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If you mix lines and circles, what happens at the edge of the mixture? The problem is simply stated, but
the answer is not obvious. Twenty years ago it was proposed that a universal topological driving force
would drive cyclic chains to enrich the surface of blends of linear and cyclic chains. Here such behavior
is demonstrated experimentally for sufficiently long chains and the limit in molecular weight where
packing effects dominate over the topological driving force is identified.

Topological effects are difficult to handle in theoretical
treatments of physical phenomena. Thus, when such
effects are present they invite particular attention.
Phenomena in which topological effects play a role
include the Quantum Hall effect [1], superconductivity
[2], topological insulators [3], spin liquids [4], and
defect behavior in crystals [5]. Due to the variety of and
control over their connectivity, polymers are
particularly interesting for exploring topological effects
on physical properties, including polymer rheology [6-
9] and thermodynamics [10-18]. In particular, polymer
melts containing cyclic or long-branched chains have
rheology and chain dynamics [13] that can differ
dramatically with architecture and are different from
those of linear analogs. The ordering of block
copolymers [19] and the crystallization of chains [20]
differ with chain topology as well.

The blending of polymers of different topologies
presents opportunities for a universal strategy
independent of monomer chemistry for tailoring both
bulk and surface properties, since, in general, chains of
one topology will be preferred at the surface over
otherwise identical chains of a different topology [21].
As an example, addition of very small amounts of
linear polymers into matrices of cyclic chains
significantly alters the structure and dynamics of the
cyclic polymer melts, as demonstrated by experiments
and simulations [6-13,19-20,22]. To demonstrate or
probe the topological effect requires controlling for
other factors which could otherwise drive surface
segregation. Surface segregation has generally been
understood in terms of a surface potential or free energy
preference for specific chemical groups or units on the
polymer chain. An attractive surface potential for a
particular unit then favors chain configurations with
this unit at the surface, resulting in surface enrichment
of the chain containing that group. Thus, differences in
the segment unit chemistries of two blend components

occasion a strong enthalpic driving force for surface
segregation. Using the deuterated and hydrogenous
species of polystyrene reduces this driving force
tremendously while preserving a contrast mechanism
between the species [23-28]. In linear/linear blends,
differences in chain length drive shorter chains to the
surface. This can likewise be explained in terms of a
surface potential for chain ends [28-32]. Differences in
the end unit chemistries of two components, or ends on
one component being strongly preferred at the surface
could yield another enthalpic driving force [33,34].

Surface segregation in polymer blends driven by
chain topology is more difficult to describe
theoretically than is enthalpically driven segregation.
Both blends containing branched chains [14-17] and
blends containing cyclic polymers [18] are of practical
interest and the behaviors of these two sorts of
topological blends are expected to be quite different.
Advances in synthetic methods [35] provide means for
engineering the degree to which these topological
effects are important by varying not only the molecular
architecture, but also the molecular weight, M.

Wu and Fredrickson [21] proposed that segregation
of branched chains to the surface can be rationalized
using linear response theory, in which the driving force
can be simplified in terms of effective surface
potentials for ends and branch points. The predictions
are consistent with self-consistent field theory (SCFT)
simulations and neutron reflectivity (NR) results by
Mayes and coworkers [14,36] and Foster and
coworkers [15,17] for branched chains of varying
architecture. However, this simple approach is unable
to capture behaviors that can be observed in blends
containing cyclic chains, which lack ends and branch
points.

Using an analytical linear response SCFT valid at
high molecular weights, Wu and Fredrickson [21]
analyzed the entropic penalty for placing cyclic chains



at a surface as compared to linear chains. Both cyclic
chains and linear chains lose possible configurations
when drawn to a surface from the bulk, but the cyclic
chains lose fewer as they are already constrained in the
bulk. This mechanism for enriching cyclics at the
surface cannot be described simply with a surface
potential, in contrast to the case of branched chains.
Furthermore, for dilute cyclic chains in much longer
linear chains, the surface concentration of cyclics is
predicted to be double the bulk concentration,
independent of M. A consequence of this is that the
integrated surface excess increases with M for cyclic
chains, but is approximately constant for linear chains,
emphasizing the differing underlying mechanisms in
these two cases. This unusual universal enrichment
factor and molecular weight independence for cyclics
results from the reduced entropic penalty for placing
cyclic chains at a surface as compared to linear chains.

In this Letter we present experimental evidence for
this universal topological driving force for cyclic chains
toward a surface, and find limits where this universal
driving force is no longer dominant. We performed NR
measurements of the excess density of cyclic chains at a
free surface for a range of M. At M=37k, cyclic chains
are indeed enriched at the surface, and the density
profile is well-described by a SCFT which removes the
linear response assumption of the theory of Wu and
Fredrickson. However, as M is decreased, starting at a
value of M of approximately 16k, linear chains are
enriched at the surface. We hypothesize that this
crossover is due to the growing importance of detailed
packing effects, such as steric exclusion, stiffness, and
differences in molecular size, that are not captured in
the SCFT. We furthermore present a Wall Polymer
Reference Interaction Site Model (Wall-PRISM) theory
that incorporates packing effects able to rationalize the
behavior at M = 2k [37,38].

Table 1. Molecular characterization of polymers

Well-defined cyclic polystyrenes (hCPS) of high
purity (> 99.7%) required to define the variation in
surface segregation with M due to topological effects
were synthesized using anionic polymerization and
metathesis ring-closure [35], and characterized with
Size Exclusion Chromatography and Matrix Assisted
Laser Desorption Mass Spectrometry (MALDI-TOF
MS, Figs. S1-S4). There was no chemical functionality
in the cyclic chain that could strongly drive surface
segregation. Linear polystyrene (hLPS) analogs were
synthesized using sec-butyllithium initiator and
terminated with methanol. Anionically polymerized
deuterated linear polystyrenes (dLPS) were purchased
from Polymer Source [39]. For both hLPS and dLPS
neither chain end is strongly attracted to the air surface.
Molecular characterization results for hLPS, dLPS and
hCPS are summarized in Table 1. Silicon substrates
(EL-CAT Inc., 7.7 cm dia.) were cleaned with piranha
solution [40] and the native oxide removed. Each film
was spun cast onto an etched silicon wafer from a blend
toluene solution containing 19.6% =+ 0.5% volume
fraction of the hydrogenous component. Films of
blends of 2k, 6k, 16k, or 37k components were
annealed at ca. 1 X107 Pa and 120 °C (for 2k, 6k and
16k) or 180 °C (for 37k) for 12 h. Concentration depth
profiles were inferred from NR measurements at the
NG7 neutron reflectometer at the NIST Center for
Neutron Research using scattering vector, g., values of
0.008 to 0.2 A with a relative resolution Ag./q. of
0.04. The composition depth profile was obtained by
nonlinear least squares regression of the data with a
constraint that the overall mass ratio of hydrogenous
and deuterated species in the original blend was
conserved to within 3% (supplemental material, Fig S5.

Polymer M,* (g/mol) PDI* MI° (cm’/g) T,°(°C)
hLPS2k 2300 1.05 0.047 61
dLPS2k 2000 1.03 0.041 60
hCPS2k 2700 1.03 0.037 85
hLPS6k 6000 1.02 0.10 87
dLPS6k 6500 1.06 92
hCPS6k 6000 1.03 0.064 99
hLPS16k 16000 1.02 0.15 99
dLPS16k 16000 1.02 95
hCPS16k 16600 1.06 0.088 99
hLPS37k 38000 1.03 0.25 104
dLPS37k 37000 1.01 0.25 104
hCPS37k 37000 1.09 0.20 104

“ Determined by Size Exclusion Chromatography coupled with light scattering ( + 5%) in THF at 30 °C.

® Determined in toluene at 30 °C (£ 0.5%).

¢ Determined by DSC: heating rate: 10 °C /min, recording second run, + 1 °C.
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Analyses of the NR measurements of a 37k
linear/linear blend and 37k cyclic/linear blend [41]
provide the concentration depth profiles shown in Fig.
1(a). In the linear/linear blend, the hydrogenous species is
depleted at the blend surface, consistent with the
observations by others [25] for similar molecular weight
linear/linear blends. However, the surface of the 37k
cyclic/linear blend is substantially enriched by the
hydrogenous cyclic species, despite the isotopic effect
that works against the topologically driven surface
segregation. The experimentally observed ratio of the
cyclic surface volume fraction to bulk volume fraction is
1.9 + 0.12, consistent with the predictions for a universal
topological driving force. For cyclic PS chains, 37k
chains are already large enough to be difficult to make,
and they provide for this study our test of the behavior for
long chains.

For these longer chains, the SCFT treatment should be
reasonably suited. The SCFT is a coarse-grained mean-
field theory for the polymer density, which is assumed to
be that of a single test chain moving in the self-consistent
mean field due to the other chains. The conformational
distributions of both linear and cyclic polymers are
derived from the same two-point propagator, G(z,z’;t,t’),
representing the statistical weight of a monomer ¢ at
position z connected by the chain to another monomer ¢’
at position z’, since the chains are composed of the same
monomers. The chains in the bulk are expected to obey
random walk statistics at a coarse-grained level, and so
the propagator obeys the modified diffusion equation

oG/t = b(V2G)/6 - uG (1)
where b is the statistical segment length. Moreover, the
self-consistent potential is taken at a coarse-grained level
to be proportional to the local monomer density, i.e., x(z)
= vp(z), where v is the excluded volume parameter and
p(z) the monomer density, can be expressed in terms of
integrals over G [21]. Unlike in Ref. 21, no linear
response approximation is made, and thus both finite
cyclic concentrations and excluded volume parameters
can be handled. These equations are numerically solved
iteratively to convergence.

The composition profile for the 37k blend (without the
isotopic labeling effect) from SCFT, shown in Fig. 1(b),
predicts that Qgyface/@pux  Should be about 1.6. The
parameters chosen are close to values used in the
literature (b=6.8A) [42], normalizing to the bulk density
(ppb=1.0) and taking the excluded volume parameter to be
on the scale of the monomer volume (v=1b%). The result
from this more detailed calculation is consistent with the
earlier result from linear response theory [21]. The
agreement with the experimental result is reasonably
good, considering that the stiffness of the PS is not
accounted for. However, for low M, local packing effects

at the surface could be expected to become important [37-

38,43].
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FIG. 1 (a) Experimentally measured hPS segment volume
fraction depth profiles for the 37k cyclic/linear (solid curve) and
37k linear/linear (dashed curve) blend films after annealing at
180 °C for 12 h. (b) Segment volume fraction depth profile for a
37k cyclic/linear blend with ideally smooth surface calculated
using SCFT, with [.y;c=0.2, total bulk segment density p,=1.0,
b=6 A, and v=1b".

For the cyclic/linear blend with the lowest M, the
surface is enriched by the linear species [18], as shown in
Fig. 2(a). While for the linear/linear blend the isotopic
effect drives a weak enrichment of the surface with the
deuterated linear species, in the cyclic/linear blend this
enrichment is strengthened further, which is counter to
what would be expected from the SCFT [21]. Though
TOF SIMS measurements are challenging to calibrate,
they nonetheless corroborate the contention that the
surface in the 2k case is enriched with dLPS and that the
enrichment is stronger when the hydrogenous species is
the cyclic chain [18]. Further investigation using Surface
Layer MALDI-TOF MS provides a ratio of the cyclic
surface volume fraction to bulk volume fraction of 0.54 +
0.14, which is in quantitative agreement with the NR
result [18].

It is difficult to capture both topological effects and
local packing effects in one theory to explain the behavior
for the entire range of M. SCFT could be expected to
perform poorly in predicting the surface segregation
behavior for short chains. Both the linear and cyclic short
chains are non-Gaussian, but the cyclic chains more so.
Packing effects near the surface should be important [37-
38,43-44]. Recent molecular dynamics simulation study
predicts a depletion of cyclic chains of low M at the
surface due to the fact that a severe constraint is imposed
on the flexibility of the cyclic chains when the chain
length is small, which frustrates the packing of the cyclic
chains at the surface. The linear chains can minimize their
surface enthalpy more readily than can their cyclic
counterparts when packing at the surface, and at the same
time maximize their entropy by exposing chain ends
towards the surface [43]. Therefore, the 2k case was
investigated using Wall-PRISM theory, which accounts
for the presence of a surface using the PRISM (Polymer



Reference Interaction Site Model) theory for monomer
density correlations expanded to include an infinitely
large particle that provides the surface [35]. The Wall-
PRISM theory approximately captures the many-body
effects of packing by recursively summing chains of
interactions between “interaction sites”, which are the
monomers or the wall particle, in calculating the
probability of a monomer being a given distance from the
wall. The 2k chains, which correspond to about 20 styrene
monomers, were modeled as chains of 20 tangent spheres
of diameter o =5 A, which is on the order of the statistical
segment length, and assuming a segment molecular
weight of 100 g/mol (styrene is 104 g/mol). To compare
with the experimental profile, the concentration depth
profile found with a Wall-PRISM calculation for the 2k
cyclic/linear blend was smoothed with a Hann resolution
window (cosine lobe, with k,.,x = 1/40 to match the
resolution of the NR experiment). The result is shown in
Fig. 2(b), and indeed it correctly predicts that the linear
species should be modestly enriched at the surface.

The crossover in segregation behavior in going from
the small M case to the large M case is intriguing. To
identify more precisely this crossover, the ratio of surface
volume fraction to bulk volume fraction was also
determined experimentally for 6k and 16k cyclic/linear
blends having also a small isotopic effect. Fig. 3 shows
that the ratio is still less than unity for the 6k blend and
then passes through unity at about M = 16k. Using the
results found for the linear/linear analog blend as a
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FIG. 2 (a) Comparison of linear dPS segment volume fraction
depth profiles from NR for the 2k cyclic/linear blend film (solid
curve) and 2k linear/linear blend film (dashed curve) after
annealing at 120 °C for 12h. (b) Smoothed segment volume
fraction profile for the 2k cyclic/linear blend with ideally
smooth surface calculated using Wall-PRISM with [J¢ic=0.2,
N=20 beads, total bulk segment density p, =1.0, packing
fraction of 0.45, and 80/20 ratio of linear to cyclic polymers.

measure of the isotopic effect present in the cyclic/linear
blends, we estimate that in the absence of that isotopic
effect the crossover from enrichment by linear chains to
enrichment by cyclic chains would occur for M between
10k and 15k. This is in reasonable agreement with the
estimate by Tsige and coworkers [43] from simulations
that a crossover should occur between 6k and 10k. At the
crossover M, the topological driving force, which pulls

22 ——
2.0- hCPS/dLPS blend :
1.8+ hLPS/dLPS blend ]

1.6+ 1

Linear

1.4+ ic enri ]
enriched Cyclic enriched

1.2 4
8 1.0 [ ; .

hP'Ssu rlln'r'}‘p hPS,bulk

()

0.6 1

0.4 T T T r T T T
0 5 10 15 20 25 30 35 40

Molecular Weight (k)

FIG 3. Ratio of surface volume fraction to bulk volume fraction
for hydrogenous cyclic and hydrogenous linear chains as a
function of molecular weight.

cyclic chains towards the surface, is balanced by the
packing frustration, which depletes the cyclic chains from
the surface.

In summary, experiments and theoretical study of
surface segregation of cyclic/linear blends as a function of
M provides experimental evidence for a universal
topological driving force that cannot be described by
conventional surface potentials, and a limit to the
dominance of this force for shorter chains. We have
shown experimentally that for sufficiently long chains,
cyclics enrich the surface as a result of a new topological
driving force predicted 20 years ago using SCFT [21].
Linear polymers enrich the surface for short chains,
consistent with Wall-PRISM theory [37,38]. A crossover
at M of 10-15k in the absence of isotopic effects results
from a balance between poorer packing of cyclic
polymers at the surface and the smaller conformational
entropy loss for bringing cyclics to the surface. These
results are consistent with a crossover from a packing
dominated surface enrichment to a topological
mechanism. Measurements performed on even higher
molecular weight chains will help confirm this
interpretation. These competing driving forces enable us
to tailor the surface composition of a cyclic/linear blend,
and provide us with the opportunity to access desired
properties by tuning M for both cyclic and linear chains.
Moreover, the topological driving force at high M
presents opportunities for exploration of other looped
topologies, such as clover-leaf or linked ring topologies,
as well as exploitation for surface enrichment applications.
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