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ABSTRACT: We present the results of a series of molecular dynamics simulations of a melt of flexibte bead
spring polymer chains with a single static cylindrical inclusion with diameter equal to the polymer beads. Chains
of lengthN = 10, 25, 50, 100 and polymer/inclusion interactions, which are attractive with well depths of 1, 4,
and 10¢, and athermal, are considered. We show that the distribution in winding number of a polymer chain
about the inclusion may be approximated by Belisle’s probability distribution for the winding of a random walk
about a point. The degree of winding per chain increases as the polymer/inclusion attraction increases because of
the larger number of monomers pulled into runs of sequential monomers at the inclusion. Runs accumulate more
winding than do loops or tails, and the amount of winding a given run accumulates increases with increasing
polymer/inclusion attraction due to increased likelihood of perpendicular bond orientation with respect to the
inclusion. The probability of winding depends on monomer distance from the inclusion in an apparently universal
manner when distance is scaled by the unperturbed chain radius of gyration. Our results bear direct relevance to
understanding the nature of enhancing toughness of polymeric materials by adding filler particles which increase
the degree of entanglement.

I. Introduction

Dense systems of flexible polymers at concentrations above
the so-called overlap threshold exist as entangled networks of
chains! Entanglements are thought of as topological features
of the polymer network that in a broad sense restrict polymer
chain motion. Although there is no consensus about the exact
nature of entanglements, topologically speaking they must arise
because chains can wind around one another. Intuitively, as the
degree of winding increases between an entangled pair of chains,
so too does the mutual restriction of each chain’'s motion,
through a variety of topological and frictional mechanisms.

The work required to “disentangle” chains is thought to be
largely responsible for the toughness of polymeric materials,
primarily because polymeric solids craze significantly under
tensile load prior to failuré. Toughness, among other material
properties, can be enhanced by adding filler particles which, to
an unknown extent, have the potential to increase the effective CNTs” They conjectured that the periodic bundling observed
number of entanglements per unit volume. Fillers with nano- in the TEM images is suggestive of many polymer chains
scopic dimensions for this and other reasons have receivedwinding around the CNT. Lordi and co-workers used atomically
particular interest. High aspect-ratio nanoscopic filler particles, resolved energy minimization calculations to show that for
such as carbon nanotubes (CN¥syhen introduced into an  certain polymers in a vacuum with a CNT the minimum-energy
entangled polymer melt, potentially provide targets about which conformation occurs when the polymer chain is helically wound
the chains can wind, as depicted schematically in Figure 1. It around the tub@.Although both of these works suggest the
is not clear to what extent winding about filler particles occurs possibility of winding, neither offers any insight into the
in such systems or if putative enhancement in material strengthmechanism of wind formation nor the quality of chain winding
could result from such winding increasing the number of in the melt. In fact, one should anticipate that because many
entanglements per unit volume. Nevertheless, understandingmore chains per unit volume interact with a filler particle in a
winding and entanglements would be useful for polymer meltthan in more dilute solution, the nature of winding of chains
composite engineers concerned with controlling composite in the melt is drastically different than in more dilute systems.
toughness. We use direct simulation of a simple model system to gain

There is some evidence that polymers wind about carbon insights into the winding behavior of chains in the melt about
nanotubes, which for several years have been suggested as th&liff cylindrical inclusions, as a minimal model of nanotube-
ultimate filler particlet=6 In TEM images, McCarthy and co-  based polymer composites. Previous simulation research devoted
workers observed polymer deposition of periodic thickness on to exploring the effects of polymer matrix/CNT interactions has

focused on two areas: the load transfer abilities resulting from

' . N . . the formation of covalent bonds between the polymer matrix
1910Dfpartment of Computer Science, Drexel University, Philadelphia, PA and the CNT inclusiorfs!2 and the ability of CNTS to resist
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Figure 1. Schematic of a polymer chain (black) winding about a stiff
cylindrical inclusion (gray).
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nanoparticle inclusions in polymer melts has also been numerically solves Newton's equations of motion for each
considered’~1° None of these works investigate polymer particle, and particles interact according to a potential energy
winding about the nanopatrticle inclusions. function,U. We employ a set of potentials to model the polymer
In this paper we focus on the propensity of generic polymer chains which are standard for dense besgring melts. The
chains in a melt to wind about a cylindrical inclusion with aspect bonded interactions along the polymer chain were modeled via
ratio akin to a CNT and of comparable diameter to the polymer the finitely extensible nonlinear elastic (FENE) potentfal:
persistence length. We have used molecular dynamics (MD) to
generate equilibrium configurations of a generic besggring 1 2 i |2
polymer melts with and without the inclusion. We have selected Urenelry) = — 5€aR In[l - (EO)
this generic model to allow the conditions under which winding
may occur to be explored without reference to a specific wherea is a parameter representing bond strengifis a
atomistic system. This should provide a more direct view of parameter representing the equilibrium bond distancerpisd
the essential physics of winding. Additionally, it offers a the scalar distance between mononjexsdi. We use standard
significant reduction in the computational resources required parameters ot = 30 andR, = 1.5 which effectively render
to perform the simulations compared to an atomisticly resolved jmpossible the crossing of bonds.

model. We consider chains of length= 10, 25, 50, and 100. ~ Monomer-monomer excluded volume is modeled via the
We consider inclusions that have no attractive interactions with fylly repulsive or “athermal’” WeeksChandler-Andersen

monomers as well as inclusions of varying degrees of attractive- (\wCA) potential25
12 6
de (ﬂ) _ (2) +1—], r < 21
T 0 @)

ness.
The cylinders in our simulations (discussed in detail in the
0, ry = 2"

)

next section) are effectively inprenetrable, one-dimensional
obstacles to the polymers. Much simulation work has previously
been devoted to understanding polymer chain behavior near
inpenetrable, two-dimensional walls (e.g., refs-2@). We will
discuss differences and similarities between these two cases i
this paper; it is worth mentioning at the outset that our primary
focus is on winding, which obviously cannot occur between a
chain and a 2D surface.

Our findings may be summarized as follows. Chain ends are

Uwealry) =

For one series of simulations of melts of various chain lengths,
"the interaction between monomers and inclusion particles was
also taken as the WCA potential. For the rest of the simulations,
the interaction between monomers and inclusion particles is
made attractive to varying degrees using a standard truncated

. ; . . . and shifted Lennard-Jones (LJ) potential with the well depth
driven away from the inclusion when the polymer/inclusion labeledb:
interaction is strongly attractive. The random-walk scaling ’

distribution of Belisl& is shown to predict the degree of |, r.) =
winding remarkably well for the longest chains and weakest !

. . . . . o\12 o\6 o \12 o \6
polymer/inclusion interactions. Because impenetrable obstacles 4be (_) — (_) — (—5) + (—5) ] r, <250
can distort random walk statistics of melt cha?fshis result y i 2. 2. ! 3)
was not guaranteed by the general propensity of polymer melts 0, rj= 2.5

to be described by random walk. The average winding number

of a chain appears to depend universally upon its distance fromIn addition to the athermal inclusion, we consider attractive
the inclusion when the distance is scaled by the unperturbedinclusions withb = 1, 4, and 10. For each level of inclusion
chain radius of gyration. Runs of sequential monomers along attractiveness, a single melt simulation is performed for each
the inclusion accumulate more winding per unit chain length chain lengthN = 10, 25, 50, and 100. Several melts with no
than do loops or tails, and the degree of winding accumulated inclusion are also considered for purposes of comparison.

in a run increases with increasing polymer/inclusion interaction ~ The system is evolved through time using the velocity-Verlet
strength. These results hint at future directions in developing a leapfrog integratéf with a time step of 0.01. Only polymer
theory that captures the mechanisms of toughness enhancemeriionomers are allowed to move during the simulation. All

of polymeric materials with nanoscopic fillers. simulations are conducted in the NVT ensemble using a Langvin
. ) thermostat* with a friction of 0.5 and a set-point temperature
II. Simulation Methods of 1.0. Particle pairwise interactions are identified using the

A. Model. The prototypical system in this study is a dense combined neighbor list and the cell list methdd.
melt of bead-spring chains in a cubic box with a static inclusion B. Sample Preparation and Equilibration. For each simu-
made of a linear array of spherical particles fixed and equally |ation, M polymer chains of lengttN are randomly placed in
spaced along the-direction at the center. The two types of the simulation domain. The size of the domain and number of
particles are polymer monomers and inclusion particles, and chains are chosen such that (a) the total monomer number
all are treated as point masses. The interaction potentials andjensity including monomers from the inclusion is 0.85 and (b)
potential parameters for all pairs of monomer types are selectedihe box dimension is integral and at least 4 times larger than
such that the monomers are spherically symmetric with a the expected bulk radius of gyration of chains of length
diameter of 1o. The inclusion particles are placed everyyl ~ Bonded monomers are placed with an initial separation of the
along thez-axis of the simulation domain and are held fixed equilibrium FENE bond distance (i.e., the magnitude of separa-
during the simulation. Because of periodic boundary conditions, tion where the FENE potential is at is minimum value). Each
this represents an infinitely long and stiff cylindrical inclusion.  monomer is assigned a random velocity where each component
Reduced units are used throughaus the base unit for energy,  was drawn from an exponential distribution with mean 1.0.
o is the base unit for lengtim = 1 is the base unit for mass,  Inclusions were evenly spaced along #is of the simulation
andt = ov/nVe is the base unit for time. domain with unit separation between adjacent monomers.

Straightforward molecular dynamics (MD) simulation is This initialization procedure results in significant particle
employed to generate equilibrated melt configurations. MD overlaps. To remove these overlaps, the simulations are “Wagnbe\?
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up” with 2000 steps during which the nonbonded monomer n(r)/ny(r)
monomer interactions were described by a radially shifted o(r) Zm
potential to reduce the forces to magnitudes that could be

simulated without loss of stability. The strength of the magnitude whereng(r) andni(r) are respectively the number of chain end
of the radial shifting was linearly decreased each time step until jyonomers and interior monomers at a distancieom the

at the end of the warm the nonbonded monoateonomer nclusion. The quantity 2 — 2) is the stoichiometric ratio of
interactions had reached full strengfDuring the warm-up,  chain ends to chain internal monomers.

velocities were rescaled and shifted so the average per particle T investigate the shape and orientation of the polymer
kinetic energy was 1.0 and there was no center of mass velocitychains, we use the gyration tensor and second Legendre
drift. After the warm-up, the equilibration phase of the simula-  polynomial. The gyration tens@ of a polymer chain is defined

(8)

tion begins. S . _ as having elements
The equilibration timer,, is defined as the time required on
average for chains to diffuse a distance equal to their own radii N
of gyration. This was assessed by monitoring mean-squared Qus = N (Mo = Tema(Tig = Temp) 9

displacements of monomers and chains. Data production begins i=
after a fewre have elapsed from the warmed-up state.

C. Observable Definitions.Most observables have standard wherga, p e{x_, y,_z}. The eigenvectors @ correspond to _the .
principal semiaxis and two minor semiaxes of an ellipsoid

definitions, which for completeness we present briefly here. The =" ™~ . . .

mean-squared displacement for monomers, monomers relattived.‘aflnlng the average orientation of the polymer chaln.. The

to chain centers of mass, and centers of mass are denotecf"'genv_aIueS are the Sq“aTed lengths of_these axes, prowdl_ng an

respectivelyg:, g», andgs, with the following definitions: approximate shape and size _of the_ chain. The squared radius of
gyration of a polymer chain is defined as

1 N N N
t)y=—"S Ir.(t) — r(0)°0 4 1
9.0 = 3 1(® ~r(0) @) Ri=2y S 10)
2N° =0 j=
1N 5 .
) =— F —r (Y —r () +r. (OO (5 Note thatRy? is also the trace of the gyration tens@y, We
%(!) N & ri(® = 11(0) = Fen(t) + Fen(O)] ®) computeR¢ in cylindrical coordinates to allow it to be easily
resolved into components.
= r () — r_(0)1200 6 Each chain in a configuration contributes an orientation vector
90 = Qrem(® ~ Fen(O)] © from the major axis of it€Q) which makes an anglé with the
wherer;(t) is the position of monomeirat timet, ren(t) is the global z-axis. A standard way to average over a field of vector

position of the chain center of mass at timpeand [TJdenotes orientations is to use the seconﬁ Legendrg polyn?[nlal with
an average over all chains and over all possible time origins. argumenti¢os 6L] We compute the orientation profile as a

The real-valued winding number of a chaily, is defined as  function of average monomer distancefrom thez-axis as

the number of times the chain winds around #hexis: , 3 1
PShar) = émos2 0(NC-35 (11)
1 N
W= ‘2_7[ £ (¢ — ¢i*1)‘ ) Note thatP,(0) = —- indicates the vector field in the vicinity

of r on average is perpendicular to thaxis,P,(0) = 1 indicates

whereg; is the “x-convention” Euler angle used in specifying ~ the field is parallel to the-axis, andP,(f) = 0 indicates the
the position of monomer. Winding angles are accumulated ~field is on average T)Ot oriented with respect to thexis. An
for each chain and subchain in the malLis a measurement ~ analogous functiorP3°"{r), is used to asses the orientation of
associated with a single chain and a single inclusion. Becausethe vector field determined by individual bond orientations; in
of the periodic boundary conditions, there is effectively an this caser is the radial distance from the bond center to the
infinite array of inclusion images. We considafto correspond inclusion. _ _ _
to the winding of a chain about the image of the inclusion to ~ We compute monomer density profiles as a function of
which its center-of-mass is closest; i.e., the central image of distance from the inclusion. Monomers within a distance of 1.5
the inclusion. Therefore, prior to analysis a chain’s coordinates from the inclusion are considered to be in the first adsorbed
are unfolded, the chain center of mass is computed, and thenshell. With this definition, we can partition all monomers in
folded into the primary box. The chain monomers are shifted chains with at least one monomer in the first adsorbed shell as
by the same vector by which the center of mass is shifted. ~ belonging to one of a run, loop, or tail. A run is a segment of

We compute several quantities as functions of radial distance consecutive monomers all contained in the first adsorbed shell.
from the inclusion. For chain-specific properties, there are at A tail is a segment of consecutive monomers that are not in the
least two ways to define the “distance” of a chain to the first adsorbed shell, but for which one end is a chain end and
inclusion: (1) distance of the chain center of mass or (2) averagethe other is bonded to the terminal monomer of a run. A loop
monomer distance. Because chains can wind about the inclusionis @ consecutive segment of monomers such that none of the
it is often the case that chain centers of mass overlap the monomers are in the first absorbed shell and each end is bonded
inclusion. For this reason, we have chosen to use the averagdo a terminal monomer of a run.
monomer distance when discussing chain distance from the ) )
inclusion. [ll. Results and Discussion

To investigate the influence of the inclusion on the distribution ~ A. Single Chain Dynamics: Assessment of Equilibration
of chain ends as a function of distance from the inclusign,  and Anisotropy of Motion. A summary of runs performed and
we define a chain end stoichiometric ratio profile their required equilibration timeg,, is provided in Table lCDV
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Table 1. Summary of Simulations Performed 12 F
N M N b 7e(t)  DJDy D(0?%7) ol @
10 61 0 WCA 500 1.02 2.8% 1072
10 61 9 WCA 500 1.35 2.2% 1072 2 8r
10 61 9 1 500 0.98 2.7% 1072 £
10 61 9 4 500 1.18 2.19 1072 S
10 61 9 10 500 131  1.69102 S 4l
25 58 0 WCA 1000 1.34 9.56 1073 ‘
25 58 12  WCA 1000 1.16 8.52 1073 2}
25 58 12 1 1000 0.84 6.5¢7 1073
25 58 12 4 1000 1.18 7.3510°3 0 = : : :
25 58 12 10 1000 1.07 5.87 1073 0 2 4 6 8 10
50 57 0 WCA 3500 1.25 3.76 1073 r (o)
50 57 15 WCA 4000 0.95 2.88 1073 o
50 57 15 1 3500 1.29 3.35 1073 os |
50 57 15 4 4000 1.25 2.95 1073 06 | )
50 57 15 10 4000 098 207103 e
100 103 0 WCA 19500 0.95 1.14 1073 . 00
100 103 23  WCA 23500 1.08 9.23104 08
100 103 23 1 20500 099  9.3310°4 s 0o ©
100 103 23 4 22000 1.03 9.5110°4 T 02t s
100 103 23 10 24000 1.17 1.0410°3 M
aData are chain lengthN); number of chainsN(); length of inclusion/ 332 [
box size N;); polymer/inclusion interaction well depth)(for which “WCA” 8.3 r

signifies athermal; equilibration timed); ratio of diffusion constant irz
vs inxy (DADyy); and the overall diffusion constariD). N; = 0 signifies a

run with no inclusion. The data with an asteridk=€ 10 with no inclusion) r ()

is an average over 10 independent runs. Figure 2. (a) Monomer density (normalized by the overall density,
pouk = 0.85) vs radial distance from inclusiop(r), for chain length

Equilibration times were estimated from the crossingoénd N = 100 and various values of the polymer/inclusion interaction

gs. The longestr, about 2x 10% was observed foN = 100. strength. Remaining panels show monomer density broken into

All simulations were conducted for a duration of 250 000, Monomers belonging to (b) loops, (c) tails, and (d) free chains.
offering a reasonably large number of statistically independent i i .
configurations for use in calculating observables. We also '€NgthN = 100 and for various levels of polymer/inclusion
observe that the degree of attraction between polymer andinteraction strlength. (Data for the shorter chain lengths are not
inclusion has little influence ove. S|gn|f|(_:antly d_|ffer_ent a}nd are _therefor_e not shown.) Short_-range
The inclusion influences the dynamics of the melt in an decaying osmllgﬂons_m density ranging out to a_bouta_d_|sta_nce
anisotropic fashion to a marginal degree. We computed the ratio® 4 from the inclusion are apparent, and this stratification
of the parallel to perpendicular (radial and tangential) diffusion P&comes more pronounced as the inclusion becomes more

constantsP,/D,y, according to attractive. Such density oscillations are typical of dense
polymeric systems next to impenetrable obstacles, including flat

D, . 2(gy), walls (e.g., 20). Careful inspection of the datarfor 1.5 reveals
D~ t[g m (12) that the total number of monomers in runs increases with well

Xy o)x T (Galy depthb.
The overall diffusion constant is given by Beyond a distance = 1.5 from the inclusion, the liquid is
composed of monomers belonging to (i) loops, (ii) tails, or (iii)
.03 chains with no monomer located less thian 1.5, by definition.
D= !ﬂl 6t (13) In Figure 2b-d, we plot monomer density as a function rof

broken into these three categories, for chain length 100 and
D andD/Dy, for each case considered appear in Table 1. We various levels of the polymer/inclusion interactions strength. The
observe a slight anisotropy in the diffusive motion of chain major interesting result in this figure is that the depth of
centers of mass, averaging to ab@y/D,,[= 1.1 over all runs penetration of loops and tails into the liquid does not depend
with inclusions. (Ten independent runs Nf = 10 with no on how strongly the inclusion attracts polymer. Making the
inclusion showed an avera@®/Dyy of 1.02.) Generally speak-  inclusion more attractive merely stratifies the density of loop
ing, then, motion parallel to the inclusion (i.e., Zh appears and tail monomers out to about= 4. This is an important
marginally faster than motion perpendicular to the inclusion, consideration because it means that the propensity of chains in
though this effect is rather weak and scattered. This anisotropythe melt to bridge two inclusions should not depend on how
in D trends weakly from being a strong effect for short chains attractive those inclusions are to the polymer. Moreover, because
to a negligible effect for long chains, a result which at first blush tails penetrate remarkably far into the liquid compared to loops,
might seem counterintuitive, given that long chains might tails are more likely to bridge to other inclusions (assuming a
entangle with the inclusion. We suggest that perhaps entangle-uniform concentration of inclusions) in a multiinclusion system.
ments with the inclusion may form in the case of long chains The presence of long tails on chains partially adsorbed onto
are no more important in slowing the chains’ diffusion that are flat surfaces was first clearly explained by Scheutjens and Fleer
entanglements with other chains. Nonetheless, a more precisausing numerical self-consistent-field thedfylt is indeed
analysis of the anisotropy @ would require better statistics, interesting that this phenomenon arises about essentially line
which we defer to a later study. obstacles as well. Although there have been some theoretical

B. Liquid Structure. 1. Radial Density Distributionsin calculations involving chains interacting with cylindrical par-

Figure 2a, we plot the monomer number densjifr), as a ticles (e.g., refs 30 and 31), we are unaware of such work meant
function of radial distance,, from the inclusion for chains of  to capture loop and tail length density distributions in the WEBV
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Figure 3. Chain-end stoichiometric ratio (eq 8) vs radial distance from 6
inclusion, a(r), for chain lengthN = 100 and various values of the 0.
polymer/inclusion interaction strength.
Table 2. Summary of Structure of Single Chains and Liquidt
N b WO Ohud Bn] Dloopl) Mioop ] Mhaill) il (P50 [x] .
10 WCA 0.15 2.15 1.19 214 140 298 149 0.018 1.08
10 1 0.16 241 117 204 138 2380 1.47 0.023 0.98
10 4 0.17 2.84 114 188 1.33 258 1.460.026 0.83
10 10 0.20 2,65 119 175 139 253 1.520.108 0.51
25 WCA 0.22 234 169 377 197 7.79 170 0.015 1.12
25 1 0.22 265 158 3.73 186 7.71 169 0.018 0.98
25 4 0.24 3.18 154 354 181 7.31 1.720.010 0.72
25 10 0.26 2.97 152 297 1.88 7.34 1.740.058 0.46
50 WCA 0.27 2.36 2.19 592 250 16.12 181 0.008 1.10
50 1 0.27 2,72 211 6.07 243 1573 1.80 0.011 0.97
50 4 0.33 3.23 198 6.02 2.23 15.52 1.830.008 0.80
50 10 0.34 3.00 2.36 4.22 249 16.53 1.840.037 0.46
100 WCA 0.28 241 252 882 271 2956 1.89 0.003 1.09 6 I
100 1 0.27 272 247 931 267 2884 188 0.007 0.97 05 1‘
100 4 0.31 3.31 229 8.80 252 28.78 1.910.004 0.77 ’ jh’;
100 10 0.37 3.10 3.10 8.80 3.41 2597 1.900.023 0.53 2 04
aMean winding number per chaifiVi] mean run length(l,,[] mean 03T
number of runs per chain with at least one rifi,[ analogous quantities 02}
for loops and tails; mean bond orientation indeéRs""Javeraged for 01
bonds positioned less than 1& from the inclusion; and chain-end ' ‘:\i!\“\«\
stoichiometric ratio averaged for monomers less than d.Bom the 0 * — > -
inclusion, [ 0.5 1 15 2 2.5 3 3.5

/R (N)
g
Using both MC and MD, Daoulas et &33considered a thin  Figure 4. Winding number per chainy, vs monomer radial distance
film of polyethylene confined between a vacuum and graphite from the inclusion for (aN = 100 and various values of the polymer/
sheet. The loop and tail density profiles observed by the wall inclusion interaction strength; (b) all chain lengths for the athermal

s - polymer/inclusion interaction, with radial distance scaled by the
are qualitatively different than those we observe by the tube. respective bulk radius of gyration; and (c) all chain lengths for the

For the wall, the ratio of tail to loop monomers near the wall attractive polymer/inclusion interaction with= 10, also scaled as in
was almost 3. For the tube, this ratio was at most 1.5 for our (b).

longest chains. Given that the observations were for a generic
tube and a wide range of attraction and chain length, itis unclear End depletion has been observed in simulations of systems
how this directly compares to the atomistically resolved system with flat walls. In similar coarse-grained MD simulations near
they studied. a flat wall, Bitsanis et a#° observed an end enrichment near
The large penetration depth of tails leads one to expect thatthe wall that decreases as the walhain attractive interaction
the stoichiometry of the melt (end monomers vs interior Strength increases, similar to our findings with the cylindrical
monomers) to be a locally variable function due to the inclusion. inclusion. Daoulas et &.**also observed an end depletion near
In Figure 3, we plot the chain-end stoichiometric ratio(eq the graphite wall.
8), as a function of radial distance from the inclusion, for chains  Interestingly, as can be appreciated from the data in Table 2,
of lengthN = 100 for various levels of the polymer/inclusion placing end monomers further from the inclusion apparently
interaction strength. Also included in Table 2 is the mean chain- does not result in an increased probabilitylofiger tails; in
end stoichiometric ratidg[) averaged over chains with centers  fact, the opposite trend is observed. Both tails and loops sacrifice
of mass between 0 and 1dbfrom the inclusion, for all chain monomers to runs as the inclusion becomes more attractive.
lengths and interaction strengths. We observe that increasingAs the monomer density becomes more stratified, and end
the attractive strength of the polymer/inclusion monomer monomers are excluded from the first adsorbed shell, they
interaction results in ends preferentially distributing themselves experience difficulty approaching the inclusion on average any
away from the inclusion. This is likely a result of the fact that closer than about a distance of 2. This acts to decrease the
the system enjoys an equivalent energetic advantage when ariraction of chain ends below stoichiometric amounts close to
end or interior monomer interacts with the inclusion but pays a the inclusion as the inclusion becomes more attractive.
larger entropic penalty when an end monomer has its motion 2. Winding Number Profiledn Figure 4a, we show repre-
restricted by adsorption onto the inclusion. sentative profiles of the average winding number per chai&lsl%/
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a function of average monomer radial distance from the L5 F

inclusion, for athermal polymer/inclusion interactions. On O O S

average, the closer a chain places a monomer to the inclusion, o5

the more it winds about the inclusion, and the longer the chain, 0.0 @

the more it winds about the inclusion when it is a given distance
away. When the radial distance is scaled by the respeRjve

as is shown in Figure 4b, we observe a nearly universal relation 00 (b)
for W(r) for all chain lengths considered, up to aboutRy.5 '
This appears reasonableRgdefines the radius of the average
volume in which a polymer chain is found. More interestingly, (©)
W(r) decays relatively quickly with radius for < Ry and 01 100 E—
somewhat slows beyond this point, with the statistics becoming 1.0 F
unreliable beyond about> 1.5R;. The quality of this universal &5 )
agreement depends on the polymer/inclusion interaction strength, 0.0 .
as we infer from Figure 4c, which show(r) vs scaled when 0.5 1 L5 2
the polymer is strongly attracted to the inclusidn= 10). 1/Rg(N)

This relationship could be of considerable practical impor-
tance for composite engineering. A universal dependence of L5 f
chain winding number as a function of radial distance from an iol.o ;
inclusion that scales in a predictable way wiRfwould allow 0.5 (e

0.0

for calculation of the minimum filler particle density required
for melt chains to wind around multiple filler particles simul-
taneously for any chain length. Intuitively, polymer networks
where the average single chain entangles multiple filler particles
would have an enhanced material toughness compared to
polymer networks where the average single chain is entangled
with fewer than two filler particles. (This hypothesis, however,
should be tested.) If universal, this relationship offers the
beginnings of a theory that can be used to provide a molecular
foundation to explain the phenomenological observation that
composite material properties vary with different filler particle
densities.

C. Single Chain Structure. 1. Squared Radius of Gyration.

1/R(N)

We report results regarding the effects of the inclusion on the
structure of single chains and how they pack in the liquid. In
Figure 5 we show profiles dRy and its radial, tangential, and
parallel components relative to the inclusion for athermal (Figure
5a—d) and attractivel{ = 10; Figure 5e-h). Distance refers as

usual to average monomer distance and is scaled by the

respective bullR, in each case. First, we see that the inclusion
weakly perturbs the componentsRyf, stretching the chains in
the direction of the inclusion and compressing them in directions
normal to the inclusion. The level of attraction between the
polymer and the tube has little influence.

While for a cylindrical inclusion there are two components
perpendicular and one parallel, the reverse is true for a flat wall.
From Bitsanis et a9 we know that chains near a wall flatten
in the direction normal to the wall and expand parallel to the
wall, exactly analogously to the case with the cylinder. Similarly,
it was also seen that, for all chain lengths and well-depths
considered, the overalRy varies by less that 10 from its bulk
value?% With increasing the polymer/tube interaction strength,
we observe almost no change in the tubes’ influence orfrghe

Figure 5. Radius of gyration and its components in cylindrical
coordinates vs average monomer distance from inclusion, for various
chain lengthsN. All data normalized to bulk values. Data for{d)
athermal and (eh) b = 10 are shown. TotaR, is shown in (a) and

(e), radial componenRé, is shown in (b) and (f); tangentiaﬂ{g, in (c)
and (g); and paraIIeRg, in (d) and (h).

preferred orientation the chains adopt relative to the inclusion.
In Figure 6 we plotP{"™@" and P5°™ (eq 11) as a function of
distance from the inclusion for various chain lengths, again
restricting the presentation to the illustrative cases of no
attraction between polymer and inclusion and attraction with
b = 10. (For PS"™" distance means perpendicular average
monomer distance for a chain from the inclusion; f§"™
distance means perpendicular center-of-bond distance from the
inclusion.) There is a weak preferential perpendicular orientation
caused by the inclusion. Increasing attractive strength results
in an increase in the strength of the preferential orientation. In
all cases, the chains whose orientation is most strongly affected
by the inclusion are the shortebt= 10. Because of their short

components. For the parameter values that Bitsanis explored ength, these chains are more susceptible than are longer chains
increased attractive strength resulted in a greater enlargemento sphere packing artifacts that occur because the inclusion and
of the parallel component d%; and a smaller reduction of the ~ polymer monomers are composed of spherical particles. Nev-
other components. As we have investigated a larger range oféertheless, chain orientation due to the inclusion is essentially
attraction than did Bitsanis, we conclude that a rod is less able negligible.
to distort chain shape. In slight contrast, Daoulas e¥#&l. For P2°™ (Figure 6b,d), we can see that increasing the well
observed that chain end-to-end distance increases normal to thjepth of the attractive potential results in the bonds having a
wall and decreases parallel to it, though this was for a chemically sjight favoring toward an orientation perpendicular to the tube.
specific polymer with one free surface and one solid surface. A perfectly perpendicular orientation minimizes the distance
2. Orientation Profiles.Given that the chain’s shape is between each monomer and the tube, thus minimizing potential
distorted by the inclusion, it is reasonable to ask if there is a energy. Though this effect is rather weak in our system, it p@&/
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Figure 6. Chain and bond orientation indiceB"™" and P3°™ for various chain lengthsy, vs distance from inclusion. Data for (a, b) athermal
and (c, d)b = 10 are shown. Distance for chain orientation index profiles is scaled by the respective bulk gyration radii.
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of chains around the cylindrical inclusiow, for (a) all chain lengths
N and athermal polymer/inclusion interactions and (b) chain length
N = 100 and all polymer/inclusion interaction strengths.
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an important role in explaining the nature of chain winding about

the inclusion, as will be discussed in section III.C.4.
3. Winding Number Distributionsln Figure 7 we show

interactions, we see that longer chains have broader distributions
in W. The means of all distributions &%, (WL] are reported in
column 3 of Table 2. The degree of winding per chain increases
with chain length and generally increases with increasing
attractiveness between monomers and the inclusion. This latter
fact is illustrated in more detail in Figure 7b, in which we
consider chains of lengttN\ = 100 for various degrees of
attraction between polymer and inclusion. Here, higher winding
numbers are more likely the more strongly attractive is the
polymer/inclusion interaction.

To our knowledge, there is not yet a theoretical understanding
of how the distribution in winding number depends on chain
length or chain/inclusion interactions in the case of a dense melt.
However, a melt chain configuration near a thin cylindrical
inclusion can be represented as a 2D random walk in a plane to
which the axis of the inclusion is orthogonal. BelfSlproved
that for a random walker in the plane with finite step size that
a scaling variablex measuring the degree of winding of the
walk about the origin obeyed the following distribution:

lim P(x - ﬁ)
X—>00 Int

_1 1
2 coshx

(14)

wheret is the number of steps taken by the walk &t the
winding angle the walk makes about the origin. By taking into
account the diffusion characteristics of such a random walk,
Drossel and Kardar showed the following distribution is
obtained??

20

) 11
In r(t)?

~ 2 coshx (15)

X—00

lim P(x =

several representative probability distributions of winding wheret has been replaced by the squared Euclidean distance

number per chaiW (eq 7). These distributions are built by

the walk has traveled in timtgfrom its origin,r(t)2. The random

sampling all chains in each respective melt configuration. From walk model proposed by Belisle has been found to give excellent

Figure 7a, in which we consider all chain lengths= 10, 25,

50, and 100) for the case of athermal polymer/inclusion of magnitude of probability?

agreement with enumerated lattice random walks for 40 orders
Cbv



Macromolecules, Vol. 39, No. 6, 2006

10°

Belisle
z 10"
£
©
3
a 102 )
107 =
0 1 2 3 4 5 6
p
0
10 Belisie
; b=1
2 10 4
= 10
[\]
3
& 102
(b)
107 .
0 1 2 3 4 5 &6

X

Figure 8. Representative probability distribution of the Belisle scaling
variable,x = 26/In(r(t)?), for (a) no polymer/inclusion attraction for
various chain lengths and (b) chain length= 100 for various levels
of polymer/inclusion interaction strength. The Belisle distribution is
given in eq 15.

As chains in such melts are known to have random walk
statistics®* we have investigated the ability of the Belisle
distribution to describe winding of chains in the melt. In Figure
8 we plot the distribution of the Belisle scaling variable,
extracted directly from our simulation configurations, together
with the analytical expression in eq 15. We observe that without
an attractive inclusion for chains of length= 100 the Belisle
distribution provides an remarkably accurate description for
probabilities from 0.01 to 0.1 and values of the scaling variable
from 1 to 3. As there are no parameters in the Belisle
distribution, this favorable comparison is not the result of any
fitting. This agreement provides evidence that, with respect to
winding, the presence of the inclusion does not alter the random
walk nature of the melt. This was not guaranteed, as Shith
has found that the random walk model cannot predict properties
such as tail length near a flat wall.

When varying chain length, the Belisle distribution best
describes the winding observed in the melt for longer chains.
This is reasonable as the Belisle distribution applies strictly in
the limiting case of infinitely long walks. When varying

attractiveness, increased attractive strength results in successivel

worse agreement with the Belsile distribution. The presence of
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to the case of an infinity long walk. As a result, these constraints
placed on values of andr(t)? by the finite size of the chains
are likely the cause of the deviations from the Belisle distribution
at small and large values of the scaling variable. Additionally,
we have on the order of 10 equilibration times of data from
which to acquire statistics for the largest valued\ofThis is
insufficient to observe events with a probability of occurrence
much less than 1 with enough frequency for reliable statistics.

4. Run, Loop, and Tail Length Distributionko gain a deeper
understanding of how winding is structured in the melt, we
consider how the chains partition their monomers into runs along
the inclusion, loops with ends tethered at the inclusion, and tails
with one end tethered and one end free. The mean lengths of
runs, loops, and tailsfiu.l) Moopl) and kxiC) respectively, are
reported in Table 2. The numbers of runs, loops, and tails per
chain, r,n[) Mioopl) and (ML) respectively, also appear in the
table. The mean run length weakly increases with chain length
for any level of polymer/inclusion interaction but displays a
maximum with atb = 4 for all N. The lengths of loops and
tails generally decrease as the inclusion becomes more attractive,
signifying that, at least for moderate levels of attractibn<(

10), stronger attraction transfers more monomers from loops
and tails into runs. Beyond moderate levels of attracttoi (

4), rather than strongly increasing the average run length, chains
prefer to increase the number of runs. This results in a transition
somewhere between= 4 and 10 from fewer longer runs to a
larger number of shorter runs with an overall increase in the
number of adsorbed monomers.

The fact that tail lengths are all abawf3 echos the original
findings of Scheutjens and Fleer in their self-consistent-field
calculations of polymer solutions next to flat walls, when solvent
volume fraction is small (i.e., melt3y.As first pointed out by
these authors, partially adsorbed chains project long tails into
the liquid because many distinct chains compete for adsorption
sites on the inclusion in systems with high polymer density.
We observe that the average number of tails per chain is less
than two for all chain lengths and interaction strengths and
approaches two as chain length increases. This means that, per
chain, shorter chains are more likely to adsorb an end than are
longer chains.

The increase in average winding per chain considering only
the athermal and = 10 cases is mirrored by increases in similar
relative magnitudes of the mean run length. Howeif,and
unCare not directly proportional to one another for dnwere

is the case, we would exped@/to display a maximum for

he intermediaté = 4, as doesl,,[] Even though the average

an attractive inclusion increases monomer density near thefun length decreases slightly moving fram= 4 to 10, the

inclusion relative to a nonattractive inclusion (as will be
discussed in detail in section 111.B.1). As the Belisle distribution
applies strictly for an unbiased walk, it is reasonable for the

average winding per chain either stays the same or increases
slightly. We suspect two major reasons for this behavior. Also
shown in Table 2 is the mean orientational index of bonds

Belisle distribution have less success at predicting the behaviorbetween any two run monomers, denot@®*tJ As b in-

of chains with a preference for placing monomers near the
inclusion.

creases[P';O”‘Etrends more negative, indicating a weak pref-
erence for orienting bonds perpendicular to the inclusion axis.

There are several reasons for the limited range of agreementThe more perpendicular a bond’s orientation to the inclusion

between the Belisle distribution and our simulation data. There
are two ways the scaling variable may be less than urfty:
may be small or(t)2 may be large. Conversely, there are two
ways the scaling variable may be larggémay be large or(t)2
may be small. For short finite chains bothand r(t)2 must
necessarily be small compared with what an infinitely long walk
can achieve. This reduction in the range of values ¢hand
r(t)2 may likely result in a biasing in the number of times
different values of the scaling variabkeare sampled relative

axis, the more winding it accumulates per unit length, making
each run on average more efficient at winding. The second
influence deals with the substantial increase in the average
number of runs per chain, denot@i,,; and in the number of
loops per chain(fioepl) asb moves from 4 to 10, especially for
longer chain lengths. FON > 50, increasing the level of
polymer/inclusion attraction beyond about= 4, instead of
resulting in longer runs, results in a larger number of runs and
loops per chain. CDV
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In Figure 10, we plot the average winding number per run, loop,

In considering the distributions in lengths of runs, loops, and or tail respectively in parts a, b, and ¢ as functions of length of
tails, and how these are related to winding, we restrict our focus run, loop, or tail. We observe that, of the three, runs contribute
to chains of lengtiN = 100. Distributions in lengths of runs,  the most significant amount to winding and that the degree of
loops, and tails foN = 100 and various values of the polymer/ winding is most sensitive to the length of runs compared to the
inclusion interaction strength are shown in parts a, b, and c of lengths of loops or tails. The monomers near the inclusion are
Figure 9, respectively. There is little discernible influence of capable of accumulating a larger winding number per monomer
the well depthb on the length distributions of loops and tails. because when close to the inclusion, the small displacements
The run length distribution shifts to longer runskamcreases between bonded monomers have the potential to accumulate a
from 1 to 4 but then shifts again to shorter runs for= larger winding angle. As increasing the attractive strength of
10. This reflects the increase in the number of runs and the inclusion contracts monomers that would have been in loops
loops per chain a moves from 4 to 10. The loop distribution  and tails into runs, it appears that the primary mechanism by
does not appear to change much because the lengths ofvhich an attractive inclusion introduces more winding is by
new loops ad increases are close to the peak value of about 1 bringing more monomers into runs and forcing bonds in runs
or 2. to orient such that winding is more efficient. This is manifest

Smith et aP! used MD to investigate the behavior of FENE as both an increase in run length at low to moderate levels of
chains near both repulsive and attractive LJ walls. For chains polymer/inclusion attraction and an increase in the number of
of lengths between 20 and 100, run (“train”) lengths of about runs per chains.
three monomers are obsen/djuite similar to what we observe The fact that monomers in runs accumulate more winding
here for chains near cylinders. The dimensionality of an explains why end depletion near a tube does not decrease the
inpenetrable obstacle appears to have little influence on the average chain winding number. Any end monomer in the first
length of runs. adsorbed shell terminates a run. Removing an end from the

For each chain, we analyze how its overall degree of winding vicinity of the inclusion offers the potential for longer runs and,
around the inclusion is distributed over runs, loops, and tails. consequently, higher average winding. CDV
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