitely long chains). It is
important to note that the SCF predictions inFigure 10
correctly show a kink inrz(z) in the vicinity of z < 26,
which corresponds to the crossover from the inner sublayer
to the boundary sublayer.

In addition to the segmental density distributions shown
in Figures 9and10, the extremum density profiles (i.e. the
distribution functions of the two median beads in looped
chains and the end bead in tails) obtained from BF
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Figure 8 Reduced average layer heights for loops and tails, expressed in
terms ofRgz/Nj1/3, as a function ofNj1/3 for one mixture (xl ¼ 0:50) and
three differentN: 20 (W, loops;X, tails), 40 (K, loops;O, tails) and 60
(S, loops;l, tails). The tails and loops exhibit scaling behaviour whenRgz/
Nj1/3 is independent ofNj1/3. Also shown for comparison are values ofRgz/
Nj1/3 for pure loops (P) and tails (L) with N ¼ 40. The solid and dashed
lines are provided as guides for the eye

Figure 9 Comparison of segmental density distributions for loops (r z,l, W)
and tails (r z,t, K) from BF simulations and SCF predictions (equations (3a)
and (3b)) for a bidisperse mixture of short (r z,S) and long (rz,L) tails differing
in length by a factor of two (solid lines). In this case,N ¼ 40,j ¼ 0.16 and
xl ¼ 0:50. The dashed lines connect the simulation results and are guides for
the eye

Figure 10 Comparison of the total segmental density distributions from
BF simulations (W) and SCF theory (equation (4)) for a bidisperse mixture
of short and long tails differing in length by a factor of two (solid line). As
in Figure 9, N ¼ 40,j ¼ 0.16 andxl ¼ 0.50. The dashed line connects the
simulation results and serves as a guide for the eye



simulations and SCF predictions are also compared here.
According to Lai and Zhulina18, the functions for these
profiles (re,S and re,L, respectively) in a bidisperse tail
mixture are

re,S(z) ¼
3z

��������������
h2

o ¹ z2
p

(1¹ xL)ho
0 # z# hS (7a)

re,L(z) ¼
3u(zr)

�������������������
1¹ u2(zr)

p
xL(1¹ a2)ho

1¹
az������������������������������

z2 ¹ (1¹ a2)h2
S

p" #
hS # z# hL ð7bÞ

Figure 11 reveals that the SCF predictions produced with
equations (7a) and (7b) are again in good agreement with
the BF simulations for the median (loop) profile (rm,l) and
the end (tail) profile (re,t) obtained for the same mixture as is
discussed inFigures 9and10. As in Figure 9, the primary
difference between the simulated values forrm,l andre,t and
the predicted values forre,Sandre,L in Figure 11is the sharp
demarcation between the sublayer boundaries that results
from the SCF formalism. In contrast, the BF simulations
in Figures 9 and 11 are seen to exhibit smoother, more
diffuse boundaries.

Expressions for the heights of the inner and boundary
sublayers in a bidisperse tail mixture have also been derived
by Lai and Zhulina18 in terms of the first moment of the
segmental density profiles (〈z〉):

〈z〉S ¼
3ho

4p(1¹ xL)

3 (x1=3
L ¹ 2xLÞ

���������������
1¹ x2=3

L

q
þ tan¹ 1

���������������
1¹ x2=3

L

p
x1=3

L

 !" #
ð8aÞ

〈z〉L ¼
3ho

8xL(1þ a)

�
1þ ax1=3

L þ axL þ a2x4=3
L þ

a(1¹ x2=3
L )2

2

3 ln
1¹ x1=3

L

1þ x1=3
L

� ��
¹

(1¹ xL)〈z〉S
xL(1þ a)

ð8bÞ

Figure 12displays〈z〉/j1/3 as a function ofj1/3 for mixtures
with N¼ 20 andxl ¼ 0.50. As seen earlier inFigure 7, 〈z〉/j1/3

for both loops and tails in loop/tail mixtures becomes
independent ofj1/3 at relatively largej, indicating that the

chains in both sublayers impinge upon themselves within
this (the scaling) regime. Self-consistent field predictions
for 〈z〉S and 〈z〉L are also included (as solid lines) in
Figure 12. These predictions, obtained from equations (8a)
and (8b) with no adjustable parameters, slightly overestimate
the BF simulation values for〈z〉 of single-grafted tails in the
scaling regime, but underestimate (by approximately the
same amount) the simulation values for〈z〉 of double-grafted
loops in this regime. As pointed out earlier, the differences
evident inFigure 12between the BF simulation results for
loop/tail mixtures and the SCF predictions for an equivalent
bidisperse tail mixture once again reflect the SCF assump-
tion18 of a sharp sublayer boundary (athS) due to complete
chain demixing.

CONCLUSIONS

Bond-fluctuation simulations have been performed in this
study to investigate the equilibrium conformational proper-
ties of binary mixtures of polymer loops and tails grafted to
an impenetrable interface. Such mixtures are representative
of physical mixtures of ordered cyclic and linear diblock
copolymers of identical molecular weight35,37, and can be
used to glean insight into the layer characteristics of grafted
chains possessing a second adsorbing end41. The segmental
density distribution and layer height results obtained here
reveal that the presence of tails in loop/tail mixtures serves
to force the loop-rich inner sublayer to lie closer to the
interface. The loops, on the other hand, force the single-
grafted tails to extend (stretch) further away from the
interface. The crossover from the mushroom regime
(wherein the chains remain isolated and noninteracting) to
the scaling regime (wherein chain impingement is respon-
sible for lateral chain compression) appears to occur at
comparable surface densities for both the loops and tails in
the loop/tail mixtures examined. Simulation results for loop/
tail mixtures are in favourable agreement with predictions
from the self-consistent field formalism proposed by Lai and
Zhulina18 for bidisperse mixtures of grafted tails differing in
length by a factor of two.
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Figure 11 Comparison of the extremum density distributions for the two
median beads on looped chains (rm,l) and for the end bead on tails (re,t) with
SCF predictions (equations (7) and (7)) for the end bead of each tail species
in a bidisperse mixture of short and long tails differing in length by a factor
of two (solid lines). The symbols and conditions are the same as those used
in Figure 9

Figure 12 Reduced average layer height〈z〉/j1/3 as a function ofj1/3 for
the same mixture as is described inFigure 9(using the same symbols for the
simulation results). The dashed lines are guides for the eye, but the solid
lines correspond to SCF predictions (equations (8) and (8)) for a bidisperse
mixture of short and long tails differing in length by a factor of two
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