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ABSTRACT: The effects of polydispersity on the behavior of a polymer melt near a surface are considered
in this work. To study these effects we have modeled an athermal polymer melt with a bimodal molecular
weight distribution in the vicinity of a neutral surface in the spirit of the mean-field lattice treatments of
Sheutjens and Fleer2? and Theodorou.23 The results of the calculations show that purely entropic effects
cause the shorter chains in the system to partition preferentially to the surface. This partitioning becomes
more pronounced with increases in the difference between the molecular weights of the chains. The
concentration profile of the segments of any one species in the vicinity of the wall can be described by a
hyperbolic tangent function with a single correlation length that is a simple function of the mixture composition
and the radii of gyration of the two chains. Implications of these results on the surface tension and orientation
of chain segments in the interface of a bimodal polymer melt are also examined.

1. Introduction

The behavior of polymers at interfaces has recently been
studied in detail through computer simulations! and
experiments.2™* Systems of this type find applications at
many levels of industrial practice, with the use of polymers
as lubricants and as thin-film dielectrics being typical
examples. Any polymer composite is made up of numerous
interfaces formed due to the contact of a polymer with
fillers dispersed within. The mechanical properties of these
composites are determined by the nature of these
interfaces.

Physically if one pictures polymer chains as random coils,
then bringing these coils in contact with a solid surface
(such as a filler) would decrease the conformational
freedom, and hence the entropy, of these chains. The
extent of the reduction in the entropy and the
corresponding change in the interfacial free energy
determines the nature of adhesion of the polymer to the
substrate. Understanding of such situations to date has
been restricted to model, monodisperse polymers in contact
with idealized surfaces.! In practical situations, however,
polydisperse polymers are used. If the melt is polydis-
perse, the entropic loss suffered by the longer chains in
the vicinity of the surface, in the absence of any energetic
interactions, would be greater than that for the shorter
chains due to the restriction posed by connectivity of the
chain segments. Thus, this argument suggests that the
shorter chains would segregate to the surface in order to
enable the system to reach a state of maximum possible
entropy at equilibrium. One therefore expects the
composition of the polymer close to the surface to be
different from the bulk composition, with the difference
becoming negligible at distances that determine the size
of the interface.

It was shown by Anastasiadis et al.5 that the surface
tension of a monodisperse polymer depends on its
molecular weight, M, as M-2/3. Thus, if there is substantial
surface enrichment of the shorter chains from a polydis-
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perse melt, one can expect a decrease in the surface tension
and, hence, a significant change in the adhesion between
polymer and substrate. The motivation for investigating
the effect of polydispersity on the microstructure of the
interface is to examine if entropic effects have any
important consequences on its physical properties.

In the past, a variety of theories have been used to
investigate related problems.6-1°® Among the recent ones
a comprehensive treatment was provided by Scheutjens
and Fleer.2° This theory, which was developed to model
monodisperse polymer solutions in contact with an
impenetrable, homogenous surface,20-22 took into account
many of the simplifying assumptions made by the older
theories. Developed in the framework of a quasi-crystalline
mean-field lattice model, it utilized the matrix procedure
developed by DiMarzio and Rubinl5 to evaluate the
entropy of the confined polymer system. Further, energetic
interactions between polymer-solvent, polymer—surface,
and solvent-surface were also included in the formulation
through the use of appropriate Flory interaction
parameters.2® Theodorou?? subsequently extended this
theory to model the behavior of monodisperse polymers
in the vicinity of a solid surface.

The effects of polydispersity on the behavior of a
polymer melt near a surface are considered in this work.
To study these effects we have modeled an athermal
polymer with a bimodal molecular weight distribution in
the vicinity of a neutral surface (meaning that the surface
has the same energetic interaction with any segment of
the two different chain length species comprising the
bimodal melt) in the spirit of the mean-field lattice
treatments of Scheutjens and Fleer2° and Theodorou.23 It
is emphasized that we only consider the segregation of
chains due to entropic effects. The primary quantity that
is considered is the concentration profiles of the segments
of the shorter chains in the vicinity of the wall.
Implications of these results on the orientation of chain
segments in the interface and also the surface tension of
a bimodal melt are also examined.
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2. Theoretical Development: Bimodal Melt

2.1. Formulation of the Partition Function. Inthe
formulation of the partition function we follow closely the
methodology used by Scheutjens and Fleer.22 Consider
a bimodal mixture of N polymer chains, n; of them with
ry segments each and ny of them with r; segments each.
All the molecules are assumed to be distributed over a
lattice having M layers numbered sequentially, with 1 and
M being the surfaces. Let each layer contain L lattice sites
and every site be occupied by one segment only. Each
lattice site is isodiametric, so that each site is approximately
4.5 A on a side in the case of polyethylene. Since we have
a polymer melt system, we assume complete lattice filling,
a condition that can be expressed mathematically as

rny + rong = ML (1

Denoting the number of segments of the two different
chains in any layer i by n1,; and ns;, respectively, we have

¢, =ny/L 1=1,2 (2

where ®,; denotes the volume fraction of species [ in layer
i

We label the segments comprising the two chains by s;
=1,23,..,rnands; =1, 2, 3, .., rs. Any conformation
¢; of a chain of length r; can be denoted by (1,i)(2,))-
(3,k)...0r=1,l)(r;,m), implying that the first segment of the
chain in this conformation is in layer i, the second in j,
and so on. It should be recognized that this technique
subdivides conformational space in terms of layer positions
of the segments and is hence a very coarse grained
description. For example, such a characterization would
not preclude the back-stepping of a chain onto itself and
also does not prevent the formation of closed loops.
Corrections to overcome these errors can be made if one
resorts to a more detailed depiction of chain conformations,
as we have shown in another publication in a different
context.2® For this analysis we employ this crude
description due to its inherent simplicity, and the extension
of this formulation to account for more detailed confor-
mational characteristics is deferred to a future publication.

The grand canonical partition function for this system
is defined formally as

G =D _Qln.}in}M.LT) exp(u, > _n, /kT) X
exp(uy)_n.,/kT) (3a)

where the summation is over all n.,’s and n.,’s, which are
the number of molecules in conformations ¢; and cg, and
w1 and uo are the chemical potentials of the two types of
chains with respect to appropriate reference states, which
are chosen to be pure short and long chains, respectively.
The canonical partition function, @, is defined relative to
these reference states as

Qlinc}in LM,L,T) = (Q/[2,Q,]) exp(-U/kT) (3b)

 is the number of ways of arranging n; molecules of length
r1 and np molecules of length r, on an interfacial lattice
of ML sites. ©; () (the combinatorial factor for the
reference state) is the number of ways of arranging n; (n;)
molecules of length r; (r2) on an unconstrained lattice of
nyry (ngre) sites. U is the potential energy of the system
relative to the reference states and is independent of the
conformations of the chains in the case of a lattice
completely filled with identically interacting chains.
The coordination number, or the number of nearest
neighbors, for any site in the lattice is denoted by Z. Let
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us define §;_; as the fraction of nearest neighbors in layer
] available to any site in layer i. Now the different values
8;-; can assume for a site in {
6j—i = 60, j = i
=0, j=i%£1l (4)
=0, otherwise

On the basis of the above definitions, the following
normalization conditions must be fulfilled:

M
Zéj_,- =1
J=1

=1-5, i=1,M (5b)

since layers 1 and M (the solid surfaces) are boundaries
that the polymer chains cannot penetrate. There are
several possible arrangements of segments in any given
conformation ¢;. Following Scheutjens and Fleer,2? this
number can be calculated to be

L(Zéj_i)(Zék_j)(Zél_k)...(Z(Sm_p) = IzZ”_llUc1 (6)

1<i<M (5a)

If n., and n., denote the number of chains in conformations
¢y and cg, respectively, one can then write the mass balance

equation
chl + Zn,_.2 =n+n,=N (7N

If r1c, and rg;, denote the number of segments of the
chains in layer ¢ belonging to conformations ¢; and c3, the
condition for total occupancy is

L= Zrmlncl + Zruqncg Y i (8)
(5] [}

Under these assumptions and definitions, the number of
ways in which all the chains in the system can be arranged
on the lattice is (see Appendix 1)

@ = (Z/L)MMLMT T we)/ne! ] o)™/ ne!
- " " 9

For the reference states the combinatorial factors Q; and
Q; are given by Flory’s expression for monodisperse
solutions.?4

@ = [(rn)!/nfUZ/rner0™  1=1,2  (10)

Since the two different chains are made up of the same
kind of repeat units, it is assumed that there will be
identical energetic interactions between all segments and
also between the segments and the surface. Thus, the
potential energy of the interfacial system relative to the
references states is given by

U=(ny +nyy+ng + ngp)U, (11)

where U; is the adsorption energy per polymer segment,
independent of chain length.

2.2. Minimization of Grand Potential. Since the
grand potential, F, is given by -k T In G, the condition for
the system to be in equilibrium is that In G should be a
maximum subject to the constraints given by eq 8. The
constraints (eq 8) are incorporated into the equation for
the grand potential by a set of M Lagrange multipliers,
m; (one for each layer), so that the condition of equilibrium
states that the function F shown below has an uncon-
strained stationary point.
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F=InG-Y m(D rng+ X rieneg-L) (12)
3 [ (-3

Note should be made that the summation in the calculation
of G will be replaced by its largest term in eq 12, a
restatement of the mean-field approximation. The ex-
tremization performed with respect to the two variables
n., and n, yielded the following results (see Appendix 2):

(n,/L) = klwc!H{exp(—mi — [8y; + By ] Uy

= klwcxH{Pi}rbicl (13)
(n,,/L) = kgw%H{exp(—mi ~ [by; + 5] U,)#
= k2wc2HlP i}rg,ic, (1 4)

P; is defined to be the “free segment probability”?° in layer
i and assumes the same value for the two different chain
lengths. &; and &, are constants that depend upon chain
length, lattice parameters, and the chemical potentials of
the chains (see Appendix 2). 8y; (8a) is the Kronecker
delta. Equations 13 and 14 are arithmetic expressions for
the number of molecules of the two species in any given
conformation when the system is in equilibrium. This is
also the unnormalized probability of the occurrence of a
conformation and accounts for the connected nature of the
polymer molecules and the fact that it is the magnitudes
of the free segment probabilities in any given conformation
that define the probability of occurrence of that
conformation.
We define p; to be the free segment probability, P;

normalized with respect to its bulk value, P,. Then

p; = P;/Py, = exp(~[m; - my] - [8;; + 8)5]U,)  (15)

where my, is the corresponding Lagrange multiplier in the
bulk. We can then show that the volume fractions of the
two species in layer i can be expressed as (see Appendix
3)

$y, = [@1b/’1](1/Pi)Zp(i,S1) pGri-s;+1)  (16)

8131

By, = [p/r2)(1/P) Y_plissy) plirysytl)  (17)

§5=1

where &1, and $3;, are the corresponding volume fractions
in the bulk. p(i,s) is termed as the normalized end segment
probability and is equal to the free segment probability,
Di, for s; = 1. For other values of s; it can be calculated
from the recurrence relation2°

pr) =) 8ippGrrl) 1=1,2  (18)
Jj
Since the completely filled lattice is composed of only the
two chain length species
q’u =1- QZ,{ (19)

Substituting eq 19 in eq 16 and eliminating ®; between
eqs 16 and 17, one can show that

pi— [®1/r1))_pli,sy) plir-s,+1) -

811

[@9/r2]D_0Gsp) Piryms+1) = 0 (20)

32=1

Equation 20 is a set of M simultaneous equations implicit
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Figure 1. A as a function of &g, for a constant value of r; =
10. ry assumes values of 160 (O), 320 (A}, 480 (O), 640 (a), 800
(m), and 960 (@).

in p;. Solving for the free segment probabilities in each
layer enables the calculation of the segment densities in
every layer using egs 16 and 17. By analogy, eq 20 will
assume a similar form for a polydisperse melt. The
computations in this work, however, have been performed
for a bimodal melt. The numerical procedures utilized are
described in Appendix 4.

3. Results and Discussion

3.1. Segment Density Distributions. The segment
density of the shorter chains &, in any layer i for a system
with fixed chain lengths and bulk volume fractions was
computed and confirmed that the shorter chains segregated
to the surface due purely to entropic effects.

The concentration of the segments of the shorter chain
in the interface was found to be maximum on the surface
and approached its bulk value at distances characteristic
of each system. This suggested that its concentration
profile could be described by a functional form of the type

By — Doy = Py~ a)f(i/7) (21)
or

A= AfG/7) (22)

where A; = &3, — &4, is defined to be the absolute
enhancement of the segments of the shorter chain in layer
i and i = 0 denotes the solid surface. 7 is a correlation
length that characterizes the width of the interface. In
the above profile, the boundary conditions for f(i/7) are

fi/ny=1 i=0 (23a)
=0 i=o (23b)

implying that A; takes the value Ao on the surface (eq 23a)
and is O far away from the surface (eq 23b). Hence, with
a given set of 7 and A and a functional form of f, we can
describe the concentration profiles of the two species in
the interface completely. It should be emphasized that
the form for the concentration profiles of the two species
in the interface is not new since it has been previously
suggested by several workers who have studied the behavior
of polymer blends in the vicinity of surfaces.!?

In order to delineate the profiles that have been referred
to in eq 22, we begin by analyzing the absolute
enhancement at the surface, 4o. For any ratio of molecular
weights, Ao assumes a value of 0 for monodisperse systems
(P2, being equal to 0 and 1, respectively), in which case
there is no segregation due to entropic effects. The
behavior of Ag is continuous between these extremes in
composition as shown in Figure 1. As can be seen, the
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Figure 2. Ao as a function of ®p, for increasing r; and r; while
the ratio r;/r, = 16 is kept constant. The different chain lengths
used were r1/r2 = 160/10 (®), 320/20 (A), 480/30 (m), 640/40
(a), 800/50 (0), and 960/60 (O).

curve assumes the shape of a skewed parabola with a
maximum at a certain value of &4, that is always larger
than 0.5 in our definition of the components 1 and 2.
Evidently, as the molecular weight of the longer chain is
decreased, the maximum value of the absolute
enhancement on the surface occurs at lower values of ®op,
thus diminishing the skewness of the curve. The skewness
is thus representative of the disparity in the chain lengths
of the two species comprising the system.

The segregation of the shorter chains to the surface is,
as explained before, a purely entropic effect. Consequently
the shorter chains are thermodynamically driven to the
surface so as to maximize the entropy of the system. The
magnitude of Ao is thus one measure of the net entropic
loss experienced by the interfacial system. Therefore, if
one increases the degree of polymerization (DP) of the
longer chain while keeping the shorter chain of constant
DP, A, will increase, reasserting the entropic nature of the
segregation. This aspect of the results is clearly illustrated
in Figure 1.

Finally, Ap proceeds toward an asymptotic value as the
DP of the longer chain is increased toward infinity. This
suggests that Ag, the enrichment at the surface, does not
completely describe the effects of a purely entropic barrier
on the thermodynamics of such an interfacial system since
it is to be expected that the interface will be broadened
as one increases the DP of the longer chain, while leaving
that of the shorter chain unchanged. A further discussion
of this aspect of the work is deferred to the latter part of
this section.

For a given ratio of molecular weights the peak in Ao,
however, does not shift with respect to the abscissa. This
can be seen in Figure 2, which is a plot of surface
segregation for different molecular weights of the two
chains with a constant chain length ratio of 16. Here the
peak occurs at the same bulk volume fraction, which
corresponds to $op ~ 0.65, in all cases. The shift in the
peak position toward higher values of &35, in Figure 1
(which was concluded to be suggestive of disparity in chain
lengths) is thus representative of a disparity in the chain
lengths of the two species as measured by the ratio of their
DP’s. The absolute enhancement on the surface, however,
becomes smaller for the higher molecular weights,
corresponding to the same ratio and again proceeds to an
asymptotic value. The order of magnitude of the
segregation on the surface is 1-10% of the bulk
composition, reaching the maximum value at low molecular

Model for the Surface Segregation of Polymer Chains 3587
1.0
\!
X
0.8 ?:\\b
A\
R
054 m \
< R
T 4“. \\
< ‘oS
0.4 '.‘ \\ %

\
02 A h\‘
\k N
\k\:\l\}\m_
00 7 7

0 10 20
Layer #1i
Figure 3. Normalized concentration profiles of the segments
of the shorter chain and the corresponding hyperbolic tangent
profiles (dashed lines) for systems composed of chain lengths 800

and 50. The three curves correspond to various bulk volume
fractions of the shorter chain: 0.1 (a), 0.5 (O), and 0.9 (0).

weights. It is thus noted that the surface enhancement
due to entropic effects in a truly macromolecular system
is small, typically of the order of 1 vol % or less.

Concentration profiles depicting the rate of decay from
the surface for a system composed of chain lengths 800
and 50 at three different values of ®2;, (0.1, 0.5, and 0.9)
are shown on Figure 3. The quantity that is plotted is A;/
Ao versus the distance from the surface (layer number).
Among many functions that satisfy the boundary
conditions eq 23, a hyperbolic tangent function was found
to be most appropriate. It is represented as

fi/ry=1-tanh (i/r) i=0,1,.,®  (24)

The agreement between the lattice model predictions and
the suggested profile (eq 24), as can be seen in Figure 3,
is excellent. The hyperbolic tangent profile was found to
reproduce the lattice results accurately for all the bimodal
systems that were studied in this work.

The correlation lengths, 7, which represent one measure
of the size of the interface, assumed values, in all cases,
that were intermediate between the radii of gyration of
the two chains. The effect of the increase of 7 is seen from
the fact that the rate of decay of the profile in Figure 3
decreases as o, increases. The variation of the correlation
length with the bulk volume fraction of the short chain
is shown in Figure 4 and was found to be described by the
relationship

= 3R + &Ry (25)
where

Ri=a(r/6)'? 1=1,2 (26)

If the system were to behave as an ideal melt, then we
expect a to assume a value of unity. However, it was found
that a usually assumed a value between 1.01 and 1.2 for
low and high values of the DP of the shorter chain,
respectively. The reason for this discrepancy is not clear
at this time. The relation suggests that the correlation
length increases from R; (approximately the radius of
gyration of the short chain) continuously as the volume
fraction of the shorter chains is increased and attains a
value of R; at the other extreme. In other words, for a
system with infinitesimal amounts of short (long) chains
in the melt, the interfacial decay is described by a
correlation length of the order of the radius of gyration
of the shorter (longer) chain.
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Figure 4. Behavior of the correlation lengths with the bulk
volume fraction of the shorter chain segments for two systems.
a = 1.14 and 1.17 for the systems made up of chain lengths 800/
50 (0) and 300/10 (D), respectively.
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Figure 5. T as a function of ®3, for a constant value of r; = 10.
r; assumes values of 160 (@), 320 (X), 480 (A), 800 (), and 1440
(0).

The loss of entropy suffered by the chains due to the
solid surface diminishes away from the surface and becomes
insignificant at a certain distance from the surface. The
correlation length, 7, reflects the magnitude of this en-
tropic gradient created by the surface. Asshown in Figure
1, Ap reaches an asymptotic value when one increases the
longer chain length for a fixed length of the shorter chain
and at a constant value for bulk volume fractions of the
two species. However, the correlation length of the system
increases with the molecular weight of the longer chain
(eq 25), followed by a corresponding increase in A; (eq 22),
thus broadening the interface. The combined effect of Ao
and r thus describes the magnitude of the segregation
completely. A measure of this quantity is the surface
excess I' = 3 ;A;. This quantity can also be obtained by
integrating eq 22 using the suggested functional form (eq
24) of the profile and was found to be equal to Aot In 2.

In Figure 5 we plot the surface excess, I', versus &y, for
the same systems that were studied in Figure 1. The
skewness is more pronounced in all the curves than what
it is in the absolute enhancement curves (Figure 1) and
becomes more so with increases in the molecular weight
of the longer chain. This is due to the fact that while A,
assumes a skewed parabolic shape with an increase in ®y,,
7 increases continuously with the volume fraction of the
short chains in the bulk. It should be noted that the typical
value of surface excess for a truly macromolecular system
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is of the order of 0.01-0.2 lattice units, which corresponds
to 0.1 nm or less for typical systems.

3.2. Interfacial Tension. In section 3.1 we described
the structure of the interface in detail by studying the
segment density distribution of the shorter chain. The
motivation behind this work was to probe the modification
of the physical properties of the interface formed due to
the effects of polydispersity in a polymer in the vicinity
of a solid surface. The quantity of interest is therefore
the interfacial tension, which is a measure of the extent
of adhesion of the polymer on the substrate.

The interfacial free energy at equilibrium can be
calculated from the grand canonical partition function (eq
3a) as

fa/kT =-1/L1n (G/G") (27a)

Here, £'is the interfacial tension, a is the area per site on
the surface, G is the grand canonical partition function
for the interfacial system, and G? is the grand partition
function for the bulk system. However, since GP is equal
to unity, it can be shown that

fa/kT = -1/L(n Q + ny, + ngw;)  (27h)

u: and po are the chemical potentials of the two different
chains and can be derived from GP. The resulting
expressions for the chemical potentials are the same as Flo-
ry’s result for the polymers in multicomponent solutions.

M1 = ¢2b + In (le) - (rl/r2)¢2b (28&)
Mo = le +In (492!)) - (rz/r1)<1>1b (28b)
Equation 27b can then be simplified to

fa/kT = U/kT + Y _finp;+ Al =) (29)

Substituting the profile eq 22 in this equation yields

fa/kT = U/RT+ 3 Inp;+ Aglry - 1) D _fG/7)
‘ Y (30a)

= U/kT+ D Inp+ Ayr -r;) rIn2  (30b)

The first term is the energetic contribution and the latter
two are the entropic terms. The first entropic term is a
function of the free segment probability in each layer, and
its effect, therefore, is due to the modification of p; as the
length and amount of the shorter chains in the system vary.
In this term, p; reaches a value close to the bulk value of
1 after the second lattice layer (see Figure 6) and hence
the contribution from this term is mainly from the surface
layer. The second entropic term (third term in eq 30)
represents the effect of the disparity in sizes and en-
tropic segregation and is proportional to I'. For a mon-
odisperse system, this term goes to 0 and the surface
tension goes to the appropriate value for a pure mono-
disperse polymer as reported in ref 23. This contribution
is negative and is responsible for lowering the surface
tension. For a given set of molecular weights, the two
contributions add up (Figure 7a,b), so that the surface
tension now varies linearly with &3, as shown in Figure
7c. Note must be made that the two parts are not
independent of each other since the surface excess term
depends on the free segment probability as can be seen
from eqs 16 and 17. It was found that the surface tension
calculated from the lattice theory could be reproduced
accurately by a relationship
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Figure 6. Profile of the normalized free segment probability p;.
The bimodal melt was composed of chain lengths 160/10 and had
equal amounts of each species in the bulk.

fo/ET = 0.1934(1 - &, - ®,ry") - 0.0092 (31a)
or

fa/kT =0.1934(1 - X,,™) - 0.0092 (31b)

where X, is the number-average degree of polymerization
of the bimodal melt.

A plot of the reduced surface tension (fa/kT) versus the
inverse chain length of the shorter chain for a given longer
chain length (Figure 8) shows the agreement between the
lattice results and the above equation. Also, for a given
set of chain lengths, the surface tension proceeds linearly
with volume fraction, as suggested by the above relation;
this can be seen in Figure 7c. The surface tension of a
bimodal melt on the surface is thus shown to be a simple
weighted average of the values corresponding to the two
monodisperse systems comprising the melt. From eq 31b
one can see that the surface tension depends only on the
number-average molecular weight of the melt under
consideration. The discrepancy in chain lengths and the
relative amounts of each of the species are thus the
important factors affecting the surface tension of the
bimodal melt.

3.3. Bond Orientation Characteristics. It has been
shown by Theodorou2?? that the interfacial thickness
defined with respect to ordering is quite insensitive to mole-
cular weight in the case of monodisperse systems. We
examine the same effect for the bimodal melt under
consideration by studying the order parameter of segment
orientation S;; (I = 1, 2) of the chains. The order parameter
S, for the segments of chains of type ! in any layer i is
given by23

S = (3(cos? ©) - 1)/2 = 1.0 - 1.5g;; (32)

where g, is the average side-stepping probability and is
the ratio of the probability of two consecutive segments
lying on a layer i to the probability of one of the r; first
segments lying in the same layer i; O is the average angle
made by a segment with respect to the normal to the
surface. From ref 23

rel

8up;_plis) Plirs)
8=l

Q= (33)

rr].

D_plis) plirrsyt1)

s=1

From eq 32 it can be seen that for chains absolutely
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perpendicular (parallel) to the surface, s;; should to be 1
(~0.5), and for randomly oriented chains it takes the value
0.

The changes in bond order in the interface from the case
of a pure homopolymer to a bimodal melt were seen to be
negligible in our calculations. The segments of the longer
(shorter) chains did not display any significant changes
in bond order when the amounts and lengths of the shorter
(longer) chain were allowed to vary. The inclination for
perpendicularity in the first layer that was observed in
monodisperse systems23 is maintained (see Figure 9) but
with almost no significant changes in the extent of
orientation as the melt is perturbed by varying the amount
of chains of a different length. Bond orientation thus does
not seem to be affected by perturbation of a monodis-
perse system by a species of a different chain length in
varying proportions.

4. Conclusions

In this work we have calculated, with the aid of a quasi-
crystalline lattice model, the segregation of shorter chains
to a surface from a bimodal melt composed of shorter and
longer chains with given bulk composition. Only en-
tropic effects have been considered, and it is assumed that
the beads of the polymer chains have no energetic
interaction with other beads. In addition, all beads of both
the chain length species have the same energy of interaction
with the surface. Under these assumptions it was found
that purely entropic effects caused the shorter chains to
partition preferentially to the neutral surface. The
concentration profile for the short chains in the vicinity
of the surface possessed a hyperbolic tangent functional
form with a single variable, which was defined as the
correlation length in the system. It was found that this
correlation length depended in a very simple fashion on
the radii of gyrations of the two chain length polymers and
also their compositions in the bulk phase.

It was determined for chains consisting of identical
repeat units that entropic effects alone caused the presence
of an excess quantity of shorter chains at the surface only
of the order of 1% or lower in the case of a truly macro-
molecular system. As well be shown in a future
publication,?® however, if one chain were to interact
energetically with the surface differently from the other
species (as in the case where one chain is deuterated and
the other hydrogenated), then the segregation is driven
purely by energetic effects, and the chains with the lower
surface energy are partitioned preferentially to the surface.
Under this circumstance the segregation due purely to en-
tropic effects is dominated by the partitioning due to
energetic considerations. Thus, the segregation of chains
to a surface due to entropic effects (caused by molecular
weight differences) alone cannot be measured in a real
experiment, since in this case one chain length species must
be distinguishable from the other, a modification that could
be achieved by the tagging of one species for example by
deuteration.
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Appendix 1. Number of Ways of Arranging the
Bimodal Polymer Melt on the Lattice

The number of arrangements in a given conformation
(eq 6) has to be corrected for previous occupancy.
According to the Bragg-Williams approximation of random
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mixing, for v; previously occupied sites in a layer i, any
site in that layer has a vacancy probability equal to (1 -
vi/L). The number of arrangements of a molecule in a
conformation ¢; can now be written as

M Nie~l
Lw 2z [[T]@-v/D
=1

The number of ways, w(ni), of placing n., chains of length

(AL.1)

r1 in the same conformation c; is given by eq 10 being
multiplied by itself n., times.

M DerLie™L

winy) = (wcl)"°1<Z/L)<"-“"“H H (L-v)

The number of ways of arrangmg all the n; chains over
all possible conformations is given by the product of w(n;)
over ¢y, dy, e1..., etc.

(A1.2)

M -l
Wi = [Jue = @m T Jwy=T[T]@ -w
¢ [ i=1l =1
(A1.3)

On this partially filled lattice, the chains of length rs are
placed so that

Hw(nz) = (Z/L)(’T”’”H(w )'”*HH L-v)
i=1 (Al 4)

Finally, the number of ways of arranging the NV chains on
the ML lattice sites is given by @ = W, W, or

= (Z/L)r Dl nzH(w et /n, ! X
o’

H(w%)”’/ncg'HH(L v) (AL5)

Division by n.,! and ne,! has been done to correct the
counting for indistinguishability of the molecules of a
particular chain length. Substituting eqs 1 and 7 in eq
Al.5, we get eq 9.

Appendix 2. Minimization of the Grand Potential
of the Lattice System

Let us define for convenience

[d/dncllM,L,T,ncz,ndI#ncl = (d/dn’c,) (A21)
(d/dne) m L, Tine, ndygsene, = (d/dn,) (A2.2)

The population balance on each layer i is
= rugn, 1=1,2 (A2.3)

5
By differentiation of eq 1 with respect to n., and n.,, the
following set of relationships can be derived.

d/dn, (ny) = d/dn(n,) =1 (A2.4)
d/dn, (ny) = d/dn,( an) =—r/r, (A2.5)
d/dn,(n)) = d/dn%(ch‘) =-r/r,  (A26)

Substituting eqs 3 and 11 in eq 12 after simplification,
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yields
F=(n+ny)In(L)-nyln(r)~nyln (ry) -
chl{ln (n.,/w,) + Zm e = chilln (n,/w,,) +

C
Zm "2 wz} + (”'12"’0, + “2ch2)/kT -
(nm + nm)U,/kT -LY_m,; (A2.7)
i

Operating eqs A2.1 and A2.2 on eq A2.7 by making use
of eqs A2.3-A2.6, we get eqs 13 and 14, in which
k= (1 /rle)(L)l-'1/rz,.2f1/rze(l/kﬂlur[rwz/’z]l (A2.8)

ky = (1/rs€)( L)l-(rz/fl)rlrz/rle(I/kT)lur[m\/’1]! (A2.9)

Appendix 3. Expression for Volume Fractions of
the Two Species in a Layer as Functions of the
Free Segment Probabilities

The conformation probability of species I (I = 1, 2) is

P(ry,=w ] [Py 1=12  (A3D)
and the chain probability is defined as
P(r) = [[P(r), 1=1,2 (A3.2)
(4]

Using the Scheutjens and Fleer formalism?° for the two
chain species (! = 1, 2) now gives us

&,; = [m/LP(r)1(1/P))_Plis) Plirrs+1)
o (A3.3)

where the end segment probability P(i,s;) can be generated
from the recurrence relation

P(iarl) = Zéj_,-P,-P(j,rl—l)
J

The normalized end segment probability and chain
probability are defined, respectively, as

(A3.4)

p,r) = PGr)/Py (A3.5)
p(r),, = P(r)./Py" (A3.6)

Applying eq A3.3 in the bulk of the melt gives
&y, = nyri/LP(r) (A3.7)

Substituting eq A3.7 in eq A3.3 while using the
normalization conditions stated by egs 15, A3.5, and A3.6
yields eqs 16 and 17. Also, dividing eqs 13 by their
summations over all conformations ¢; results in

(ng/m) = w ([ [Py /Py 1=1,2 (A38)

Using eqs A3.5-A3.7 in eq A3.8 gives
ne/L = ween/N ] [@)* 1=1,2 (A39)
i

Appendix 4. Solution of the Free Segment
Probabilities

The end segment probabilities were generated by
representing eq 18 as a product of matrices

p(r;) = wp(r;-1) (A4.1)

where p(r;) and p(r;-1) denote one-dimensional vectors
with M rows containing the end segment probabilities
p(i,r1) and p(i,r1-1). w is given by
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opy 00y 0 7]
0Py 6py  O1Py
w = &p; b Oy (A4.2)

01Pp-1 OaPy-1 Op-1PM-1
[0 8Py SoPM
The end segment probabilities of the longer chain were
stored in an array f, of size M X ry sequentially. By virtue
of eqs 13 and 14, the end segment probabilities
corresponding to the second chain are the elements in the
first r; columns of f;. w was stored in an M X 3 array,
and due to the inherent symmetry of the problem about
the middle layer, the available computational space was
doubled. Convergence was always obtained by starting

with an initial guess of p; ( = 1,M) = (1.2,1,1,1...).
Notation

English

a area per segment

A; absolute enhancement of segments of short chains

in layer (
any conformation of a chain of type !

o

f function describing the concentration profile of
short chains in the interface

f interfacial tension

G grand canonical partition function

k Boltzmann’s constant

L number of lattice sites in a lattice layer

m; Lagrange multiplier in layer i

M number of lattice layers

n; number of chains of type [

ny number of segments of type ! in layer i

ng number of chains conformation c;

N total number of chains

D: normalized free segment probability in layer i

p(i,r) normalized end segment probability of a chain of
length r;

P; unnormalized free segment probability in layer i

4] canonical partition function

r number of segments in a single chain of type [

TLic, number of segments of the chain of type [ in layer
i in conformation ¢,

R; factor proportional to the radius of gyration of a
chain of DP r,

S; conformation of a chain of type i

S order parameter in layer i of the segments of chains
of type [

T temperature

U potential energy of the interfacial system with
respect to the reference states

U, adsorption energy of a segment of any chain

Xn number-average degree of polymerization

Z,z lattice coordination number (=6)

Greek

a constant (eq 26)

8j—i fraction of nearest neighbors for any site in layer
i in layer j

Oy Kronecker delta

i chemical potential of species i relative to the
reference state

T correlation length of the concentration profiles of

the two species
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b, volume fraction of species [ in layer :
Q combinatorial factor for the interfacial system
Q, combinatorial factor for the reference system

containing chains of type [

Subscripts and Superscripts

b bulk properties
i, layer numbers ¢,j
{ denotes species type under consideration in the

bimodal melt; ! = 1 denotes the longer chain, !
= 2 the shorter chains
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Density Profile of Terminally Adsorbed Polymers
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ABSTRACT: Specifically labeled terpolymers of 2-vinylpyridine, styrene, and deuterostyrene have been
prepared by anionic polymerization. The deuterostyrene was deuterated in the methine position and placed
either in the middle or at the end of the triblock terpolymer. The moderately low molecular weight polymers
(ca. 20 000 g/mol, polydispersity ca. 1.4) were then adsorbed onto high surface area silica. The adsorption
isotherm was measured from toluene solution to plateau at about 1.75 mg of polymer/m? of silica. The
environment of the styrene segments in the terpolymer attached to the silica surface and swollen with toluene
was probed with 2H NMR. Comparison of 2H NMR spin-lattice relaxation time, T, for the adsorbed polymer
to that of the polymer in solution suggests that the local concentration of styrene segments near the middle
of the polymer, i.e. next to the vinylpyridine segments, is about 0.11 g/mL. The concentration of segments
located at the end of the polymer is estimated to be approximately 0.048 g/mL. These experiments suggest
that the polymers are extended in a good solvent for styrene to about 4 times the styrene radius of gyration.
The relaxation times (T and T3) of the surface-bound polymer were closer to each other than those for the
homopolymer in solution, suggesting that the dynamics are rather different than in solution.

Introduction

The use of polymers as agents for improving colloidal
stability is well-known.’* In the absence of significant
electrostatic forces, polymers may be used to achieve

* Author to whom correspondence should be sent.
t Present address: Union Carbide Corp., P.O. Box 8361, S.
Charleston, WV 25303.

0024-9297/90/2223-3592$02.50/0

colloidal stability through entropic stabilization, based on
the inability of the polymer segments on neighboring
particles to pass through each other or intertwine upon
close approach. A number of theoretical treatments have
been used to describe the conformation of polymer
molecules on solid surfaces including those based on self-
consistent-field,?8 scaling,” or Monte-Carlo approaches.?
These theories have been of importance in understanding

© 1990 American Chemical Society



