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Entropically driven segregation in blends of branched and linear polymers
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A self-consistent mean-field treatment of branched polymer additives in a linear polymer matrix is devel-
oped in order to study the effect of chain architecture on surface segregation. With branched additives,
connectivity between side chains and an increased number of chain ends results in near-surface concentration
profiles that differ both qualitatively and quantitatively from those seen with linear chain additives. A much
larger degree of segregation with branched additives is observed when compared with linear additives of
equivalent molecular weighfS1063-651X96)03509-X]

PACS numbes): 87.15-v, 83.80.Es, 31.15.Ne, 81.65.Ya

Surface segregation is a phenomenon common to all maet al.[8] for the case of chain end segregation. Their study of
terial classes. In metallic alloys, the segregation of minorityfunctionally terminated polystyrenes showed a large surface
components to exposed surfaces can improve or diminisexcess of chain ends for materials terminated with low-
corrosion resistance. Likewise, dopant segregation to the suenergy fluorocarbon groups, but a surface depletion of ends
face of silicon can dramatically alter its local electronic prop-for systems terminated with high-energy carboxylic acid
erties. The fracture strength of inorganic glasses can simgroups. In bimodal blends, entropically driven segregation of
larly be affected by the surface localization of metal cationghe lower molecular weight species is similarly predidié
that modify the density of the surface region relative to theand observefis—7] to be small, typically a few percent over
bulk. Typically, such segregation phenomena are driven byhe bulk concentration.
an associated reduction in the system enthalpy, e.g., by low- The ability to place high-energy groups at a surface
ering the number of unfavorable bulk contacts or the numbethrough configurational entropy considerations alone would
of unsaturated bonds residing at the surface. An exception ihus appear to require more complicated molecular architec-
the case of polymer melts, for which configurational entropytures. In this study, a mean-field model is developed to ex-
can serve as a significant additional driving force for surfaceamine entropically driven segregation in blends of branched
segregation. and linear polymers of identical chemical nature. For highly

In bulk polymer melts, the spatial conformation of a poly- branched polymers, the large number of chain ends may am-
mer chain is typically well represented by Gaussian statisticglify selective segregation by significantly reducing the num-
with each monomer segment being roughly equivalent to der of required reflections at the surface.
step in a three-dimensional random walk. The presence of a This problem was initially examined experimentally in
surface introduces a reflecting boundary condition that lowhlends of chemically similaalthough not identicalpolyole-
ers the number of total configurations available to the chairins [9] where one component was more branched than the
and hence the entropy of the system. To minimize the numether. It was found that the more branched component seg-
ber of reflections required at the material boundary, chainegated to the surface. Comparable results were found with
ends preferentially segregate to the surface of a monodigpolyolefin diblock copolymer§l0] where the block with the
perse polymer melt, in the absence of strong interactionsore branched component was observed to reside at the sur-
[1-3]. Preferential segregation of the lower molecularface. In these polyolefin systems, the branched components
weight component is similarly predictdd] and observed have smaller statistical segment lengths and are consequently
[5-7] in bimodal polymer blends of identical chemical struc- more “flexible” than the linear components. Fredrickson
ture. From a commercial standpoint, such entropically driverand co-workers[11,12] predicted, using analytical self-
segregation could be useful for designing polymer surfacesonsistent mean-fielSCPH and functional theories, that the
rich in an energetically unfavorable component. In particularmore flexible component should segregate to the surface due
the preparation of hydrophilic surfaces through selective sego entropic effects. However, by Monte Carlo simulations,
regation would have a wide range of applications from re-other groupg13,14] have predicted that the “stiffer” linear
ducing static charge buildup in textile and microelectronicscomponent segregates preferentially due to better packing at
applications of plastics to improving resistance to proteinthe surface and that enthalpic differences between the com-
adsorption in biomedical and marine applications. Unfortu-ponents must be invoked in order to theoretically capture the
nately, entropic effects on segregation tend to be small andbserved experimental results. It was recently shown that
are therefore often dominated by enthalpic contributions tavhen bond angle restrictions are imposed, lattice SCF mod-
the surface free energy. This was demonstrated by Elmasls also predict surface segregation of the stiffer component

[15]. However, lattice models are still thought to be less
suitable for describing packing effects at the surface or in the

*Electronic address: dwalton@monosparc.mit.edu bulk than off-lattice methods that more accurately account
TAuthor to whom correspondence should be addressed. Electronfor local segmental arrangements. Here we do not attempt to
address: amayes@monosparc.mit.edu address packing influences but instead focus on the contribu-
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tion of configurational entropy to surface segregation in
athermal blends of branched and linear polymers with simi-
lar statistical segment lengths and packing characteristics.
We then compare the magnitude of this effect with enthalpic
differences between the components.

For this treatment, we initially omit all enthalpic interac-
tions in the system and look only at the configurational en-
tropic contribution to the segregation of various low molecu-
lar weight branched architectures in blends with a higher
molecular weight linear matrix. We employ a self-consistent
mean-field theory based on the method presented by Fleer
et al.[16] for polymer adsorption. In this theory, all interac-
tions in the system are averaged into a mean field that varies
only in the direction perpendicular to the surface. We define
a potentialU(z)=U’(z), wherez is the layer number in the
system, withz=1 corresponding to the surface layer, and
U’(z) is the hard-core potential that is independent of seg-
ment type and is purely entropic in natyds]. The volume
fraction of a polymeric species is then given by

FIG. 1. () Schematic of a branched polymer architecture with
B=5 branches, each of length-6, and two branch connections,
each of lengtid=4, corresponding to a molecular weight, after Eq.
cl)i(z):(d)ib/Ni)E G(Z,S|ej), (D) (2), of No= 32 units.(b) Diagram of an adsorbed branched polymer

s with | =10,d=5, andB=7 branchegN,= 80 unitg, blended with

Whereqbib andN; are the bulk volume fraction and number of a higher molecular weight linear polymer, showing the origin of the

. . . . t in th trati Kg. 2. F larity, b h
units per chain, respectively, of componenandG(z,s| €)) crest seen in the concentration profifeg. 2). For clarity, branc

is th | iahting f defined h babili segments and branch-connection segments are depicted as white-
IS t_ e §egmenta ngg ting act.or efined as t (_a probabi I%nd black-filled circles, respectively. Chain ends are shown as white
of finding segmens in layerz, given that the chain endg

i circles with black dots and branch points are shown as black circles
may be located anywhere in the system. The segmentdi white dots.

weighting factor is related, through a recursion relationship,

to the potentiaU(z).and is detalled i|il(_5]. Alter an initiall disappearing only as the number of branches becomes small,
guess at the potential, the volume fraction of each species I the branch lengths become either very large or approach a

calculated and, subject to the constraint that the volume fra%ingle unit or when the distance between branches becomes
tions of all species sum to unity, the solution to the set of

. ! . i extremely long compared to the branch length. In other
equationg(1) is found self-consstently. All _Ca_ICUIat'O”S WETr€ \vords, as a branched architecture begins to resemble a linear
run on a hexagonal lattice, although variation of the latticep,ain ‘this behavior is suppressed. The location of the crest is
type to cubic shows no significant effect on the results.

trolled by the b h length and f th
For all of the branched architectures studiege Fig. controied Dy the branth 'ength and moves away from the

h h B chai surface as the branch length increases.
1(a)], there areB branchesand consequentl chain ends In order to understand the form of the branched additive
each of length (including the branch point, i.e., the location

: concentration profile, the contribution of each segment type
on the backbone at which the branches are attackdd  , the gverall volume fraction was examined. Figuréa) 3
B—3 branch connections, each of length(including the

two adjacent branch pointssuch that the total number of

branched additive units may be written as 10

Na=BI+(B—3)(d—2)-2 2) o= S

5 .a R
for B=3. ’:\? o TN
Figure 2 shows typical additive concentration profiles for = O e . Ny .

blends of polymeric additives in a 1000-unit linear matrix 2 o - NN
(N =1000) with an additive bulk volume fractiop?=0.1. — e‘\m\o‘_*#:::‘
The concentration profiles of a branched additive With 10 oSl
branches, each of lengthk- 10, and spaced at intervals=5 0 1 ~ 0

along the backbon¢éN,=119 units, after Eq(2)] and a
bran_ched addltlve with =10, d:_15' .andB=7. bran(_:hes FIG. 2. Concentration profile of lineatO, Ny=119 and
(NA=120 unitg are contrasted with a linear chain additive of .5 cheqd additives in a linear matrix ¥, = 1000 units, with bulk
molecular weightN,=119. Although a surface excess of the ;omposition3=0.1. ® and W correspond to branched architec-
additive is observed for all cases, the shapes of the profileges with| =10, d=5, andB=10 branchegN,=119 unit$ and
differ considerably. Whereas the concentration of the linear=10, d=15, andB=7 branches(N,=120 unit3, respectively.
additive falls away monotonically from the surface, theThe branched additive profiles show crests characteristic of most
branched additives exhibit a crest in the first few layers. Thisrranched architectures. All profiles show the exponential decay
characteristic, also predicted by Wu and Fredrickd?], is  away from the surface commonly seen in segregated systems
seen in most of the branched polymer architectures studiettranched additives, this decay is seen after the Jcrest
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FIG. 3. Segment concentration profiles for branched additives
with (a) |=10,d=5, andB= 10 branchegN,= 119 unit$ and(b)
I=10,d= 15, andB= 7 branchegN,= 120 unitg in a linear matrix
of Ny = 1000 units with a bulk compositio 2= 0.1. Shown is the O, O, and A correspond to branched architectures vadth 10 and
volume fraction of segment typ& averaged over thes segments I=’5,,10, and 15, respectivel® and A represent branched archi-
of that type per moIecuI@, O, and2A correspor_md to the_averaged tectures withl = 16 andd=5 and 15, respectively. Note that for a
se_gmgntal volume fractions of the branch points, chain ends, anfﬁlear polymer blend WitrNA=NM=J:000,FA=O since both com-
midpoints of the branch connections, respectively. ponents are identical and there is no preferential segregation of

either. For blends of branched and linear polymers, however, there
and 3b) show the averaged segmental concentration profilels a large surface excess of the branched species when
for the chain ends, the branch points, and the midpoint alon§/a= Ny =1000.
the branch connections for the same blends of branched and
linear polymers presented in Fig. 2. Both branched architec- b
tures clearly show that the majority of the chain ends are FA:EZ [#a(2) = ¢al. )
located at the surface with a corresponding depletion of the

branch points. This result is seen in all branched architecyherez is the distance from the surface and is the addi-
tures studied. In Fig. (), where the distance between the tjve volume fraction in the bulk. As shown in Fig. 4, over the
branches is larger than the branch lengths, we find that theolecular weight regime pictured, the surface excess of a
midpoints of the branch connections are fairly evenly distrib-linear additive decreases linearly as a function of additive
uted among all the layers, with only a slight enhancement atolecular weight. By contrast, for branched additives the
z=4, and the overall additive concentration profisee Fig. opposite trend is observed and the surface extessases

2) exhibits only a small crest. In Fig.(8, where the almost linearly with molecular weight over the regime
branches are more closely spaced, however, these midpoirgeown, decreasing only as the molecular weight of the
are highly localized next to the branch points, one to twobranched additive becomes much greater than the linear
layers deeper into the system. This localization is manifestegolymer in which it is blended, i.e., when the linear polymer
as a large cregsee Fig. 2 and is depicted schematically in becomes the low molecular weight additive and the branched
Fig. 1b). polymer becomes the high molecular weight matrix.

For low molecular weights and small bulk volume frac- Because the degree of surface excess is directly related to
tions, the surface layer composition of the branched additivéhe form of the additive concentration profile, those branched
is found to be lower than, but close to, that of a linear addi-architectures exhibiting a crest show large surface excesses.
tive with identical molecular weight in a comparable blend The factors that control the size of the crest therefore have a
with a higher molecular weight linear polymer matrix. At a direct effect on the surface excess, such that a range of
critical value of the additive molecular weight, however, abranch lengths and spacings exist where the crest, and con-
crossover occurs, above which the surface layer concentraequently the degree of surface excess, is largest. The results
tion of the branched additive is found to be higher than itsshown in Fig. 4 also indicate that the segregation of a
linear counterpart. For systems with equivalent additive andranched additive is roughly analogous to the segregation of
matrix molecular weights, such as that of Yethiradl], this  each of its branches, independent of their connectivity. As a
crossover phenomenon is also observed. Specifically, for theonsequence, the backbone is dragged towards the surface,
branched architecture studied by Yethifiag 2, d=3,B=8 resulting in a crest in the additive concentration profile and a
branches, andN,=N,,=19) we find that there is a higher large excess in the near-surface region.
surface concentration of thinear component, as he pre- The size of the near-surface region in blends of branched
dicts. For that system, however, we see a crossover witand linear polymers is found to scale with the radius of gy-
molecular weight aB=11 branchesN,=N,,=28). ration, as shown previously for linear polymer blerids.

While the surface layer of a blend containing a branchedConsequently, for branched additives, the near-surface re-
additive may or may not exhibit a larger additive volume gion is slightly more narrow than for linear additives since
fraction when compared to a blend containing an equivalenthe radius of gyration of branched polymers is less than that
molecular weight linear additive, the near-surface region obf equivalent molecular weight linear chains.
the branched additivalwaysshows a larger additive surface ~ The surface energy can be trivially extracted from data
excesd,, given by already presented sin¢&6]

FIG. 4. Surface excess of lineaf ) and branched additives as
a function of additive molecular weight with a constant matrix mo-
lecular weight ofNy, = 1000 units and a bulk compositiaf=0.1.
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yalKT=TA(INy— 1N - S U(2)/KT,  (4) 1000 N
’ = 800} L0 ]
wherea is the area per site. We find that for the molecular £ 600t b :
weight regime tested, the surface energy of systems with o ‘ m '
branched additives follows the scaling<N »*, as seen for & 4007, 5 8
linear additives[4], and is found to be smaller for all = . n Y
branched polymer architectures than linear polymers of SRS
equivalent molecular weight. For a large number of branches * i S o T
the surface energy also scalesyasB ™1, indicating that the 00 0.01 0.02 0.03 004
surface energy reduction is related to the number of chain Xis
ends. This supports the hypothe$s17] that chain ends
drive the segregation process. FIG. 5. Critical additive molecular weight above which the ad-
In order to include enthalpic interactions in our analysis,ditive is depleted from and below which the additive is enhanced in
we redefine the potential such that the near-surface region as a function of the wall-additive interaction
parameterty s with the wall-matrix interaction parametgf,s=0.
Ua(2)=U"(2) +KkT[xasd(z— 1)+ x{pu(z)— ¢RI>], Shown are results for compatible blends of linéll) and branched
(5) (,) additives in Q.Iine%r matrix of molecy!ar Weig.htM=1OO(.)
Un(2)=U"(2)+KTx{ ba(2) ¢2>' with bulk compositiong ,=0.1 and an additive-matrix interaction

parametery=—0.01. Results for incompatible blends of lingat)

, . . . and branchedO) additives in a similar matrix with the same bulk
whereU’(2) is the hard-core potential, as befoggs is the  omposition and an additive-matrix interaction paramate.01
interaction parameter between componenand the wall  4re ai50 presented. Results show that branched additives exhibit a
(here we set aepulsionbetween the additive and the wall |arger range of wall-additive interaction parameters and molecular

and make the wall neutral to the matrix such that>0 and  weights over which an excess of the additive exists at the surface.
xms=0), andy is the additive-matrix interaction parameter.

The § function multiplying the wall-additive interaction pa- . .
rameter ensures that its contribution affects only segments iHonql entropy causes branched. add|t|ves.to segrega}te more
thez=1 (i.e., the surfacelayer and(f(z)) is defined as an reac_hly to the near-surfgce region than linear addlpves of
average of the functiofi(z) over all neighboring sites. By equalent mole(_:ulgr weights. We also see that the incorpo-
incorporating this potential, the self-consistent solution carfation of enthalpic differences between the components and a
be found as before. wall that repels the additive still allows for the segregation of
Figure 5 compares the magnitude of the enthalpic andhe additive due to configurational entropy reasons, allowing
configurational entropic contributions to the surface segregdor the possibility of segregating an enthalpically unfavor-
tion in these systems. It shows a critical additive molecula@ble additive to the surface by entropic means. We have also
weight above which there is a net excess and below whicliound that in these blends, the degree of segregation is aided
there is a net depletion of the additive in the near-surfacdy the fact that each branched chain behaves roughly as a
region. It can be seen that even with a surface that repels thellection of unconnected, short linear chains. Unlike oligo-
additive, there is a range afys values for which there is an meric additives, however, the short side chains of a branched
excess of the additive at the surface, regardless of whether @gditive are connected to a backbone, which helps anchor the
not the additive and matrix are compatible. Also, this regionmolecule to the matrix through entanglements. These results
is larger for branched than for linear additives. collectively suggest that entropically induced segregation by
In this paper we have examined the dependence of chaigyanching may be a viable route to creating thermodynami-

architecture, molecular weight, and number of brandlees 4|y stable and physically robust hydrophilic polymer sur-
chain endp on the segregation of the branched species if;ceg.

blends of branched and linear polymers. By using a self-
consistent mean-field theory with no enthalpic interactions, This work was funded in part by the National Science
we have shown that in a linear polymer matrix, configura-Foundation, Grant No. DMR9357602.
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