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Abstract 3

Entropic segregation of chain ends to the surface %m&ﬁodisperse polymer melt and its effect
on surface tension is examined using self-con 'sté\%d-.theory (SCFT). In order to assess the
dependence on chain stiffness, the SCFT is M worm-like chains. Our focus is still on
relatively flexible polymers, where the peéi’c‘e’!’r\cslepgth of the polymer, ¢,, is comparable to the

S

width of the surface profile, £, but still h'd} Qa er than the total contour length of the polymer,

£.. Even this small degree of rigidity hﬁ substantial increase in the level of segregation, relative

to that of totally flexible Gausséﬁfh\'ai\ evertheless, the long-range depletion that balances the
me

surface excess still exhibits-the sa; iiversal shape derived for Gaussian chains. Furthermore,

the excess continues to geduce the surface tension by one unit of kT per chain end, which results

in the usual N1 ? tiod in siirface tension observed by experiments. This enhanced segregation
will also extend o}%r rse melts, causing the molecular-weight distribution at the surface
to shift towa s%aller n relative to the bulk. This provides a partial explanation for recent

quantitiv diﬁ‘?en ; between experiments and SCFT calculations for flexible polymers.
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Publishihg INTRODUCTION

Silberberg! has cleverly argued that the surface of a polymer melt behaves like a reflecting
boundary. This, in turn, implies that the probability distributions of the individual segments
of the polymer are uniform all the way from the bulk right up to thefsurface. It also implies
that the surface tension should be independent of molecular Weél r rather the degree
of polymerization, N. However, simulations,? self-consistent lbcheory (SCFT),” ' and
experiments'! all find an excess of chain ends at the surface. “Burthermore, SCFT7 !0 and

12-18

t‘as.j% Other deviations from

report an N-dependence in the surfa
ulations?20

Si}berberg argument is based on

experiments

Silberberg’s hypothesis have also been detected by si
The deviations can be attributed to the fact ih.at
a couple of simplifying assumptions, an off-lattic oc‘@ in which the energy of a polymer

configuration is unaffected when folded about a p o %8d an infinitely-sharp surface profile.

Previous predictions of entropic segregati(w fepresented polymers on a lattice,5 used

a bead-spring model where folding causegifﬁmge in energy,>? or involved a surface profile

of finite width.” It has been shown ﬁp e*finite width of the surface profile generally

provides the dominant contribut \x e segregation.?’?? Excluded-volume interactions

will also affect the energy of f(ﬁ%ﬂo ymer configuration and could, therefore, contribute

to entropic segregation. Hﬁ\;er, imulations®® have shown that this effect is relatively
e ha

-core interactions are, to a good approximation, screened

minor, presumably becaug
in polymer melts.?* £
Because the/ ber {hain ends has to be conserved on the molecular length scale

(i.e., two pe m@ecule the excess at the surface is balanced by depletion of equivalent

extending into the melt a distance of order aN'/2, the end-to-end length of

n dnalytical approximation? for flexible Gaussian chains predicts that the

1 o0
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Publishingcre z = k? /6. The amplitude of the effect, A, is dependent upon the microscopic details

of the system. The segregation also causes a reduction in surface tension,’

Yen 2A
apoksT =T TN )
aporB

from the infinite molecular-weight limit, I', that is proportional tg"4. This proportionality
results because each chain end that segregates to the surface re u‘t?% théree energy by one

unit of kgT.1%2
Experiments'! have claimed to observe the entropic se Ning neutron reflectivity

on polystyrene chains with deuterated ends. Howevergthi

alniis not entirely conclusive,
because deuterium labeling is know to create enthalpic inteﬁfctlons strong enough to mask

entropic effects.2627 Nevertheless, the segregatign has also been detected in polydisperse

melts,>? where it causes a shift in the molec r—we'& distribution towards smaller N,

at the surface relative to the bulk, due t%‘fact hat shorter polymers have more ends
e

per unit volume.25?32831 In this cas t.b\perlments measured the shift in N, using
MALDI time-of-flight spectrometr e5&&)% not require any labeling. Although the
shift was in qualitative agreem t&@f‘ T, the effect was considerably stronger than
predicted. Two possible ex anaim\w re given. It was suggested that the shift may
have been enhanced by enthal'\eﬁ‘bcts.m’?’?’ Even without labeling, the interactions of
end segments will gen alﬁfﬁjfer somewhat from those of middle segments.?* The other

suggestion was that £he rence could be related to chain stiffness not captured by the

SCFT calculations, ich yfere based on freely-jointed chains. Chain stiffness penalizes

the folding of gpolynter chains, which violates the Silberberg assumptions and thus could

se/entropic segregation. !

contribute to
Here, Gye gktendithe previous SCFT for entropic segregation and its effect on surface
tensioh t0 sent e/xible worm-like chains.? Still, our study focuses on relatively flexible poly-
s, where the persistence length, £, is comparable to the width of the surface, &, but still
ch snmaller than the total contour length of the polymer, /.. The coefficients A and I'
calculated from results for the long-chain limit, and then the accuracy of Eq. (1) for

t (;mpensating depletion and Eq. (3) for the molecular-weight dependence of the surface

tension are tested for polymers of finite length.
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We consider a monodisperse melt of n polymers, each containing N segments of length b,
giving a total contour length of {. = bN. The configuration of the a’th molecule is specified
by the space curve r,(s), where the backbone parameter runs from s 0 to 1. The polymers
are modeled as worm-like chains,33¢ for which the energy of a po y(@guration is given

by
E K ! ’ 2
o [t 3\ )

where ~—
u,(s) =ry,(s)/ ) (5)

-

is a unit vector tangent to the chain. The parameter# ,_13 a dimensionless bending modulus,

which controls the persistence length, ¢, = b/ﬁ.\\%bull;melt, the average end-to-end length

of a worm-like chain is®37 \/ ) -&‘\R\
Ry = /26y (lc [ = exp(—Lc/0)]) - (6)
N

For long chains of £, > £, thiw’ion reduces to Ry ~ avV' N , where the statistical
segment length is a = /2¢,b. sult\at e follow the convention where segments are defined
o'

that the total volume of the melt is V' = nN/p,.
Using this model, g}ajne a flat surface of area A located at z = 0. To make
the problem tractalle, }he ecular interactions are represented by a static field, w(z),

which depends 0 h«,/ coordinate z normal to the surface. Within this mean-field

approximatio ,ﬁse polymer concentration relative to the bulk is
V 1 1
y. (2) = —/ duz/ ds G(z,u,, s)G(z, —u,, 1 —s) (7)
2Q J 0
ﬂ

to have a specified volume, p,

4

wher 1
_— Q: é/ duz/dZG(Z7uZ7S)G(Z7_uZ7]‘_S) (8)
—1

J%L ingle-chain partition function. Note that the integration in Eq. (8) is independent of
N

he above expressions involve the propagator, G(z,u., s), which is the partition function
for a chain fragment of sN segments with one end constrained such that the projections

of ro(s) and u,(s) onto the z-axis are z and wu,, respectively. It satisfies the differential
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o~ o on |15 2=
with the initial condition G(z,u.,0) = 1.337 The equation is solved with reflecting boundary
conditions, using the numerical algorithm described in Ref. 38.(26 ensure that the grid

sizes used in the algorithm are sufficiently small and that the b n%‘at negative and
positive z are sufficiently far from the surface (i.e., z = 0) suc t@ numerical inaccuracies

are irrelevant on the scale of our plots. \
Generally, one needs to specify the interaction energy of the“melt, which is typically

written as
/ drf( (\3 (10)

where f(¢) is the energy density relative to k‘{')e = 0). In SCFT, the field
is normally adjusted to satisfy the self-con stent Lthlon w(z) = Nf'(¢(2))/poksT. As
such, the problem of evaluating the surfac afion is coupled to the calculation of the

surface profile, ¢(z). Past studies”® ha\\ imple choice for U[¢| that results in some

unphysical behaviors, which we will R}s ,Qt r. Rather than dealing with the complication

of a more realistic U[¢],3 ! we t hevalternative approach of adjusting w(z) in order to

create a specified concentrati e. 91021 We specifically choose the sigmoidal profile,

Qi)

characteristic of s 10ns where the width of the surface, &, is used as our unit
of length. Th/ d is etermlned with the same Anderson mixing algorithm** used
previously.!?
As usuél, t e SCFT is unaffected by an additive constant to the field, and so for conve-
nienc = 0 in the bulk. With this choice, G(z,u,,s) — 1 as z — oo, and thus
&{3& es @ = V in order that ¢(z) — 1 as z — oo. Given this requirement, the
d ;181()51 ess concentration of chain ends relative to the bulk is

w\ Ge(2) = %/1 du,G(z,u,,1) (12)

and the surface tension is*

Yoo = P /ww@aa. (13)
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PublishiBg( ause our calculation creates the surface by constraining the polymer concentration in-
stead of using molecular interactions, it only provides the entropic contribution to the sur-
face tension, v.,. This is also true of calculations that use constraining walls to create the
surface.?®3%4% The enthalpic contribution is given by i, = U[¢]/A. Although iy contains

no explicit N-dependence, it does produce an implicit N-dependefice due to variations in

¢(z), which are, in principle, determined by minimizing the t ten 0, ¥ = Yint + Ven,

with respect to ¢(z). Nevertheless, we will illustrate later tha%)ne provides the correct

N-dependence to leading order (i.e., to order N~*

The analytical Eqgs. (1) and (3) are derived from an 'Ems.lon about the long-chain
limit.? The propagator for this limit, G (2, u.), is o talne by integrating Eq. (9) until it
becomes independent of s, or in other words until both sides of the equation equal zero.*”

The field is then adjusted as before, but usin e sml;)ﬁr expression

29/ d \ Goo(z, —u,) , (14)

where
é@mm 2,u,)Goo(2, —uy) . (15)

Q=
Once the propagator, G h corresponding field, ws(z), have been determined,

the coefficients in Egs. ( and re given by
&\ + [ elonte) - o). (16)
where
1 [
Pe,oo(2) = 5/ du, Goo(z,u,) (17)
-1

is the co eniyatl of ends relative to the bulk, and

N/ b
&3 [ = ~ul dz weo(2)p(2) . (18)

IIT. RESULTS
\

We begin by considering the long-chain limit (i.e., {. — o0). Figure 1(a) compares the
distribution of chain ends, ¢, (%), to the overall polymer concentration, ¢(z), for several

different persistence lengths, ¢,. In all cases, there is an excess of chain ends near the surface
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Pe,00(2)

Weo (2) €2 /a2 N

FIG. 1: (a) Concentration of chain ends oo (Zyrand (b) self-consistent field, wu(2), calculated
in the long-chain limit (i.e., £ — o0) ere persistence lengths, ¢,. The £, = 0 curves are
given by Eqgs. (19) and ( The N urve in (a) denotes the total polymer concentration,
¢(2).
[i.€., Pe ool rﬂ\ﬁle Gaussian chains (i.e., £, = 0), the distribution obeys the
simple expres:310n7 21

Peoo(2) = VO(2) - (19)
As the poly more rigid, ¢eoo(2) extends further from the surface. Figure 1(b)
shows the field; Oo(z), required to enforce the surface profile, ¢(z). It involves a shallow

well that I{S /a polymers toward z = 0 followed by a barrier that prevents them from
_—
invading the 0 region. The field for flexible Gaussian chains, which is given by*®

- 2NV2
wn(z) = TV V) (20)
) 67/6(2)
%o counteract the loss of configurational entropy,*®
kpa®po Vo|?
A = — 21
Sconf 24 /dI‘ ¢ ) ( )

which acts to oppose gradients in ¢(z). This free energy penalty diminishes as the polymers

become more rigid, which, in turn, explains the reduction in the field strength with increasing

7
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-
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Figure 2(a) shows ‘imj"ated excess of chain ends, A, defined in Eq. (16). For
ble to the width of the surface profile, &, there is about a

2) and (

persistence lengths, £,, co

40% increase relative the/dashed line for flexible Gaussian chains,?!

‘)\ A2 (22)

2a

which is‘ebtained By inserting Eqs. (11) and (19) into Eq. (16). Figure 2(b) shows the

dimerfsionless suyrface tension, I's,, defined in Eq. (3) and calculated from Eq. (18). The
inc denotes the Gaussian-chain approximation,?!

) N (23)

NI~ oo

obtained by inserting Eqs. (11) and (20) into Eq. (18). In all cases, the tension is smaller
than that of flexible Gaussian chains of equal segment length. Note that the quantities,
A and T'y, in Fig. 2 will appear later as coefficients in the analytical expressions for the

compensating depletion, Eq. (1), and surface tension, Eq. (3), of finite chains.

8
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FIG. 3: Concentration of chain ends, ¢.(z) calculated for persistence lengths of (a) £, = £/2 and

(b) ¢, = 2£. As the contour length, £c% in eases, the profiles converge to the long-chain limit,

¢e,00(2), from Fig. 1(a). The dashe W enote the total polymer concentration, ¢(z).

We now turn our attention to mers of finite size. Figure 3 compares the distribution
of chain ends, ¢.(z), tofthe total polymer concentration, ¢(z), for a range of chain lengths,
.. Asrequired, ¢.( converges to the infinite-chain limit, ¢, o (2), but rather slowly. Finite-
chain effects are<6/' 1] s1 'ﬁéént even for our longest polymers of /. = 512¢. One important
qualitative di c1(3§bgﬁnite chains is that d¢.(2) = ¢e(z) — ¢(z) switches from positive
(i.e., an exess‘ef ends) for z < 0 to negative (i.e., a depletion of ends) for z 2 0. This is
because i XCG?‘E of ends at the surface has to come from somewhere, and consequently a
comp% pletion occurs just beyond the surface. Asillustrated in Fig. 3, the depletion

es

com ler in amplitude and extends further into the melt for longer polymers. The

b
de etio$ eventually vanishes as /. — oo, simply because ends from larger polymers can be
ha@ced from ever deeper into the melt.

s shown previously for flexible chains,”!%?? Fig. 4 illustrates that the amplitude of the
depletion decreases as Ry ' while the range increases as Ry. Furthermore, Fig. 4 illustrates

that, as the polymers increase in size, the depletion approaches the analytical result in Eq.
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FIG. 4: Long-range depletion of chain ends;
average end-to-end length, aN'/2, plott \P?",Ker istence lengths of (a) ¢, = £/2 and (b) £, = 2¢.

As the contour length, /., increases, rofiles converge to the universal shape in Eq. (1).

(1), involving the universal shaphaN 1/2)with an amplitude given by the same A plot-
ted in Fig. 1(a). Althodgh thepersistence length does not affect the shape of the depletion,
it does have a sizeable e;Fec the amplitude. Indeed, the amplitude is approximately 50%
larger for ¢, = 2&than 4{: £/2.

We concl \&nnmg the effect of finite chain length on the surface tension. Fig-

ure 5(a) plots theé entroplc contribution to the surface tension, 7e,, as a function of chain
length, /. v /The symbols represent numerical SCF'T calculations, while the lines denote
the a agf\tic ] approximation in Eq. (3). This confirms the N~' dependence observed in
experim 301“ high molecular-weight polymers.!?*® Just as in experiments, the decrease
in nsio) becomes more gradual for shorter polymers. In fact, the empirical fit to N—%/3
Med by experiments!* 174950 for oligomers is accurately reproduced by our shortest four

polymers, as illustrated in Fig. 5(b). However, as we will explain later, this is not the true

power-law behavior of small molecules.

10
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FIG. 5: Reduction in surface tension, r.,%r thiee different persistence lengths, £,,, plotted versus

(a) £71 o« N71 and ( 0% o NEU3 e lines in ) denote the analytical approximation in
Eq. (3), while the lines in ( \ﬁ-e our shortest polymers.

IV. DISCUSSION \

The SCFT for usgdan ains relies on the assumption that the field, w(z), changes
slowly on the s of segment length, a. However, polymer surfaces are relatively
narrow, and ork)quen even flexible polymers generally do not satisfy this criterion at a
surface. ere it becomes necessary to use a less coarse-grained model such as that of

£

worm-like ins/Although the introduction of small degrees of chain stiffness, on the scale

4f it does e a substantial effect on the level of surface segregation in Fig. 1(a) and the

anl tu& of the depletion in Fig. 2(a).

m shift in the molecular-weight distribution at the surface of polydisperse melts ob-
served by Hill et al.3? is a direct consequence of the segregation of chains ends. Thus, it
follows that our predicted increase in the entropic segregation accounts for a significant por-

tion of the discrepancy between the experimental measurements and the SCFT for flexible

11
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Publishiﬂga ns.?! The remaining discrepancy could very well be attributed to small differences in the
interactions of end segments relative to middle segments.>* If known, this enthalpic effect
could readily be included in the SCFT calculation. It would, to a good approximation,
simply alter the values of A and I'y.”30:46

Figure 5 suggests that surface tension increases with persister%ength, while Fig. 2(b)
illustrates that the tension is lower than that of flexible Gaus 'a;Scha 5 (denoted by the
dashed line). It is important to realize that the generalizatign Gaussian to worm-like

chains introduces an additional length scale; there are two-i ndent lengths, ¢, and b,

rather than just a = \/pr. Consequently, the tensior}_i Oi?‘ted by both the persistence

length and the cross-sectional area of the polymer, {1/ bpo,sv ch is controlled by b given
the convention of defining segments based on ae'ilmo lume, p,!'. At constant ¢, and

{., the surface tension depends linearly on théwum eLr:Df molecules per unit area, which is

inversely proportional to the cross—sectiona‘\?\eﬂ%his simple dependence is scaled out of

s

cross-sectional area. On the other han conclusion that the tension is lower relative to

the results in Fig. 5, and thus the COIKa:is\ is effectively between polymers of the same
d, t

Gaussian chains applies when compariug/molecules with equal statistical segment lengths.
i@k ig. 5(b) is not, in fact, the true scaling behavior

of short molecules. Once ¢, S degrees of freedom of each molecule are effectively

The N~2/3 dependence suggest

reduced to five, three fof its«center of mass and two for its orientation. Furthermore, the
orientation becomes yan at/the surface as the size of the molecule becomes comparable

to the width of gfe éxce /(i.e., Ry S &). Thus, the entropic contribution to the surface
tension of short, Ws duces to that of translational entropy, which implies

& bookT g—c/dz¢(2) In §(z) = ~0.41127- . (24)

£
This gaﬁ‘ng\(w's/in an N ! dependence, but with a smaller amplitude relative to the long-
ChALY

it ib Eq. (3). Interestingly, there are recent experiments'® that show a crossover

fram on§N ~1 power-law at large N to another at small N. However, the convergence of
bﬁ? SCFT results in Fig. 5 to Eq. (24) occurs around ¢, =~ £, which is well beyond the
"

peint where we can ignore the N-dependence of ¢(z). Nevertheless, these SCFT results do

2/3 14-17,49,50

emphasize the danger in accepting the previous empirical evidence for N ~%/° scaling.
At small N, the enthalpic part of the surface tension, i, = U|¢]/.A, contributes to the

N-dependence of the total surface tension, 7 = ¥int + Yen, @s a result of variations in ¢(z).

12
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Publishiﬁgc vided N is not too small, we can assume the profile changes affinely with N (i.e., its

shape remains approximately constant while the width, &, varies). Given this assumption,

’}/int _ %
apokpT a

: (25)

where ¢; is a constant determined by the shape of the polymer wa we also assume

Gaussian chains, then Egs. (3), (19) and (20) imply 5
“en 02(1 203£ \ (26)

apoksT -)
where ¢y and c3 are again constants determined by the e of ¢(z). Minimization of

Y = Yint + Yen With respect to £ gives
£ =&w (1 +LD (27)

to order N~1, where £, = ay/ca/c; is the Widthfordnfinitely-large polymers. Note that the

broadening of the surface for finite polymers s« onsistent with simulation.*? In any case, the

resulting equilibrium tension is give

N
2A
N =
to order N~!, where ' a/ = 360 /a are the same constants in Eq. (3). Thus,
the tension of infinitely- fg}ymers is split equally between enthalpy and entropy. This
precise balance ns/beca e Yint X & and Yen o< €71 in the infinite-chain limit, and thus
the result is sp to ssmn chains. More importantly, the 2A/N correction is exactly
the same as f Yen § . This just relies on the fact that v, and 7., for infinite

incre ing and decreasmg functions of &, respectively, and thus the conclusion
'des/fhe leading-order molecular-weight dependence holds more generally.

Th enth%pic contribution to the tension, 7, will, nevertheless, become important at
sthall N, “First of all, the higher-order (e.g., N~2) corrections to v will be affected by
VM! in the width, £. Second of all, our assumption that ¢(z) changes affinely will
réakdown at some point. For instance, a vapor phase will eventually occur,’? and thus ¢(z)
will no longer vary between 0 and 1. Therefore, we cannot comment on the N-dependence of

the total surface tension, v, beyond the N~! correction for long chains, without considering

Ule].

13
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Publishingncluding U[¢] not only allows predictions at small IV, it also allows one to relate & to
the fundamental parameters of the molecular interactions and the polymer molecules. Wu
et al.” did so using an energy density of

F(6) =~ 2P~ 1y,

: (29)

where the excluded-volume parameter, v, is directly related 0 m compressibility.

Naturally, the simple parabolic penalty for deviations from4pulksdensity will be quantita-

meéqualitative failings.!® The

ses the melt to behave like a

tively inaccurate when ¢(z) drops to zero, but there are

underlying problem is that the quadratic approxima ion

gas, filling all available space. As a consequence, Ref, 7 ha‘i to impose a wall at z = 0 in

order to create their surface. Although this pr uced a Teasonable looking surface profile

for continuous Gaussian chains, it results in a di ‘cont@)us profile for discrete chains.® The

shortcomings are also evident from the f@u et al. predicted a narrowing of the
r

surface profile for decreasing N, which on.ta\'cts he common-sense behavior predicted in
Eq. (27) and observed in simulation§.?? Of‘equrse, the problem can be remedied by using a

more realistic U[¢] from, for exa‘\lerRy functional theory,® 4! but that is beyond the

scope of this paper. \

V. SUMMARY

We have exami Qﬂ{fiﬁec‘c of chain stiffness on the entropic segregation of chain ends
to a polymer sué:\b% he resulting consequence on surface tension. This was done by
applying SC ba melt of worm-like chains. To avoid specifying the molecular interactions,
Ulg], we imply cougtrained the surface to a sigmoidal concentration profile, ¢(z), where the
widthg&awa eéced as a system parameter. Although this only allowed us to evaluate the
entrop con‘bibution to surface tension, 7., this was, nevertheless, sufficient to obtain the
d m.i.;la (i.e., N71) molecular-weight dependence for the total surface tension, 7.
cus of this study was on persistence lengths, ¢,, comparable to { but small relative
the overall contour length of the polymer, /. = bN. For these relatively flexible polymers,
the universal behavior of the compensating depletion in Eq. (1) and the resulting reduction
in surface tension in Eq. (3) derived for Gaussian chains still holds. The finite stiffness

does, however, cause a sizeable increase in the amplitude A and a modest decrease in the

14
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Publishiagficient I's, relative to the Gaussian-chain predictions in Eqs. (22) and (23), respectively.
Interestingly, the molecular-weight dependence of the surface tension for our shortest chains

2/3 power-law. However, we

is consistent with the empirical fit from experiments to an N~
emphasize that this behavior is not a true scaling relationship.

Our results have direct implications for polydisperse melts, whefe short polymers segre-
gate to the surface because they have more ends per unit vol As“a consequence, the

tive to the bulk distribution. Our finding that chain stiff

molecular-weight distribution is shifted towards a smaller avera, olymerization, N, rela-
xgﬁQa tly enhances entropic

Se?p'@ﬁ-ments relative to previous

segregation helps account for the larger shifts measured i
-y

SCFT predictions based on flexible polymers.>? 3
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