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ABSTRACT: We present a powerful connectivity-altering Monte Carlo (MC) algorithm for simulating
atomistically detailed models of long- and short-chain branched polymers. Based on a mix of advanced and
simple moves, the algorithm allows the robust simulation of chain systems with a variety of molecular
architectures: H-shaped, A3AA; multiarm (pom-pom), and short-chain branched (SCB) ones. For the
H-shaped and A3AAj; architectures (A denotes the backbone and A the arm), in particular, the recently
developed intermolecular double bridging (DB) move effecting a new bridging between the chain backbones
or the branches of two different chains and the intramolecular double rebridging (IDR) move effecting a new
bridging between two branches of the same chain [Karayiannis et al. J. Chem. Phys. 2003, 118, 2451] are
shown to provide a robust sampling of their structural and conformational characteristics at the chain level.
The double concerted rotation (d-CONROT) and H-shaped branch rebridging (H-BR) moves, on the other
hand, which are important in relaxing internal degrees of freedom in the chain and the local structure around
branch points, allow complete equilibration at the segmental level, which is prerequisite for the correct
prediction of the volumetric and packing properties of the simulated systems. For the case of SCB polymers, a
continuum configurational bias move for branched polymers (Br-CCB) has been designed capable of
sampling changes in the atomic coordinates in the vicinity of branch points. Along with an effective
implementation of the conventional end-bridging (EB) move, this has resulted in a powerful method
for simulating SCB polymers with a prespecified distribution of branch points along the chain and given
(i.e., fixed) number of carbon atoms per branch. To deal with polydispersity in the simulated systems, the
algorithm is executed in a semigrand canonical ensemble by making use of the set of chain relative chemical
potentials which for a bulk, linear system produces a uniform distribution of chain lengths [Pant and
Theodorou Macromolecules 1995, 28, 7224]. Consistent with recent considerations by Ramos et al.
[Macromolecules 2007, 40, 9640], two different chain length distributions should be simultaneously controlled
in the course of the simulation for branched systems. The new, generalized MC algorithm is capable of
thoroughly equilibrating model H-shaped, multiarm A3;AAj;, and SCB polymers at all length scales and
adequately sampling fluctuations in their structural, volumetric, and conformational properties. Overall, we
find that branched polymers are characterized by a stiffer conformation than linear analogues of the same
total chain length. For the H-shaped and A3AA; architectures, in particular, we have observed that each
dangling arm exerts an entropically driven tensile force on the chain crossbar (the part of the chain between
the two branch points), causing significant chain stretching. Our results extend the previous works of
Karayiannis et al. [J. Chem. Phys. 2003, 118, 2451] on the simulation of H-shaped polymers to As;AA3; PE
polymers and of Ramos et al. [Macromolecules 2007, 40, 9640] on the simulation of model ethylene— 1-hexene
copolymers to copolymers with longer a-olefinic side groups, such as the ethylene—1-octene and ethylene—
1-decene ones.

1. Introduction

A major trend in polymer science today is to tune the material
properties of the final products not just by blending chemically
different monomers but by synthesizing new architectures and
compositions of matter. This route is and continues to be enabled
by innovations in catalyst and formulation technology and by
recent advances in the development of experimental techniques
for the precise control and characterization of the type and degree
of chain branching. The result is the synthesis of polymers with
some unique rheological properties, which has helped polymer
companies realize new markets and increased market share
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derived from valuable cost/performance attributes. Typical
examples include long-chain branched (LCB) polymers, SCB
polyolefins, rings, dendrimers, hyperbranched polymers, stars,
and star-shaped copolymers.' ' We mention, for example, that
the presence of long chain branches in polyethylene (PE) of size
comparable to that of the backbone leads to greater melt strength
(extensional hardening) and higher low-shear viscosity but also to
greater shear thinning.'" For several other applications, on the
other hand, it is desirable to have a polymer that has a lower
crystallinity than linear polyethylene in the solid state without
the presence of long chain branches along the main chain. This
need led to the development of copolymers of ethylene with an
a-olefin, which is usually butene, hexene, or octene (the use of
a-olefins longer than propylene seems to enhance the reduction
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of density at a given mole fraction).>® These copolymers are
produced at lower temperatures and pressures and thought to be
random copolymers (the comonomer is randomly distributed
along the chains). Their production is initiated by transition
metal catalysts, particularly Ziegler or Philips type of catalyst,
and the actual polymerization process can be done in either
solution- or gas-phase reactors.” Usually, octene is the copolymer
in solution phase while butene and hexene are copolymerized
with ethylene in gas-phase reactors. At very low comonomer
levels (1—2 mol %), the products are “medium density poly-
ethylenes”. At higher comonomer levels (from 2.5 to 3.5 mol %),
the product is a “linear low density polyethylene” (LLDPE).>¢
Therefore, LLDPE differs structurally from conventional LDPE
because of the absence of long chain branching. It is further
characterized by a narrower molecular weight distribution than
conventional LDPE and, in combination with the linear struc-
ture, exhibits significantly different rheological properties. For
example, during a shearing process, such as extrusion, LLDPE
remains more viscous and therefore harder to process than an
LDPE of equivalent melt index. In melt extension, LLDPE has
lower viscosity at all strain rates. This means it will not strain
harden the way LDPE does when elongated. As the deformation
rate increases, LDPE demonstrates a dramatic rise in viscosity
because of chain entanglement by long branches, a phenomenon
which is not observed with LLDPE because the lack of long-chain
branching allows the chains to “slide by” one another upon
elongation without becoming entangled by branches. These
explain why the rheological properties of LLDPE are summar-
ized as “stiff in shear” and “soft in extension”.® LLDPE has also
higher tensile strength and higher impact and puncture resistance
than LDPE.

From the point of view of applications, branched polymers
such as LDPE and LLDPE are generally considered today to be
very important materials and have penetrated almost all tradi-
tional markets for polyethylene. To keep their market share and,
if possible, to increase it, polymer companies are in need today of
computer capabilities that would enable the evaluation of new
architectures and composition designs in advance of their synth-
esis. This could provide very reasonable parameter estimation for
up-scale rheological simulations like those commonly practiced
for fiber spinning, film blowing, and coating film processes using
kinetic flow models.>"'® Additionally, a computational screen-
ing and design-of-experiments can be undertaken to optimize the
architecture and formulation of new resins for new products,
through variation of backbone and branching architectures.
In the long term, such a capability would enable the development
of new commercial designs of unexplored polymer architectures
according to future business needs.

From a theoretical point of view, the dynamics and rheological
behavior of polymers as a function of their molecular architecture
depend strongly on the topological interactions (entanglements)
arising due to chain connectivity and uncrossability in concen-
trated solutions and melts”'” and how these are affected by chain
branching. Today, it is believed that rather subtle movements of
branch points in the melt dominate the special properties of
LDPE and new metallocene-based LCB polyolefins. According
to the tube model of the reptation theory, these phenomena can
be typically represented in a mean-field approach by a curvilinear
tube with a certain diameter (quantifying the strength of topolo-
gical interactions). Chain motion is thus believed to be restricted
only within the effective tube, thus giving rise to a curvilinear
“snakelike” diffusion along the tube. Based on this “tube”
approach of de Gennes and Doi—Edwards for linear polymers,'®
models of molecular dynamics have also been proposed to
quantitatively explain the special rheology of model LCB struc-
tures, such as stars and H-shaped polymers.”'*!* Combined with
flow-scale modeling, these molecular constitutive equations have
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also explained features such as vortex formation in converging
flow, die swell, and injection stresses.'®

An alternative approach to understanding structure—property
relationships in polymer melts as a function of their molecular
architecture is offered by molecular simulations."” ! This is
because simulations (e.g., molecular dynamics methods) can
concentrate on local branch point motion, effect of entanglement
inhomogeneities, and tube deformation. Thus, in principle, they
can provide fundamental information regarding what molecular
mechanisms and interactions are responsible for the extraordin-
ary rheological properties of branched polymers compared to
linear melts.*>~>* In a second step, this information can be used to
refine or parametrize macroscopic constitutive models based on
the tube model idea, which are still phenomenological today
(than molecularly based). However, molecular dynamics (MD)
methods are plagued by the problem of long relaxation times
characterizing chain motion and dynamics in branched polymers
(compared to the intrinsic MD time scale, ~2 fs per MD step?”),
since these grow exponentially with branch length.'” If, on the
other hand, one is interested in the study of the effect of chain
branching on the static properties of the polymer (structural,
thermodynamic, conformational, and topological), then one can
resort to a nondynamic method. Monte Carlo, in particular,
offers an excellent alternative for the simulation of the dense
phases of polymers because it avoids tracking the actual
dynamics of the system; in contrast to MD, in MC we rely on
transition probabilities between different states of the simulated
system. We do this by generating a Markov chain of configura-
tions, which samples the probability distribution of the statistical-
mechanical ensemble in which the simulation is carried out. Overall,
MC involves three steps: (a) generation of an initial configuration,
(b) trial of a randomly generated system configuration, and
(c) evaluation of an “acceptance criterion” for the trial config-
uration and comparison to a random number to decide whether
the trial configuration should be accepted or rejected. The
acceptance criterion is usually formulated in terms of the poten-
tial energy change between trial (new) and existing (old) states
and some other properties of the new and old configurations.
Thanks in particular to the technique of “importance sampling”,
one can significantly accelerate sampling in a MC process by
focusing preferentially on those states that make the most
significant contributions to the configurational properties of
the system. This is achieved by the design and efficient imple-
mentation of novel (clever and very drastic) moves, which cause
significant changes in the set of atomic coordinates, thereby
enhancing the performance of the algorithm not only at the level
of local segmental motions but also (and more importantly) at the
level of global properties (e.g., relaxation of end-to-end distance
vectors).

In the past two decades, a great deal of such ingenious MC
algorithms schemes have been proposed and evaluated.”*™* We
mention, in particular, the development of the connectivity-
altering end-bridging (EB) MC move,*™*! the most efficient
MC method available today for the fast equilibration of the long-
length-scale characteristics of linear polymers of any chain length.
The roots of the method can be traced back to the moves introduced
in the 1980s in the form of “chain breaking” or “pseudokinetic” MC
algorithms by Olaj and Lantschbauer,** which are capable of
inducing drastic reconfiguration of large internal sections simul-
taneously along two different chains. The method relies on the
geometric problem of trimer bridging, namely, how to connect a
pair of dimers along two different chain backbones with a trimer,
using predefined (i.e., preselected) values for all intervening bond
lengths and bond angles.* It has been successfully a%plied o)
far to a variety of polymer systems both in the bulk™ and at
surfaces.***! For example, it has allowed the simulation of linear
polyethylene systems containing a very large (up to 6000) number
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Scheme 1. Sketches of the Molecular Architectures Corresponding to
H-Shaped, A3AA;, and SCB PE Chain Molecules

H-shaped polymer
A;AA; polymer

SCB-polymer

A AT

of united atoms per chain.** Fully equilibrated configurations
obtained from the EB Monte Carlo simulations have also served
as initial system configurations in subsequent MD simulations,
thus enabling the study also of the dynamic properties of long-
chain polymers.*~** An important extension of the end-bridging
algorithm is the double-bridging algorithm, which has allowed
the simulation of strictly monodisperse polymeric systems>>>*
and of H-shaped nonlinear polymer melts.>® The H-shaped
polymer is the simplest model structure for a branched polymer
chain, yet capable of revealing the key role of branches on the
dynamics of nonlinear polymer melts: the chain consists of a main
backbone which connects two branch points (or junctions), from
each one of which two dangling arms (i.e., branches) emanate (see
Scheme 1). It is also a structure which can be simulated by the
double-bridging Monte Carlo algorithm through a proper rede-
sign of the move. To enable sampling of atomic coordinates in the
vicinity of branch points, a double concerted rotation (d-CON-
ROT) and a new move termed H-shaped branch rebridging (H-
BR) have been further introduced.* In this work, we apply this
advanced MC algorithm to simulate in detail a long H-polymeric
system; we further extend it to a model A;AA; polymer where
three (instead of two) arms emanate from each of two branch
points (see Scheme 1). In addition to the simulations of these two
long-chain branched architectures (H-shaped and A3;AA3), we
also introduce and test here a new MC scheme for short-chain
branched (SCB) polymers representative of LLDPE melts. The
interest in this architecture comes from the commercial impor-
tance of the corresponding class of products (synthesized by using
either Ziegler—Natta or metallocene catalysts) because they offer
a better control on properties such as density, rigidity, hardness,
and permeability.® To this, a new configurational-bias MC
algorithm has been developed (termed Br-CCB here) capable of
sampling fluctuations in the conformation of the short branches
along the main-chain backbone. The move is similar to the
br-CBMC proposed by Ramos et al.** for the simulation of
SCB polyolefins (ethylene—1-hexene copolymers), but we have
further allowed here the branch point to move along the chain
backbone, a feature which allows sampling fluctuations also on
the number of carbon atoms between successive branches along
the chain. This is very important, since most SCB polymers
synthesized by plastic companies are characterized by a certain
degree of polydispersity not only in the total chain length but also
in the interbranch spacing. As we will see in the next sections of
this paper, the combination of the Br-CCB algorithm with the
rest of the moves developed for H-shaped polymers (e.g., EB,
d-CONROT, reptation, DB, IDR, and H-BR) results in an
extremely efficient MC method for the simulation of SCB

Baig et al.

polymers of a prespecified branch length, branch-to-branch
chain length distribution, and backbone (or total chain length)
distribution.

The paper is organized as follows: In section 2, we discuss in
due detail the molecular model employed in the present MC
simulations, the types of model systems simulated, and the
simulation method. We show how the various moves are
implemented for H-shaped, A;AA;, and SCB polymer architec-
tures, we provide schematics for all moves, we discuss the
corresponding Metropolis criteria, and we report some technical
details related to algorithm implementation and execution. The
types of the simulated model systems and their microstructure
(type and degree of chain branching) are discussed in section 3. In
section 4 we present detailed results for the structural, thermo-
dynamic, volumetric, and packing properties of all simulated
systems and analyze their dependence on molecular architecture.
The paper concludes with section 5 summarizing the important
findings of this work and discussing future plans. An important
point to make here is that although we have restricted ourselves to
only three types of branched polymers (H-shaped, AzAAj;,
and SCB), the developed MC scheme is more general and can
be extended (almost straightforwardly) to treat a number of
other, more complex branched structures, such as stars, treelike
dendrimers, and hyperbranched polymers.

2. Molecular Model and Simulation Method

All molecular simulations executed in this work have been
carried out with the well-known TraPPE united-atom potential
model,* according to which end methyl units (CHs) and internal
methylene (CH,) and methyne (CH) groups along a chain are
treated as individual but different interacting sites. Neighboring
sites along the chain are held at a fixed distance equal to 1.54 A. A
harmonic potential is assumed to govern bond angle fluctuations
around their equilibrium value, using different parameter values
for the three different sets of angles (CH,—CH,—CH,,
CH,—CH—-CH,, and CH,—C—CH,, with x and y equal to 2 or
3) along a branched PE chain. A four-term cosine series was
assumed to describe torsional angles, with different values for the
expansion coefficients referring to the three different kinds
(CH,—CH,—CH,—CH,, CH,—CH,—CH—-CH,, and CH,—
CH,—C—CH, with x and y equal to 2 or 3) of dihedrals.
Regarding nonbonded interactions (interactions between atoms
separated by more than three bonds along the same chain or
interactions between atoms belonging to different chains), a
standard two-parameter 12—6 Lennard-Jones (LJ) potential
was employed which differentiates between CHz, CH,, and CH
units and in which cross-correlations are described by the
standard Lorentz—Berthelot mixing rules, namely ¢; = (.*3,»51-)""2
and o; = (0; + 0)/2, where ¢; and o; denote the energy and size
parameters, respectively, of atom type i. The cutoff distance for
the nonbonded interactions was chosen equal to 2.50;; accord-
ingly, the long-range correction to the total LJ energy was
obtained by calculating separately (and then summing up) the
contributions from the six different types of interaction
(CH—CH, CH,—CH,, CH3—CHj3;, CH—CH,, CH;—CH,, and
CH—CHy). All details of the molecular model (which, by treating
end methyls and internal methylene and methyne groups as
different sites, is characterized by increased predictive capability)
are given in Table 1. The simulations were executed in a cubic
simulation cell subject to periodic boundary conditions along all
three (x, y, and z) directions.

As mentioned above, the present work has been motivated by
recent advances in MC simulations for chain systems, which
today can be calibrated using a variety of appropriate criteria and
geometric methods to overcome the bottlenecks faced by mole-
cular dynamics methods in simulations of dense polymer systems
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Table 1. Atomistic Potential Model Used in the Simulations of Linear and Branched Polyethylene Melts

interaction type potential function

model parameters

bond length leg = 1.54 A

bond bending Upen (0) = Yko(0 —0cq)’

ko = 124.188 kcal/(mol rad?)

6y = 114° for CH,—~CH,—CH,
0cq = 112° for CH,—~CH—CH,
s Beq = 109.47° for CH,—C—CH,,

Ulor(¢) = Z ay(cos ¢)m

bond torsional

ap = 2.0071, a; = 4.0122, a = 0.27105, a3 = —6.2895 (kcal/mol) for CH,—CH,—~ CH,—CH,,

m=0 ap = 0.78542, a; = 1.7787, a» = 0.44454, a5 = —3.5076 (kcal/mol) for CH,—CH,— CH—CH,,
s g1 @0 = 091670, a; = 2.7503, a> = 0, a3 = —3.6664 (kcal/mol) for CH,—CH,— C—CH,
nonbonded Lennard-Jones ~ Upy(r) = 4¢;; [(?) —(‘L_”) ] 0 =3.75A, ¢ = 0.19475 keal/mol for CH3
o =395A, ¢ = 0.09141 kcal/mol for CH,
o =4.68A, ¢ = 0.01987 kcal/mol for CH

Table 2. Percent Acceptance Rates (Mix Ratio) of the MC Moves Employed in the Simulations of the Linear, H-Shaped, A3A A3, and SCB

Polymers
MC moves” L_1072 H_512_140 A_512_140 SCB_36 x 22_35 x 8 SCB_48 x 16.5_47 x 6
reptation” 8.0(10) 8.1(12) 8.2(12) 7.7(10) 7.2(10)
rotation 18.0(2) 17.4(5) 17.3(5)
flip 78.4(6) 78.6(5) 78.4(8) 77.9(5) 77.8(5)
CONROT 8.5(32) 8.3(20) 8.5(26) 8.6 (20) 8.5(20)
d-CONROT 0.004 (4) 0.019(7) 0.55(19) 1.7(19)
EB 0.16(49) 0.17 (25) 0.16(25)
DB 7.5%107%(33) 7.8 x107%(27)
IDR 6.0 x 1074(18) 6.8 x 1074(19)
H-BR 0.008 (7)
CCB 22.8(8) 29.3(8)
Br-CCB 0.097(7) 0.22(7)
VF 2.4(1) 3.8(1) 3.8(1) 4.3(1) 42(1)

“CONROT: concerted rotation; d-CONROT: double concerted rotation; EB: end-bridging; DB: double bridging; IDR: intramolecular double
rebridging; H-BR: H-shaped branch rebridging; CCB: continuum configurational bias for linear chains; Br-CCB: continuum configurational bias for

branched chains; VF: volume fluctuation. ® Standard reptation move for linear polymers and X-reptation move for branched polymers.

consisting of long chains. Building up, in particular, on recently
introduced advanced moves, we present a composite method
capable of simulating both long- and short-chain branched
polymer architectures of a prespecified distribution of branch
points, branch lengths, and interbranch spacing. The method
relies on a suitable combination of traditional moves with
improved variants of some newly developed chain connectivity
altering ones and integrates them into a composite algorithm that
is shown to provide a robust sampling of linear, H-shaped,
A3AA;, and SCB polymers. The traditional moves include end-
mer rotation, flip, reptation, X-reptation, and CONROT. The
advanced moves include end-bridging (EB), double bridging
(DB), d-CONROT, intramolecular double rebridging (IDR),
continuum configurational bias for branched chains (Br-CCB),
and H-shaped branch rebridging (H-BR). Most of them have
already been developed and successfully implemented in simula-
tions of a number of polymer systems: strictly monodisperse
linear, H-shaped, triarm stars, mixtures of linear and triarms
stars, and SCB polyolefins (ethylene—1-hexene copolymers). We
have redesigned them here so that they can be employed in
simulations of branched PE melts with an even broader variety of
molecular architectures. We discuss this in detail in the next
paragraphs of this section for all moves except end-mer rotation,
reptation, and flip which are rather simple, and their implemen-
tation for branched polymers does not present a serious chal-
lenge. Regarding SCB polyolefins, in particular, we mention that
in the past these have also been simulated by Ramos et al.*’
through a similar set of MC moves. Despite certain similarities
between the two works, the code developed here differs in the
following aspects: (a) Ramos et al.** simulated model systems
corresponding only to ethylene—1-hexene copolymers. Here we
address SCB polymers with longer olefinic side groups, corre-
sponding to ethylene—1-octene and ethylene—1-decene copoly-
mers. (b) For the equilibration of short arms, Ramos et al.*’ made
use of the br-CBMC move. Here we make use of a modified

version of this move (we call this Br-CCB), since we further allow
the branch point to move along the main chain backbone prior to
regrowing, in order to sample also fluctuations in the interbranch
spacing. (c) To enhance the sampling of phase space near branch
points, we further make use of the so-called d-CONROT move.
(d) Lastly, our algorithm employs a standard formulation of the
EB move, similar to the variant adopted for linear chains but
slightly modified in order to account for the presence of branches;
supplemented with a generalized reptation move, this move is
found to be very efficient for the convergence of global properties
of the architecturally realistic polymers simulated here or for
equilibrating truly large systems, as its acceptance rate is compar-
able to that of linear molecules (see Table 2).

X-Reptation. This move is a generalization of the tradi-
tional and simple reptation move where one end of a
randomly selected chain is cut off and reattached to the
other end, with a fixed bond length and/or bond angle. By
contrast, in the X-reptation move, two chains are randomly
selected. Then, an end atom of a linear or branched chain is
cut off from one of them and attached to the other end of the
same chain or to any of the two ends of the other chain. Thus,
in addition to displacing chains in space, this move induces
polydispersity.

End-Bridging for SCB Systems (SCB-EB). The X-repta-
tion move has been supplemented with the standard version
of the end-bridging move®' (slightly reformulated here to
take into account the presence of branches along the chain)
in order to enhance the performance of the algorithm at the
level of global properties (e.g., end-to-end distance vectors).
The move is realized by randomly selecting two chains in the
melt and then allowing the end of one of them to attempt a
trimer bridging with an internal backbone atom of the other
chain, of course taking into account all restrictions imposed
by the allowed values of the branch-to-branch and total (or
backbone) molecular lengths.
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Scheme 2. Schematic Representation of the Continuum Configurational Bias (Br-CCB) Monte Carlo Move Adopted in the Simulations of SCB
Polymers

Initial state

Continuum Configurational Bias for Branched Polymers
(Br-CCB). Br-CCB is a modified version of the classical
continuum configurational bias (CCB) Monte Carlo move
developed? by de Pablo et al.”° and Siepmann and Frenkel®’
based on the original Rosenbluth—Rosenbluth idea*” of
configurational bias in polymer lattice models. We have
reformulated it here for equilibrating short chain branches
along the main chain backbone by rebuilding (regrowing) all
segments of the branch in a biased way. The move consists of
the following three steps:

(a) First, a chain and a branch point (C2) along its contour
are randomly selected, and the entire branch (Al through
A6) is excised, as schematically depicted in Scheme 2.

(b) Next, a new branch-point position adjacent to the
original one (C2) [i.e., either on its left (C1) or on its right
(C3)] is chosen along the backbone for the regeneration of
the excised branch, and a step-by-step regeneration of all
branch atoms is attempted in a biased fashion. According to
this, the bond-bending and bond-torsional angles for each
new atom to be generated are chosen with a weight propor-
tional to their normalized Boltzmann factors. The total
number, Ny, of possible new states is taken to be equal to
six, which was seen to be optimal for the systems considered
here. For each of these six new possible positions (illustrated
by dashed-line spheres in Scheme 2), the total system energy
is calculated (involving only the nonbonded interaction), and
the selection of the final new position is based on the
following probability:

)

__—~nb
exp KaT
p=-— N 7/ 1
l Nais (2 ( )
exp| —2
j; Pl ke

where UY denotes the sum of the nonbonded interaction
energy of the regrown atom at the prospective position i with
all other atoms in the system. This process is repeated for all
the N, atoms (A1 through A6) in the excised branch until a

full trial configuration of the whole branch is created (A1’
through A6').

(c) Lastly, all the bias introduced in the regenera-
tion process is removed by adding a correction term (the
Rosenbluth weight W°9=°%) in the acceptance criterion as
follows:

new

U
WneW*’Old _—nb
exp [ KT

(2)
Woldﬁnewexp |: — ( Uf?%)d):|

Dacc = min |1,
KgT

where the weight of the regrown branch is given by the
product of the weights of the individual segments:

Neut

WO]d"nCW — HPl (3)
i=l

WoldTmew ig determined from the solution of

In the above,

the reverse problem while U3 and U™ denote the total
nonbonded interaction energy with the old (A1 through A6)
and the new (A1’ through A6') configurations of the whole
branch, respectively.

Br-CCB allows sampling new configurations for the
degrees of freedom associated with short branches along
the chain. In addition, it induces fluctuations (within a
prespecified interval) to the locations of branch points (and
thus to the branch—branch distance). As we explained in the
Introduction, this is very significant, since most SCB poly-
lefins synthesized by polymer industries are characterized by
a certain degree of polydispersity not only in the total chain
length but also in the interbranch spacing.

Double Concerted Rotation (d-CONROT). d-CONROT is
a generalization of the standard concerted rotation
(CONROT) MC move*® designed to induce large-scale
system rearrangements near branch points; it is applicable
to all types of branched polymers: H-shaped, A;AAj3, and
SCB ones. Scheme 3 illustrates its basic concepts. The move
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Scheme 3. Schematic Representation of the Double Concerted Rotation (d-CONROT) Monte Carlo Move Adopted in the Simulations of H-Shaped,
A3AAj3, and SCB Polymers

Scheme 4. Schematic Representation of the Intermolecular Double Bridging (DB) Move, Applied to Chain Backbones (a) or to Chain Branches (b), in
Monte Carlo Simulations of H-Shaped and A3AA; Polymers

chain B

chain A

is initiated by removing two trimer sets (A1—A2—A3,
B1—B2—B3) connected to a branch point (C) and by driving
the two atoms (A4, B4) neighboring the removed trimers and
the branch point (C) to new positions (A4’, B4, C'), by
altering the torsion angles (¢, ¢», ¢3) within prescribed
bounds (—0@maxs OPmax) (0@Pmax = 10° has been used in this
work). Given the new coordinates of the three driven atoms
(A4, B4, C'), the geometric problem of trimer bridging is
solved simultaneously two times: one for the new construc-
tion connecting atoms A4’ and C’ through the A1'—A2'—A3’
trimer, and another for the new construction connecting
atoms B4’ and C' with the BI’—B2'—B3’ trimer. The bridging
process takes place in such a way that the bonds of the altered
segments (C1—-C'—A1'—A2'—A3'—A4'—AS5 and C1-C'—
B1'—B2'—B3'—B4'—B5) preserve their equilibrium lengths,
given a set of preselected values for all bond-bending angles
involved in the move. The complete descrigtion of the move
can be found in the papers by Dodd et al.?® and Karayiannis
et al.*® Also reported in these works is the detailed expression for
the acceptance criterion of the move, which in addition to the
relevant Boltzmann factors includes the number of geometric

(b)

chain A"

solutions and the Jacobian determinants for the transformation
from the set of Cartesian coordinates to the set of generalized
coordinates employed in the geometric constructions; other-
wise, the condition of detailed balance is not satisfied.

Double Bridging (DB) and Intramolecular Double Rebrid-
ging (IDR). The chain connectivity-altering double-bridging
and intramolecular double rebridging MC moves (DB and
IDR, respectively) are based on the formation of two brid-
ging trimers between four properly chosen atoms along two
selected chains; in the past, they have been formulated only
for linear and H-shaped polymers.*-**3¢ We have extended
their formulation here to multiarm A;AA;3 (pom-pom) poly-
mers. Like their predecessors, this has involved again the
reconstruction of two bridging trimers between four prop-
erly chosen atoms along two selected A3;AA; chains. A
schematic illustration of the DB move for H-shaped poly-
mers before and after acceptance is presented in Scheme 4a
(for a double-bridging between two chain backbones) and
Scheme 4b (for a double-bridging between two branches).
According to Scheme 4b, for example, DB is initiated
by randomly selecting two branches [one from each chain
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Scheme 5. Schematic Representation of the Intramolecular Double Rebridging (IDR) Monte Carlo Move Adopted in the Simulations of H-Shaped and
A3AAj; Polymers

(A, B)] and picking an internal atom from each branch (Ap,
Bp) which will be involved in the primary bridging. Next, the
trimer set of three consecutive atoms adjacent to atom Bp,
namely (B1—B2—B3), is excised, and the primary bridging
between atoms Ap and Bp takes place by constructing a new
conformation of the trimer, i.c., (B1’—B2'—B3’). Finally, the
secondary bridging is realized between atom Bs lying next to
the deleted trimer (B1—B2—B3) of chain B and atom As of
chain A. This is implemented by abstracting the trimer
(A1—A2—A3) connecting atoms Ap and As of chain A
originally and by re-forming a new trimer configuration
(A1'=A2'—A3’) to bridge atom As with atom Bs. A similar
procedure is employed when DB is applied to chain back-
bones (Scheme 4a). As seen in Scheme 4, after a DB move has
been accepted, the new chain conformations (A’, B') are
dramatically different from the old ones (A, B).

The implementation of the IDR algorithm is conceptually
the same as of the DB move, except for the following
differences: (a) it involves only a single chain, and (b) it
allows for bridgings only between branches. We illustrate the
IDR move in Scheme 5. For example, after a proper selection
of two internal atoms (Ap, Bp) along two different branches
in the same chain, the primary bridging is initiated by
permitting atom Ap to attack atom Bp. The move proceeds
by abstracting trimer (B1—B2—B3) next to atom Bp and
constructing a new trimer (B1’—B2'—B3’) to bridge Ap with
Bp. The IDR move is completed by invoking the secondary
bridging so as to maintain chain connectivity and preserve
the continuity of branches. The secondary bridging is ac-
complished by extracting the trimer (A1—A2—A3) adjacent
to atom Ap and bridging atoms As and Bs with a new trimer
(A1'—A2'—A3’). The acceptance criteria of the two moves
(DB ’glénd IDR) have been discussed in detail by Karayiannis
etal.

H-Shaped Branch Rebridging (H-BR). Like DB and IDR,
this move had been designed in the past only for simulations
with H-polymers;*® here, we have implemented it also for
simulations with A;AA; polymers. As shown in Scheme 6, it

relies upon the solution of the geometric problem of trimer
bridging, but two bridgings are required in the case of A;AA3
polymers (instead of one in the case of H-shaped ones).
According to Scheme 6, the H-BR move begins by choosing
one of the two branch points (e.g., atom A in Scheme 6) in a
randomly selected chain and an atom four bonds apart from
the branch point along the backbone or one of the neighbor-
ing branches (e.g., Ap in Scheme 6). After that, a trimer (e.g.,
Al'—A2'—A3') between the branch point and the selected
atom is excised and rebridged to a newly selected branch point
(e.g., Bp). Therefore, depending on the movement direction of
the branch point, the length of each branch and the backbone
of an H-shaped or A3AAj; chain may increase or decrease;
for example, for the case shown in Scheme 6, the length of
the branch containing atom Bp is to be shortened and the
backbone length to be lengthened after acceptance of the
move, while the length of the branch containing the trimer
(A1—A2—A3) remains constant. The acceptance criterion of
the H—Br move has been presented in ref 36.

3. Systems Studied and Their Microstructure

Using the MC algorithm discussed in the previous section
along with the TraPPE molecular model described in Table 1, a
number of linear and branched PE melts of various molecular
architectures have been simulated. The molecular lengths of the
systems were carefully chosen so as to be characterized by the
same number of carbon atoms along their longest linear dimen-
sion, and they include the following: (a) a linear PE melt contain-
ing on the average 792 carbon atoms per chain (denoted as L_792
here), (b) an H-shaped PE melt containing on the average 512
carbon atoms along the main chain backbone and 140 carbon
atoms along each one of its four arms (we denote this as
H_512_140), (c) an A3;AA; PE melt containing on the average
512 atoms along the main chain backbone and 140 carbon atoms
along each one of its six arms (we denote thisas A_512_140), and
(d) a SCB PE melt containing on the average 792 carbon atoms
along the main backbone and 48 short branches, each of which is
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Scheme 6. Schematic Representation of the H-Shaped Branch Rebridging (H-BR) Monte Carlo Move Adopted in the Simulations of H-Shaped and
A3AA; Polymers

6 carbon atoms long. (We denote this as SCB_48 x 16.5_47 x 6;
the first figure represents the number of chain segments or strands
along the backbone that are separated by branch points, the
second the average number of carbon atoms per chain segment,
the third the average number of branches per chain, and the
fourth the number of carbon atoms per branch.) All these four
systems bear the same number of carbon atoms along their longest
chain contour. For the purposes of comparing the properties of
different PE architectures also on the basis of the same total chain
length, two more systems were selected and simulated: (a) a linear
PE melt containing on the average 1072 carbon atoms per chain
(denoted as L_1072) and (b) a SCB PE melt containing on the
average 512 carbon atoms along the main backbone and 35 short
branches, each of which is 8 carbon atoms long. (Following the
notation explained above, this is denoted as SCB_36 x 22 _35 x 8
and corresponds to an ethylene—1-decene copolymer.) This latter
system (although commercially not common) serves the purpose
of studying differences in the local or overall conformation of
SCB systems having the same total number of carbon atoms but a
different number of branches (and thus a different branch length)
along their main backbone. A total of § chains per simulation cell
were used in all cases. The MC simulations were executed in the
semigrand statistical ensemble { No, NPTu*}**3! where the values
of the following variables are held fixed: the number of chains
Nen, the average number of atoms per chain N, the pressure P, the
temperature 7, and the spectrum of chain relative chemical
potentials g* controlling chain length distributions (since most
of the chain connectivity moves employed induce golydispersity).

As has been discussed by Pant and Theodorou™ for bulk chain
systems and by Daoulas et al.*® for grafted chain systems,
polydispersity (i.e., fluctuations) in the chain length distribution
in the semigrand ensemble is treated by specifying the spectrum
p* of chain relative chemical potentials. An interesting feature of
the branched polymers studied here is that one needs to control
two different chain length distributions in order to precisely tune
their microstructure. This happens because, in addition to the
total chain length, the number of carbon atoms between succes-
sive branch points can vary in the course of a simulation with the
proposed composite algorithm. Alternatively, and instead of the

total chain length, one can control the length of the main
backbone of the chain. For H-shaped and A;AAj; chain systems,
there is a third option: one can control the distribution of carbon
atoms on the chain crossbar (i.e., on the part of the chain between
the two branch points). And this is what we followed in the
simulations presented in this work in order to have a precise
control on the microstructure of the simulated systems: For the
H-shaped and A3;AA; polymers, we chose to control separately
the distributions of carbon atoms on the chain backbone and the
chain crossbar (as a result, the distribution of the total chain
length is controlled indirectly); for the SCB systems, on the other
hand, we chose to control separately the distributions of the total
carbon atoms per chain and of the carbon atoms between two
consecutive branch points within a chain. We should also men-
tion here one more method for controlling chain length distribu-
tion in SCB polyolefins: It has been followed by Ramos et al.,* in
their simulations of ethylene—1-hexene copolymers: instead of
the distribution of carbon atoms per chain, they steered the
distribution of the number of branches in the chain. As we will
discuss below, the two methods yield practically identical results.

Once we have decided which chain length distributions to
control, the question arises what type of polydispersity to impose
and how. To this, we recall that Pant and Theodorou™ have
derived analytical expressions for the spectrum of chain relative
chemical potentials that produce the three most common limiting
distributions of chain length (or molecular weights): the uniform
distribution, the most probable distribution, and the Gaussian
distribution. Guided by their analysis and in order to keep the
simulation approach as simple as possible, we have decided to
make use in this work of the profile of chain relative chemical
potentials that for a system of linear chains in the bulk produces a
uniform distribution of chain lengths in a prespecified interval
around a mean value. More precisely, we chose the width of the
uniform distribution to be such that the resulting polydispersity
index [ is approximately equal to ~1.083 for all fluctuating
molecular lengths in all chain architectures addressed here
(linear, H-shaped, A3AAj3, and SCB). On the basis of the analysis
of Pant and Theodorou,®® if N denotes the number-average
molecular length of the distribution in units of CH, or CH; or
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CH groups and A its half-width reduced by the number-average
chain length N, the value of 1.083 for the polydispersity index 71is
obtained by choosing A = (.5. This implies that the correspond-
ing chain length distribution is uniform in the interval from
N(1 — A) to N(1 + A). As we will check in section 4, the resulting
distributions at the end of the MC simulation came out to be (to a
very satisfactory degree) indeed uniform in the prespecified
intervals for all simulated linear and branched systems. A point
worth noting here is that in the present simulations, lengths of
odd and even segments in the various chain length distributions
are equally probable. This is not the case in real polyolefins where
each monomer contributes a pair of backbone atoms because
copolymerization catalysts do not have equal probabilities for
head-to-head and head-to-tail monomer addition.

Based on the above considerations, for the linear L_792
system, the prespecified interval of allowed chain lengths are
(here N = 792 and A = 0.5) from 792 x (1 — 0.5) to 792 x
(1 4+ 0.5), i.e., the interval [396, 1188]. Similarly, for the L_1072
system (here N = 1072 and A = 0.5), chain lengths will be
allowed to vary uniformly in the interval [536, 1608]. For the
H-shaped and A3AA; melts, on the other hand, the intervals of
allowed molecular lengths for the chain cross-bar (N = 512 and
A = 0.5) and the four or six branches emanating from it (N = 140
and A = 0.5) are[256, 768] and [70, 210], respectively. Finally, for
the simulated SCB systems, the corresponding intervals of
allowed molecular lengths for the total chain (N = 1072 or
1074 and A = 0.5) and interbranch spacing (N = 21 or 15.5 and
A = 0.5), respectively, are [536, 1608] and [11, 32] for SCB_36 x
22 35 x 8and [537, 1609] and [8, 24] for SCB_48 x 16.5_47 x 6.

In all simulations, the temperature and pressure were held fixed
at 7 = 450 K and P = 1 atm, respectively.

In the simulations of the H-shaped and A3AAj structures, the
following mix of Monte Carlo moves was employed, which
(based on a few trial-and-error runs) was seen to provide
practically optimal code performance (see Table 2): X-reptations,
12%; flips, 5% for the H-polymer and 8% for the Az;AA;
polymer; CONROTs, 20% for the H-polymer and 26% for the
A3AA; polymer; d-CONROTS, 4% for the H-polymer and 7%
for the A3AA; polymer; DBs, 33% for the H-polymer and 27%
for the A;AA; polymer; IDRs, 18% for the H-polymer and 19%
for the A;AA; polymer; H-BRs, 7%; volume fluctuations, 1%. In
the simulations of the SCB structures, the mix of moves was
changed to: reptations, 10%; rotations, 5%; flips, 5%; CON-
ROTs, 20%; d-CONROTs, 19%; EBs, 25%; CCBs, 8%; Br-
CCBs, 7%; volume fluctuations, 1%.

4. Results and Discussion

Acceptance Rates of the Employed MC Moves. In Table 2
we report the average acceptance ratios for all MC moves
employed in the present simulations with the six different
systems (L_792,L_1072,H_512_140,A_512_140,SCB_48 x
16.5 47 x 6, and SCB_36 x 22 35 x 8). In general, the
simpler moves (flip, rotation, reptation, and CCB) present
acceptance rates that are significantly higher than those of
the more advanced ones (EB, DB, IDR, d-CONROT,
Br-CCB, and H-BR). But it is through the very drastic
changes in chain conformation brought about by these rarely
accepted but very efficient moves that the long-length scale
features of the studied systems are fully equilibrated within
modest CPU time with the new algorithm, provided that the
simulation is carried out sufficiently long (see next para-
graph). Regarding the dependence of the acceptance ratio on
molecular architecture, the data of Table 2 indicate that: (a)
Reptation, end-mer rotation, flip, and CONROT are practi-
cally insensitive to the linear or nonlinear structure of the PE
molecules; the same is true also for the end-bridging (EB),
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Figure 1. Illustration of the efficiency of the Monte Carlo algorithm for
simulating H-shaped, A;AA3, and SCB polymers, in terms of (a) the
decay of the autocorrelation function (u(z)-u(0)) of the unit end-to-end
vector of chain backbone u(7) and (b) the mean-square displacement
(Ra(H) — Rg(0))») of the chain center-of-mass position Re(7), with
computational time. The L_1072, H_512_140, A_512_140, SCB_36 x
22 35 x 8, and SCB_48 x 16.5_47 x 6 systems are represented by the
solid, dashed, dotted, dash-dot, and dash-dot-dot lines, respectively. All
simulations were conducted at 7 = 450 K and P = 1 atm.

double-bridging (DB), and intramolecular double rebridging
(IDR) moves. (b) In contrast, d-CONROT is very sensitive
to the type of branched structure it is applied to: its accep-
tance ratio is very small (although reasonable) in H-shaped
and A3AA; PE, but much higher in SCB PE. (¢) Volume
fluctuations are accepted somewhat faster in branched (e.g.,
SCB, A3AA;, and H-shaped) PE than in linear PE. (d) The
effectiveness of CCB and especially of Br-CCB depends criti-
cally on the number of interacting sites to be regrown in the
course of the move: for example, the acceptance rate of
Br-CCB increases from 0.097% in the case of SCB_36 x
22 35 x 8 PEt00.22% in the case of SCB_48 x 16.5_47 x 6
PE (i.e., more than twice).

Algorithm Efficiency. To assess the efficiency of the new
MC algorithm, we have examined the rate of decay of the
autocorrelation function of the unit chain end-to-end vector
(u(r)-u(0)) and the rate of the mean-square displacement
(msd) of the chain center-of-mass (Rg(f) — Rg(0))%) as a
function of the number of MC iterations attempted. The
results obtained for the six simulated systems (L_792,
L_1072, H_512_140, A_512_140, SCB_48 x 16.5_47 x 6,
and SCB_36 x 22 35 x 8) are presented in Figure 1.
Figure la, in particular, shows that for all systems {(u(¢) - u(0))
drops eventually to zero, indicative of a fully relaxed polymer
configuration. In particular, it takes about 10" MC iterations
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Figure 2. Representative atomistic snapshot from the fully equilibrated part of the trajectory accumulated in the course of the present MC simulations
for (a) the H_512_140, (b) the A_512_140, and (c) the SCB_48 x 16.5_47 x 6 PE system. Shown in bright white color is a single chain out of the eight
present in the simulation box. All simulations were conducted at 7 = 450 K and P = 1 atm.

for (u(z) -u(0)) to drop to zero in the case of the linear systems,
about 9 x 10" in the case of the SCB and H-shaped ones, and
about 2.5 x 10% in the case of the A;AA; polymer. Clearly,
the A;AA; system is the most difficult to equilibrate; it is very
promising, however, that even for this system the total real
time needed for (u(7)-u(0)) to drop to zero is less than 1 week
(we report that on an Intel Dual Core 3 GHz CPU, it takes
~6 days each of the simulated systems to complete 10° MC
iterations). For comparison, we mention that the longest
(end-to-end) relaxation time of A_512_140 PE (the most
demanding computationally) is estimated to be on the order
of 10 us. Given that even on the fastest CPU available today
one can track up to 5 ns of real time per day with MD, we
conclude that we would have to wait for several years(!) (even
with the most efficient parallelization techniques available
and code execution on several CPUs) for (u(¢)-u(0)) to drop
to zero. This is considered as the biggest advantage of the
designed MC algorithm over any dynamic method, which
(by nature) are applicable today to considerably shorter-
chain systems. The same conclusion is drawn if we look at the
plots of the chain center-of-mass msd versus number of
MC iterations attempted. Focusing, in particular, on
A_512_140 PE, we see that after 2 x 10° MC iterations
{((Rg(7) — Rg(0))?) has traveled a distance of ~1.2 x 10* A?;
as we will see below, this corresponds to ~3 times its mean-
square radius of gyration.

Typical atomistic snapshots of fully equilibrated system
configurations at the end of the simulation with the new MC
algorithm for the H_512_140, A_512_140, and SCB_48 x
16.5_47 x 6 PE systems are shown in Figure 2. The bright
white color depicts the instantaneous conformation of
just one of the chains (out of the eight) present in the
simulation cell.

Table 3. Characteristic Chain Dimensions of the Linear and Branched
Polyethylene Melts Simulated at 7 = 450 K and P = 1 atm

system p(glem’)  (R® (N)/NEq" (RAN))/NEg 1y (A’
Linear_792 0.774£0.002  9.25 1.52 8.2
Linear_1072 0.7774£0.002  9.31 1.54 8.4
H_512_140 0.77740.003  9.92(9.94) 1.35 9.3
A_512_140 0.7814+0.004 11.8(11.1) 1.30 9.6
SCB_36 x 22 35 x8 0.776+0.005  9.26 1.09 11.2
SCB_48 x 16.5_47 x 6 0.782+£0.004  8.72 1.11 11.6

“Two values are reported for the H_512_140 and A_512_140 PE
systems: one based on the chain backbone (containing 512 carbon atoms
on average) and another (shown in parentheses) based on the longest
linear dimension (containing 792 carbon atoms on average). ” Computed
according to eq 5.

Density. Table 3 shows the results of the present { N,NPTu*}
MC simulations for the density of the six simulated PE melts.
We see that within the statistical uncertainty all of them (linear,
H-shaped, A3AA;, and SCB ones) are characterized by a
similar density (approximately equal to 0.777 g/cm®). The
maximum difference is recorded between the L_792 and
the SCB_48 x 16.5_47 x 6 systems and is on the order of
0.008 g/cm’. The corresponding experimental values are
about 0.767 g/em® for linear PE and about 0.768 g/cm® for
SCB PE systems.*’ The simulation data (although slightly
overestimating the experimental densities) are therefore in
support of a rather negligible effect of chain branching on
density (and the rest of the volumetric properties) of poly-
ethylene, which agrees with the actual experimental measure-
ments. Experimentally, it is believed that the use of a-olefins
longer than propylene enhances somewhat the reduction of
density at a given mole fraction.®

Chain Dimensions. Figure 3 shows plots of the running
average values of the mean-square end-to-end distance (R?)
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Figure 3. Comparing the dimensions of branched polymers (H_512_140,
dashed lines; A_512_140, dotted lines; SCB_36 x 22_35 x 8, dash-dot
lines; SCB_48 x 16.5 47 x 6, dash-dot-dot lines) with those of the
corresponding linear analogue (solid lines). Results for (a) the mean-
square end-to-end distance (R?) of the longest linear chain dimension
and (b) the mean-square radius of gyration (Rgz)A The reference linear
system is L_792 in (a) (i.e., the linear with the same number of carbon
atoms along the longest linear dimension of the branched polymers)
and L_1072in (b) (i.e., the linear with the same total number of carbon
atoms). Furthermore, in (b) the (R,%) values for the A_512_140 PE
system have been rescaled by the factor 1352/1072 (=1.26).

referring to the longest chain dimension along its contour
and of the mean-square chain radius of gyration (Rg2> for all
simulated PE melts. The large end-to-end distance fluctua-
tions recorded in the figure are indicative of the efficiency
with which the designed composite MC algorithm samples
phase space. Predicted (R*) and (Rgz) values for all simulated
systems are reported in Table 3. For the H_512_140 and
A_512_140 melts, in particular, two different (R?) values are
reported in Table 3: one based on the chain crossbar
(containing 512 carbon atoms on average) and another based
on the longest linear dimension of the system (containing 792
carbon atoms on average). On the basis of the data of Table 3,
the H-shaped and AzAA; polymers are seen to exhibit
significantly higher (R®) values than the corresponding linear
analogue with the same number of carbon atoms along the
backbone (L_792), implying an extension of their main
backbone; this is more pronounced for the A_512_140
system. It seems that the long branches that emanate from
the two ends of the main crossbar exert an entropic, tensile
force on the backbone, causing an increase in its dimension
compared to that of the linear analogue with free ends. This
observation is in agreement with the proposed pom-pom
model"? for H-shaped and A;AA; polymers, according to
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which a stretching force is exerted by each dangling arm on
chain backbone, equal to f = 3kgT/a where a is the tube
diameter representing topological interactions. In contrast,
the SCB_48 x 16.5 47 x 6 and SCB_36 x 22 35 x 8 PE
systems are characterized by (R?) values that are shorter
than those of the linear analogue (L_792), implying a more
compact chain conformation for these polymers. This
becomes more evident as the branch length is decreased
and the number of branches per chain increases (keeping
the backbone length constant).

A more representative measure of the chain dimensions of
the linear and branched PE architectures studied is offered
by the mean-square chain radius of gyration (Rgz). The data
reported in Table 3 and the plots presented in Figure 3b
suggest that all branched systems are characterized by (Rgz)
values which are smaller than that of their linear analogue of
the same total chain length (L_1072), indicating a more
compact arrangement of the carbon atoms around their
chain center-of-mass. In fact, the (Rgz) data demonstrate
that the most compact chain arrangement is exhibited by
the SCB polymers, which is absolutely consistent with the
information provided by the (R) results.

As discussed by Ramos et al.,* simulation predictions for
the mean-square radius of gyration (Rgz) for SCB systems
can be directly compared against actual experimental data
from small-angle neutron scattering (SANS) measurements
by plotting the ratio (Rgz)/M (where M is the total molecular
weight of the polymer) as a function of the average molecular
weight per backbone bond, my,. The results obtained for the
two SCB PE systems simulated here (SCB_48 x 16.5 47 x 6
and SCB_36 x 22_35 x 8§ with m, = 18.9 g/mol) are 1.89 and
1.85 nm” mol kg:l, respectively. The corresponding experi-
mental value for ethylene—1-butene copolymers with m, =
18.9 g/mol (corresponding to two methylene units per
branch) is 1.52 nm? mol kg~ '.4%->°

Qualitatively, our conclusions from the present simulation
studies for the role of branch content (and degree of
branching) on the conformational stiffness of branched
polymers are consistent with those drawn from theoretical
calculations, other simulation studies, and/or experimental
measurements.’' >* As far as a quantitative comparison
with these earlier works for the overall dimensions of the
simulated systems is concerned, we report that our simula-
tion results for the ratio g = (Rg2>branched/<Rg2>linear of the
mean-square radii of gyration of branched and linear PE
molecules of the same total number of carbon atoms come
out to be equal to 0.877, 0.844, 0.721, and 0.708 for the
H_512_140,A_512_140,SCB_48 x 16.5 47 x 6,and SCB_36 x
22 35 x 8 melts, respectively. These values are somewhat
larger than theoretical predictions based on the Gaussian chain
model®! and simulation and experimental data®>>* which suggest
g values between 0.69 and 0.72 for H-shaped polymer chains in
solution, almost independent of the solvent quality.

Packing Length. The packing length is an important
measure of chain structure, since it is linked with its rheolo-
gical behavior (i.e., its response to an applied flow field).*->
It is defined as the ratio between the apparent volume per
molecule in the system and the effective chain dimension; it
takes therefore smaller and smaller values as the effective
space occupied by a chain increases. As discussed by Lohse,
if we use the mean-square chain end-to-end distance
to quantify chain dimensions, then the packing length is
denoted by p and is mathematically defined as

- @)
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If, on the other hand, the mean-square chain radius-of-
gyration is chosen to quantify chain dimensions, then the
packing length is denoted by /, and is mathematically defined
as
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Figure 4. Intermolecular mer—mer pair distribution function g, (r)
for the linear, H-shaped, and A3AA; systems (solid line) and the two
SCB polyolefins (dashed line). As explained in the main text, we show
only two curves because the first group of systems (L_1072, H_512_140,
and A_512_140) gave identical curves (computed gie(r) curves
were practically indistinguishable from each other for all of them),
and the same was true for the second group (SCB_48 x 16.5_47 x 6 and
SCB_36 x 22_35 x 8).
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Ramos et al.** have analyzed in detail the dependence of the
packing length /, for ethylene—I-hexene copolymers and
have found that to a very good approximation

I, (A) =0.27my"**  (simulation, 7 =450 K)  (6)
This agrees very well with experimental data which are in
favor of the following relationship between /, and my,:

I, (A) =0.33my"* (experiment, T =463 K) (7)
The results obtained for the two SCB melts discussed here
using eq 5 in the form

M

Iy = ———- 8

P pNA(RS) ®)
where M is the chain molecular weight and Ny Avogadro’s
number, are /[, = 11.6 A for SCB_48 x 16.5_47 x 6 PE and
11.2 A for SCB_36 x 22_35 x 8 PE; these are slightly more
consistent with eq 6 than with eq 7. We further note that for
the L_1072 PE system the present MC simulations predict
an [, value equal to 8.4 A. The predictions of our MC
simulations for the packing length of all six PE systems
simulated here are reported in the last column of Table 3.
We see that at the conditions of the simulation (7" = 450 K
and P = 1 atm), the H-shaped and A;AA; PE systems are
characterized by /, values that are approximately 10—20%
higher than that of strictly linear PE, while the two SCB PE
systems exhibit even higher (up to 40%) /, values. These
results compare very favorably with the measurements of
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Figure 5. Chain length distributions of carbon atoms along (a) the main-chain backbone, (b) the chain crossbar (interbranch spacing), and (c) the
entire chain for the H_512_140 PE system. The theoretically expected distributions in (a) and (b) are the uniform ones in the intervals [256, 768] and
[70, 210], respectively, corresponding to a polydispersity index 7 = 1.083; it is shown by the dashed lines in the figure.
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Figure 6. Same as with Figure 5, but for the A_512_140 PE system.
Ramachandran et al.>* based on small-angle neutron scat-
tering data according to which the value of /, ranges from
6.5 + 0.8 A for linear polyethylene to 9.0 + 0.6 A for
polyethylene with 12.1 branches per 1000 carbon atoms.
Ramachandran et al.”* have further suggested a relation-
ship between number of SCBs and /,, which indicates a
maximum enhancement of persistence length to 9.1 A for
fully branched PE (i.e., when all carbon atoms in the back-
bone are branched).

Intermolecular Radial Pair Distribution Function. More
insight into the structural properties of the simulated PE
systems can be gained by computing the intermolecular
radial pair distribution function, giye(r), and analyzing
how it varies from system to system. The results obtained
are shown in Figure 4. Linear, H-shaped, and Az;AA;
systems are found to be characterized by the same g, (1)
curves, and the same was observed for the two SCB melts.
Thus, only two sets of data are reported in Figure 4: the
first (depicted by the solid line) corresponds to all linear,
H-shaped, and A;AA; melts and the second (depicted by the
dashed line) to the two SCB poyolefins. Our results show that
the first peak in the giyer(r) curves of the SCB melts is
significantly smaller than that for the rest of the melts; its
position is also seen to be shifted slightly to the right. In
general, the entire g () curve for the SCB systems is
always below the curve corresponding to the linear, H-
shaped, and A3;AA; melts, implying a somewhat stronger
correlation hole effect for this category of systems. The two
sets of curves (the one corresponding to the linear, H-shaped,
and A3;AA; melts and the other corresponding to the SCB
ones) converge to each other only for radial distances longer
than about 30 A.

Total and Interbranch Chain Length Distributions. In order
to see whether the imposed MC criteria have been correctly
realized in the simulation, we have investigated the resulting
probability distribution of backbone, branch, and total
chain lengths. In Figure 5 we present the result for the
H_512_140 system where we imposed uniform molecular
weight distributions separately (i.e., independently) for the
chain backbone and the chain branches (or, equivalently, the
chain crossbar). The curves reported in Figure 5a,b show
that the uniformity of both distributions is satisfied within
the statistical uncertainty. Furthermore, given the two
(statistically independent) uniform distributions, their sum
(defining the total chain length) is to follow a Gaussian-type
distribution, which is indeed the case observed in the simula-
tions (see Figure 5¢). The same molecular weight criteria for
the backbone and chain branches (or, equivalently, the chain
crossbar) have been applied in the simulations with the
A_512_140 PE system, and a similarly satisfactory result is
observed in Figure 6 (with larger statistical fluctuations). In
the case of SCB polymers, different criteria for the molecular
weight distributions were used; here we imposed a uniform
distribution for the total chain length and the branch-to-
branch frequency (see Figure 7). The data reported in parts b
and d of Figure 7, in particular, confirm that the two
distributions are correctly realized at the end of the MC
simulation.

Bond Angle and Torsion Angle Distributions. The distribu-
tions of bond-bending and torsional (dihedral) angles for the
simulated branched PE systems are shown in Figures 8 and 9.
Guided by the different values of the parameter sets govern-
ing the corresponding potential functions, two different sets
of distributions are shown in each figure: the first refers to
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backbone angles and the second to branch angles. Further-
more, since we found that the distribution of both types of
angles for backbone atoms was the same for all systems
irrespective of their molecular architecture (linear, H-shaped,
A3AA;, and SCB ones), only one curve is shown for all
backbone angles in part a of the two figures. We observe that
the curves have in all cases shapes that very much resemble
those expected from the well-known Boltzmann distribution
for the potential energy functions given in Table 1. This is
especially true for the bond angles. For the torsional angles, a
closer inspection of the curves reported in Figure 9a,b reveals
that the atoms near branch points are characterized by a
significantly smaller relative population of trans conforma-
tions than atoms far away from them. This is displayed in
Figure 9b for the SCB_48 x 16.5_47 x 6, butitis true also for
the branch torsion angles in the other systems. By comparing,
in fact, the distribution of branch torsion angles in the two
different SCB melts (SCB_48 x 16.5_47 x 6 and SCB_36 x
22 35 x 8), we see that this does not depend critically on
branch length or branch frequency.

We further computed the mean square end-to-end distance
of branches in the SCB_48 x 16.5_ 47 x 6 and SCB_36 x
22 35 x 8 systems and found them to be equal to 45.3 and
70.8 A%, respectively. Comparing then with the corresponding
dimensions of linear segments of the same length indicates
that branches in these SCB melts assume rather stiff confor-
mations, especially in the SCB_48 x 16.5_47 x 6 system. This
conclusion is supported by additional computations of the

local branch orientation with respect to the main-chain back-
bone. We found that, on the average, branches tend to
emanate from the backbone in directions that form angles
ranging from 60° to 90° relative to the local chain direction.
The main conclusion to be drawn from all this information is
that branches in SCB systems exhibit rather extended confi-
gurations (due to steric hindrance effects), which are more
pronounced for the shorter ones (i.e., the shorter the branch
the higher its conformational stiffness).

Intrinsic Molecular Shape. According to the pioneering
work of Solc and Stockmayer,> the intrinsic shape of
random walk chains at equilibrium in the eigenvector space
of the instantaneous radius of gyration tensor is far more like
a “cake of soap” than like a spherical or ellipsoidal one of
approximately Gaussian form. Theodorou and Suter”® have
verified this by analyzing a large number of conformations
of unperturbed polypropylene chains with Monte Carlo
using a rotational isomeric state model. Mavrantzas and
Theodorou,”” on the other hand, have reported that under
the application of a strong enough elongational field short
PE chains (e.g., C,4) are partially unraveled to intrinsically
more elongated shapes; thus, instead of a cake of soap, the
segment cloud takes an elongated, cigarlike shape. Guided
by these studies, in Figure 10 we present additional results
revealing the intrinsic shape of the highly branched mole-
cular architectures simulated in this work. The figure shows
the segment cloud (i.e., the density distribution of segments
around the chain center-of-mass) as computed in the space of



1000 Macromolecules, Vol. 43, No. 2, 2010

6 L 1 L 1 ' 1 s | L 1

NC) [

probability density function

T T T T T T T T T
40 50 60 70 80 90 100

6 L 1 L | L 1 L 1 L | 1

—— CH,CH,CH, [
\ ---- CH,-CH-CH,

probability density function

40 50 60 70 80 90 100
bond bending angle (°)

Figure 8. (a) Probability distribution function of the backbone bond
angles in the six simulated systems (since practically identical results
were obtained for all of them, only one curve is shown). (b) Probability
distribution function of the two branch bond angles CH,—CH,—CH,,
and CH,—CH—CH,, in the two SCB systems. In all cases, T = 450 K
and P = 1 atm.

eigenvectors of the instantaneous radius of gyration tensor, >

for various values of the monomer density. For all
systems, the resulting shapes are consistent with those
expected for random walks: they resemble a “cake of soap”
instead of having a spherical or ellipsoidal shape.> However,
as the segment density increases (from the bottom to the top
in Figure 10), we observe significant differences in the shapes
of the different polymer architectures. Compared, for exam-
ple, to the linear analogue of the same total chain length
(L_1072), the characteristic thin stem or neck exhibited at
intermediate values of the segment density is more pro-
nounced in the H_512_140 PE melt, implying a higher
number of segments near branch points than deeper along
the crossbar. This is even more pronounced in the case of the
A_512_140 polymer, for which the number of arms emanat-
ing from each of its branch points is 3 (compared to 2 in
H-polymers). [A similar behavior has been observed very
recently in a nonequilibrium molecular dynamics study>® of
a short H-shaped polymer melt (containing 78 carbon atoms
in the crossbar and 25 carbon atoms in each one of its four
branches) under flow conditions. For the case of planar
elongation, in particular, and for low-to-intermediate values
of the cloud density, the H_78_25 melt was seen to exhibit a
characteristic arrangement wherein the two dense cores of
highest density are connected with a thin and rather uniform
stem, a shape which resembles that of a dumbbell; in contrast,
the molecular shape of the linear analogue subjected to the
same type and strength of flow was seen to be more needlelike.)
The SCB systems, on the other hand, exhibit a flatter and
more uniform segment distribution: the characteristic thin
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Figure 9. (a) Probability distribution function of the backbone
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results were obtained for all of them, only one curve is shown).
(b) Probability distribution function of the two branch torsion angles
CH,—CH,—CH,—CH, and CH,—CH,—CH—CH, in the two SCB
systems. In all cases, 7 = 450 K and P = | atm.

neck in these systems is considerably less pronounced. All
these observations are consistent with the results gresented
in Figure 3 for the dependence of (R?) and (R, on the
microstructure of the simulated systems and the conclusions
drawn there about the different conformational stiffness
characterizing these systems. From a theoretical point of view,
the plots of the segment clouds reported in Figure 10 (and
additional ones published in ref 58) may have important
implications for methods that employ mechanical or approxi-
mate molecular models, such as the FENE dumbbell, the soft
(and supersoft) particle, and the pom-pom ones, for studying
the flow behavior of polymers as a function of their molecular
architecture: these models should be designed in such a way
that their response to an applied flow field is consistent with
the picture that emerges from the direct atomistic simulation
studies.

5. Conclusions and Future Plans

Our goal in this work has been twofold: (a) to provide
extensions of newly developed chain connectivity altering MC
moves for polymer architectures more complicated than linear
and (b) to demonstrate that by integrating them in a composite
algorithm, a powerful MC method can be designed capable of
simulating branched polymers with a wide variety of chain
architectures. We have been able, in particular, to equilibrate
and simulate branched PE systems with very long chains, which
is almost impossible today by MD. We have succeeded in this by
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supplementing classical MC moves such as reptation, X-repta-
tion, flip, CONROT, and CCB with more advanced ones such as
d-CONROT, Br-CCB, DB, IDR, and H-Br. Br-CCB, in parti-
cular, which has been implemented in the simulations with SCB
polyolefins, is suitable for relaxing local segmental motions in the
vicinity of the branch points and along the branches, by allowing
branch points to move back and forth along the backbone and by
regrowing branches in an energetically biased fashion.

Overall, our MC data for the chain dimensions and the
packing length of the simulated systems reveal that SCB poly-
olefins are characterized by a stiffer conformation and a more
compact structure than H-shaped and A3;AAj; systems of the
same total chain length, which, in turn, appear to be stiffer than
their corresponding linear analogues.

The design of the new composite MC algorithm has been
contrived with the following two aims in mind regarding future
efforts: first to enable a molecular-level study of the static
properties of branched polymers as a function of their molecular
architecture (e.g., branch length and branch density) and second
to obtain well-equilibrated configurations of model branched
systems which could be then amenable to a direct topological
analysis aiming at determining the entanglement network
underlying their structure at the nanoscale. This is at the
heart of modern tube models and theories for understanding
and explaining the origin of the unique (and sometimes truly

extraordinary) rheological properties exhibited by branched
polymers. Work is currently in progress in this direction along
with efforts to reformulate the variety of possible MC moves
presented here for other realistic polymer architectures such as
dendrimers,” stars,** and hyperbranched molecules.®'
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