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ABSTRACT: Short chain branched (SCB) polyolefins as a model of metallocene ettydeledih copolymers

were simulated by Monte Carlo (MC) and molecular dynamics (MD) methods. Melt density, which was evaluated
by MD in the isothermatisobaric ensemble (NPTMD), slightly increases with the SCB content. A mix of
different MC moves was adopted and connectivity-altering moves, such as end-bridging, were modified in order
to incorporate the branches into the simulation. This MC simulation strategy performed very well in equilibrating
molten SCB copolymers at all length scales. The chain size and local packing in the melt, as obtained from the
MC simulations, are discussed. At given backbone length, chain size, as quantified by the radius of gyration,
decreases with the number of branches. On the other hand, the presence of short branches leads to a less effective
intermolecular local packing in the melt. Rheological properties of the copolymers are discussed based on a
mapping of the Monte Carlo atomistic simulations on the packing length model, and compared with experimental
results. In general, good agreement with experimental results is found.

substantially as the number of ethyl branches is increBkatkr

on, a combined MD/RIS study of ethylenedlefin copolymers
was published by Madkour et &lThe characteristic ratio for
these copolymers shows roughly two regions as a function of
the comonomer content: (i) in copolymer chains containing
mostly ethylene units (low comonomer content), thelefin
suppresses the trans ethylene sequences, decreasing the char-
acteristic ratio and (i) as the comonomer content in the
copolymer increases further, the characteristic ratio grows due
Eo the adoption of helical sequences, which are lower in energy
han all-trans ones. Experimentally, the same two regions have
been found by comparing the SANS-derived chain dimensions
for a wide range of branched polyolefihsAn empirical
correlation has been developed for the dimension of the chains
with a simple parameter characteristic of the chemical structure,
the so-called molecular weight per backbone bang).(Thus,

the characteristic ratioQ.,) reaches a minimum when half of
the polymer is in the backbone and the other half is in the
branches (fom, ~ 28 g/mol); after this point, the characteristic
ratio increases monotonically.

The research group of J. K. Maranas has studied computa-
onally the dynamical behavior of small polyolefin chains
containing regular branch&4® They showed that, over the
length scales of intermolecular packing, important differences

ppear between different chemical architectures. For example,
or a highly branched polymer such as poly(isobutylene) (PIB),
neighboring chains cannot pack well together. However, for less
branched poly(butadiene) (PB), the intermolecular packing is
more efficient, resembling that found in PE.

Some authors have developed empirical models that relate

1. Introduction

Nowadays, polyolefins are among the most important com-
modity plastics due to their low production costs and very wide
range of applications. Commercial linear low-density polyeth-
ylenes are typically copolymers of ethylene andcanlefin.
Usually, 1-butene, 1-hexene, or 1-octene is used ag-iefin
comonomer, producing short chain branched (SCB) polytners
with two, four, or six carbon long branches, respectively.
Random ethylenetolefin copolymers obtained by homoge-
neous single-site catalysts show a homogeneous comonome
distribution and a narrow molecular weight distribution (MWD),
in contrast to traditional ZieglerNatta catalyst3.In addition,
by changing the structure of the single-site catalyst one can
control the polymer molecular weight, the amount and distribu-
tion of the comonomer in the polymer backbdrfeThese
polymerization methods make it possible to synthesize well-
controlled polyolefin architectures which can be used as models
for flexible polymers. Thus, it is an important issue to establish
relationships between the macromolecular architecture and
physical properties of these random copolymers.

Fetters et al. have studied the melt chain dimensions of poly- ti
(ethylene-co-1-butene) copolymers using small-angle neutron
scattering (SANS).They reported that thER[J/M parameter,
where R is the end-to-end distance amd the molar mass,
decreases monotonically as the ethyl branch content is increase
This experimental fact is in close agreement with rotational
isomeric state (RIS) model calculations for branched polyeth-
ylenes, which showed that the radius of gyration decreases
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the degree of entanglement in the molten polymer to the
dimension of the chain$-16 Among these models, one of the
most popular is the packing length mod&il® In this model,

the ratio of the occupied volume per polymer chain and the
mean square radius of gyration of the polymer is defined as a
packing lengthl, (I, = VoceupiedRg?D. This parameter is not
dependent on the polymer molecular weight and thus is a
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constant attribute of the chemical architecture of the polymer. volumetric properties of linear and triarm star polyethylene
It has been empirically found that the packing length is related models in our groug?23

to important rheological propertiés® 2.2. Molecular Dynamics Details. Molecular dynamics
Within this framework, molecular simulations are reliable simulations have been undertaken with the main objective of
techniques for the determination of molecular structure, chain studying melt dynamics directly. From these simulations, only
dimensions and thermodynamic properties. However, polymer densities are discussed here. Dynamical results will be reported
systems are characterized by very long relaxation times thatin a forthcoming publication. The molecular dynamics simula-
are hardly accessible by brute-force MD. On the contrary, MC tions are carried out under constant pressure and temperature
simulations have been shown to be very efficient for the (NPT ensemble), which was implemented via the Ndsever
equilibration of long polymer chains at all length scalegor Langevin piston metho#! The simulation box comprises 20
example, the concerted rotation move (CONROT), which chains, each consisting of 1000 backbone sites and a variable
displaces five backbone segments and modifies eight consecutiveyumber of G branches, as specified above. The equations of
torsion angles, is very effective in relaxing internal degrees of motion are integrated with the velocity Verlet method. To speed
freedom in a chaiA® The end-bridge move (EB) changes the up the MD simulation, a multiple time step algorithm is used,
conformation of two different chains, bringing about relaxation namely the reversible reference system propagator algorithm
at long-length scales. This move introduces some polydispersity (rRESPA)25:26 This algorithm decouples slow and fast degrees
in the system, which is controlled by formulating it in a of freedom using different Liouville operators for each, allowing
semigrand canonical ensembBtén addition, the configurational  the use of more than one time step for the time integration of
bias (CB) move allows the relaxation of a few segments (usually the different degrees of freedom. Here, we uséd = 1 fs for
4—7 monomers) from the end of the chains. The combination the bending and torsional potential aAtl= 5 fs for nonbonded
of these moves along with other simpler moves, such as reptationinteractions. The overall simulation time was 3 ns. This
and flip moves, makes possible the relaxation of important simulation time was found sufficient to equilibrate the volume

structural quantities, such as the end-to-end distance and theyf the simulation box and hence to calculate the density of the
radius of gyration. melt.

Finally, hierarchical approaches must be adopted in orderto 5 3. Generation of the Initial Structures. The generation
overcome the long length and time equilibration scales in of the injtial structures at a given density is performed using a
polymer systems. Atomistic simulations can be used to derive 1, qified recoil growth algorithm with periodic boundary
input fo_r mesoscopic approaches in order to calculate physical ;onditions2”-28 The procedure is sketched in Scheme 1. Consider
properties governed by broad length and time scales. a system consisting ®c, chains, each containingmonomers

First of all, in this paper, the melt density is calculated as a andb butyl branches. In the present implementation, chains are
function of the branch content by NPT MD simulations. placed and built sequentially. The key point in the growing of
Subsequently, we investigate the performance of connectivity- chains is to generate structures with prescribed bending and
altering MC moves in the equilibration of short chain branched torsion angle distributions. In order to accomplish this, the
polymers. Polymer dimensions as a function of the branch gigorithm uses an effective sizesef) parameter for the
content are calculated using MC simulations. Next, a hierarchical nonbonded interactions. Thes is calculated following the
approach is used, which maps the atomistic simulation resultsmethod of Curco and Alefme8 in which oef is set equal to
onto the packing length model. Predictions from the hierarchical the “real” ¢ times a scaling factat < 1. Thus, the generated

approach are discussed in the light of experimental evidencestructures have some nonbonded overlap between monomers

on rheological properties available in the literature. with a “correct” distribution of bend and torsion angles.
. . Subsequently, the overlapped structure is easily relaxed using
2. Simulation Methods and Molecular System a small number of MC steps (3610° MC steps). In order to

In the present work, short chain branched (SCB) polyethyl- ensure a better efficiency in branched systems, two different
enes as a model of ethylenedlefin copolymers were simulated. ~ values are defined, one for backbone atovg) (and another
The average length in the backbone wagggfor all models. for branch atomsir < Apy).?® Values of ipp = 0.650, b =
Six models were simulated, containing different amounts of 0.550 were used throughout this work. The overlap condition
branches (0, 19, 46, 55, 100, and 115 branches/1000 C), placeds based on the evaluation of the distance between the sites
randomly along the backbone. The branch length was four already placedj) in the box and the current ator).(If the
carbon atoms (§). An equal probability of head-to-head and distance between thendj sites is smaller than 0.8 +0er;),
head-to-tail comonomer additions is assumed during ethylene/the new position is labeled as nonfeasible.
1-hexene copolymerization leading to formation of the chains.  The first monomer is randomly placed in the simulation box.
The number of chains in the primary simulation box was 20. After that the second and third monomers are placed using
In all simulations, temperature and pressure were 450 K and 1random Euler angles, taking into account the geometric con-
atm, respectively. straints imposed by the fixed bond length between two adjacent

2.1. Molecular Model. A united atom model with methyl  monomers and the bending potential between triplets of linked
(—CHjs), methylene £ CH,—) and methyne CH—) groups monomers. If overlap is found, the three atoms are removed
represented as individual interaction sites is used in this work. and rebuilt starting from a different point in the simulation box.
Nonbonded interactions are modeled by a62 ennard-Jones  The process described above is repeated until the position of
potential. Attractive tail-corrections are taken into account the three atoms is accepted. Once the three first atoms for the
through direct integratio?f. The bending potential is represented current chain have been placed in the simulation box, the next
by a harmonic form, while the torsional potential is modeled atom in the current chain is built by generatirg trial
through a four-term cosine Fourier expansion. Adjacent sites orientations K = 8 in this work) for the bond, connecting it to
along the chain are kept at a fixed distance of 1.54 A. All the already built part of the chain according to the imposed
parameters used in this work are taken from the TraPPE forcebending and torsional potentials. Then, the algorithm checks
field.2! This force field has been applied successfully to calculate the viability of each of the trials by looking for overlaps with
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Scheme 1. Schematic Representation of
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the Generation of the Initial Structures
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atoms already placed in the simulation box. The weight for each
feasible trial is given by

exp(_ﬂEi torsion ﬂEi ,ben()
Z eXp(_ﬂEj,torsion - ﬂEj,ben()

1)

whereE; (orsioniS the torsional energy of thh trial for the new
monomer ang’ is 1/(ksT). Subsequently, one of the feasible
trials is chosen according to the above weights. If overlap is
found for all k trials at monomet (“blind-alley” condition),

then the algorithm goes back to rebuild a segment of the chain

(I-=m monomers). The length of this segment is given by the
value of the parameten, which initially is zero. The value of
m increases by one whenever a “blind-alley” condition is
detected; at the same time, the monoinsmarked. Eventually,

at the moment that the chain reaches the marked monomer agairs M4

the parametem is reset to zero. Branch atoms are placed as

Scheme 2. Schematic Representation of the Branch
Configurational Bias Monte Carlo Move (br-CBMC)
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for both Ag and As. Unless noted otherwise, all Monte Carlo
lations consisted of runs of 6060 10° MC steps.
Monomer flip and branch point moves have been performed

! . bad i i 30
soon as they are encountered during the chain growth process2S they have been described in the literaifé.*°However,

This procedure is repeated until all chains are situated in the

the rest of the moves need some clarification when used in

simulation box. Subsequently, the overlapped structure is relaxed®N@ins containing short chain branches (please see below).

through 16—10° MC steps using the full potential.

2.4. Monte Carlo Simulations. A mix of reptation (5%),
monomer flip (5%), SCB concerted rotation (15%), SCB end-
bridge (50%), branch point move (10%), branch configurational
bias (3%), and end configurational bias (12%) Monte Carlo
moves were used for the equilibration of polymer chains. The
semi-grand-canonical constant pressure enserolBT.*) was
used, which keeps the number of chaihg, (the number of
monomers 1f), the temperatureT], and a profile of relative
chemical potentialsu*) constant!® The microstructure of the
SCB polymers was controlled using two uniform distributions,

The starting point for the derivation of the acceptance criterion
of a Monte Carlo move is the microscopic detailed balance
condition?” The transition from an old stat®)(to a new state
(n), provided all chain species involved in both states are
feasible, can be written as

a(n—a

)
‘a(o—n)

whereo(o—n) denotes the probability to attempt a move to the
new statef) from the old stated), whereasx(n—o0) gives the

acqo—n) =min|1

exp=A(Ug — Ug)l| (2)

one for the number of branches in each chain and another forprobability of attempt for the reverse transitighs= (1/kgT) is
the number of carbon atoms between two consecutive brancheghe inverse thermal energy; a n; and ut(g; are the unbiased
(spacer atoms) within a chain. The number of branches in anytotal potential energy of the new and old states, respectively.

chain is in the rangeB(1 — Ag),B(1 + Ag)], whereB is the
average number of branches per chain Apdjives the reduced
half-width of the distribution. A similar expression is used for
the number of carbons between branches (spacer atof(); [
— A9, Y1+ Ag)], whereSis the mean number of mers between
two branches in the chain ang gives, again, the reduced half-
width of the distribution. A value of 0.5 was used in this work

The key step in order to get an acceptance criterion is to design
analytical expressions for the probabilities.

Reptation Move. This has been implemented as follows. A
terminal backbone site of a randomly selected chain is cut off
and appended to the other end with a randomly chosen torsion
angle. In order to preserve the number of branches during this
move, the number of spacer atoms between each end of the
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chain and the branch point closest to this end is checked. If Scheme 3. Schematic Representation of the End
either number of spacer atoms is smaller tigh — Ag) or Configurational Bias Monte Carlo Move (E-CBMC)
greater thar§(1 + Ag), the move is rejected.

Branch Configurational Bias Monte Carlo (br-CBMC).

1
This move allows equilibrating branches along the backbone rii 203872
polymer chain. The br-CBMC move consists of a combination e
of branch point rebuild (bp) for the first mer in the branch and 1

configurational bias regrowth (br-CB) for the remainirig—(
1) monomers in the branch (see Scheme 2). Thus, the probability scheme 4. Schematic Representation of the Concerted Rotation

selection ratio may be written as Move for SCB Polymers (SCB-Conrot)
[ %0 o
aP(n—0) ]_| o' (n—o) 0
a(n—»o) =" ke 29,4 5 . sl
= 3) 3
o(o—n) ) ' ) Or
a®(0—n) l_| a;'(0—n)
I"=2 4.b
P 0
The bp monomer is rebuilt through a generatiorkdfials 1
for the O,p,1and6Oy, 2 bending angles (see Scheme 2). Afterward, Q45
the nonbonded energy is calculated for each trial. The probability 8
ratio for the configuration selection is given by Or
o™P(n—0) W, " exp(—fV,,(0)) 4.d

4)
o*’(0—n) bp ° expAVy() . . o
whereJy, denotes an appropriate Jacobian taking into account

whereVy, is the bias potential used in the move, which can be the change between Cartesian and constraint coordinate systems
written as used in the branch point construction. The analytical expression

X g for this Jacobiardy,, has been given &5
Vo= 3 VM) + V) ()
p=12 B b?Sin @pp,2) SN Opp.)
[1 — cos(6,) — coS(6,, ) — COS (O, ) +

2 cosp,) cos@yy,) CoSOy, 1™

(11)

o J
Wsp denotes the Rosenbluth weiditgiven by bp

k
Wop= 5 expE=AV ()] [ expEBY™ 615001 (6)

p=1.2 whereb and 6, stand for the bond length between atoms 2 and

Each of the remaining — 1 segments in the branch is 4 and the bond angle formed by atoms 1, 2, and 3, respectively

reconstructed by selection of a bending angle according to the (Scheme 2).
Boltzmann factor of the bending potential. Subsequektfsial The termVe™(gy,... 1) = V" (¢pr) includes all torsional
directions for the added bond are randomly generated andenergies for thel added segments, which have not been
nonbonded energies are calculated for each one. In this caseincorporated in the bias selection.
the probability ratio for the configuration selection is given by ~ End Configurational Bias Monte Carlo (E-CBMC). The
configuration of the chain ends is altered using this move. A
o (n—0) b eXppBVy,(0) chain end is randomly chosen, and thiépackbone mers from
= : ’ (7) the chain end are rebuilt using a configurational bias strategy.
If a branch point is found during the chain regrowing, the branch
and backbone mers are rebuilt one by one, in alternating fashion,
using the same CB method. If a branch is found during this
_\/ben J process, the reconstruction of the branch mers proceeds as
Vo = V00 + V1) ®) described above in connection with br-CBMC. The algorithm
k is sketched in Scheme 3. The acceptance criterion for the CB
Wy, = Z expl—AVe Oy i) — AV (o)l (9) move is available in the literatufg.

K=1 Concerted Rotation Moves for SCB Polymers (SCB-
CONROT). The concerted rotation move (CONROT) consists
in the reconstruction of a randomly chosen internal sequence
of mers along a chain by solving numericaflyr analytically?
the rebridging problem. However, in the case of SCB polymer
chains, lateral branches have to be appropriately displaced in
order to preserve the architecture of the polymer. Thus, the

o (0—n) - b €XPVy(N))

whereVy,, andW,, are given by

The acceptance criterion for the- BEBMC move is obtained
by application of the detailed balance condition as

acd “BMC(o—n) =

[
n n n orn
JopWop (l_!w’) exp[-pV' (@141 implementation of the CONROT move for SCB polymers is as
min| 1, = (10) follows (Scheme 4): (i) A monomer is randomly chosen and
I the bridge trimer segment is defined (Scheme 4.a). (ii) ghe
bWop ( I_!V\/b‘ﬁ,o) exp[—BV"(¢y,...)] andgr dihedrals are rotated, causing the monomers 1 and 5 to
I'= move. These rotations break the connectivity between 1 and 2
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Scheme 5. Schematic Representation of the End Bridge Move for SCB Polymers (SCB-EB)
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atom
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and 4 and 5 bonds. Reconstruction of bridge atoms (2, 3, andlocation—of branches, until it takes part in a successful SCB-
4) by solving the bridging problem analytically is accomplished EB move. The acceptance for this move is given, after the
(Scheme 4b). (iii) If there is a branch attached to any bridge detailed balance condition is applied, by
atom, this is rebuilt from the new bridge configuration using
the br:-CBl\r/I]C move described above (Scheme 4, parts ¢ andaCCSCB—EB(O_. n) =

. Then, t tan riterion can be written
d). Then, the acceptance criterion can be en as V\ﬁ)"gr’w”.]ggexp(—ﬂVu'"(rbg))Ngg

onro! — min 1’ orn—o 10 0 n
acc“BComo(g — \r/1\),t = o a3 EXPEBVI(r b ))NG,
min 1, bg Jbg exp(—ﬁ (rbg)) X Jgp“ “bp Wn eXplﬂvtoryn((pbr)]
Wor,n—»oJo ex (—IBVLJ'O(I' ) 0 o oro (16)
bg  Jog EXP bg) ToWop W, expBV " (¢y)]

‘]gp“ “bp n\A/t;rn explﬂvtorvn((pbr)] ( )
0 N0 oro where Npg denotes the number of candidate victims for the
prEFT b expIBV ()] attacking ent? and all other symbols have been explained above.

where bg, bp, and br labels stand for bridge atoms, first atom

in the branch (branch point rebuilt), and branch atoms, 3. Results and Discussion

respectively. The Jacobialyy can be expressed#s 3.1. Density of the Copolymers as a Function of the SCB
Content. NPT molecular dynamics (MD) simulations were
Us'€; performed to calculate the density of the polymer melt as a
Jog = ‘F(B) (13) function of SCB content at 450 K and 0.1 MPa. As can be seen
in Figure 1, the melt density slightly increases with the SCB
whereB is the matrix defined in ref 18: content. However, only differences around 0.05 d/came

observed between the linear and the most branched polymer.
The density obtained by our Monte Carlo simulations is within

(UpxTs) (U xTe) (UsxTs) (UgxTsy) O simulation error of the MD results. Furthermore, simulated
(u; x Ugley (Up x Ugley (Us x Ug)ey (Uy X Ug)€y (Us X Ug)e; densities agree well with available experimental &atethin
(uy x Ugle, (U, x Ugle, (Us X Ugle, (Uy X Ug)e, (Us X Ug)€, an error smaller than 1%.

(14) 3.2. Testing of Equilibration Methods in SCB Polymers.

First of all, the CPU time required to run 30 million attempted
with u; to us being unit vectors along the six bonds of the MOVes is shown in Figure 2. The CPU time increases for the

heptamerr; being the vector from atorinto atomj in the local branched systems with respect to linear ones, mainly due to
numbering scheme used for the bridging construction, @nd the introduction of additional elementary moves to equilibrate

to e; being the unit vectors of the global Cartesian coordinate Pranches, such as br-CBMC and branch point moves, which
system. are computationally expensive. On the other hand, the number

of branches in the system does not affect the CPU time so much.
The efficiency of the MC simulations in equilibrating long length
scales for the SCB systems can be evaluated by examining the
mean-square displacement of the chain center of mass (MSD
or _ _o\ors COM) and the end-to-end autocorrelation vector. As a prelude
Whg Z XAV (8] (19) to this, we discuss the acceptance ratios for MC moves, which
are given in Table 1. All MC moves present significant
where indexi runs over all solutions of the bridging prob- acceptance ratios except SCB-EB and BP moves, which exhibit
lem 18.22,23,32 acceptances lower than 0.2%. The acceptance ratio for flip,
End Bridging Moves for SCB Polymers (SCB-EB).Similar SCB—CONROT and SCB-EB moves decreases notably with
to the above move, this move has three stages, as drawn inthe number of branches in the polymer chain, since they also
Scheme 5. The attacking atom is always a terminal backboneinvolve a rearrangement of the branch atoms, as pointed out
atom and the victim atom is always an unbranched backboneabove. The mean-square displacements of the chain centers of
atom. After the move is performed, the attacking atom becomesmass (MSD-COM) are shown in Figure 3. This measure
an unbranched backbone atom, and this enables microscopiaeflects the rate of generation of new chain configurations in
reversibility. Each chain has a fixed numbers opposed to  terms of an effective chain motiéAThe MSD-COM decreases

vvg’g' is a statistical weight associated with the torsional
potential bias introduced in the bridge construction, being given

by
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Figure 1. Melt density as a function of the short branch content at Figure 4. Autocorrelation function for the chain end-to-end vector
450 K and 1latm from MD simulation. Experimental data for metal- With the number of MC steps for all SCB melt systems.
locene polymers are obtained from the Fle@rwoll—Vrij equation

of state in ref 33. Table 2. Plateau Value for[R?(n)In and Characteristic Ratio C, =
(IR?(n)In)piarea/lo® @s a Function of the Branch Content
200 Lnear ‘ ' P av. no. of myp plateau
19 branches 5//' branches (g/mol) R(n)/n (A2 Coo(sim) Co(expyf
160 - 46 branches ,,{é{'( r 0 14.0 20.0 8.4 7.4
o 55 branches G ’ ' ’ ;
S T 00 branches G 19 15.1 19.0 8.0 7.1
=120 _._._._. 115 branches g7 L 46 16.6 18.3 7.7 6.9
° /.-’ ’ 55 17.1 17.9 7.5 6.8
£ 80 | 1 100 19.6 17.0 7.2 6.6
3 115 20.5 17.3 7.3 6.5
o
40 1 | a|q stands for the bond length which in this work has a value of 1.54 A
b Molar mass per backbone bordThis value has been calculated taking
into account the empirical relationship betwearandC., (C., = 16.1m, 030
0 ‘ ‘ ‘ ‘ y for 14 g/mol < m, < 28 g/mol) proposed in reference 8.
0 5 10 15 20 25 30

MC step / 10° Table 3. Relative Populations of Gauche and Trans States as

. ) . . Function of the Number of Branches

Figure 2. CPU time required as a function of the number of branches

to run 30 million Monte Carlo attempted moves. All CPU times are  av. no. of branches gauch¢) trans (%) gauche(%)
on a dual Xeon single processor system at 3.0 GHz and 2.0 Gb of

0 17.0 66.0 17.0
RAM memory. 19 17.6 65.0 17.4
500 ) ‘ ‘ ) 46 17.9 64.2 17.9
Linear 55 17.9 64.2 17.9
& 100 18.5 63.1 18.4
oL 19 branches
= 400 - 115 18.6 62.7 18.7
3 . gg Er:nc:es
= —————— ranches )
~ 300 ] ———~- 100 branches e of steps needed for the end-to-end dlstan_ce of the polym_er to
5 115 branches A become equal to the MSBCOM 22 For a linear system this
E 200 - ] number of steps needed is 3<31(F; for 19 branches per 1000
°.‘ et o skeletal carbon atoms, it is 116 10, for 46 branches, it is
S0l | 19.9x 105 for 55 branches, it is 21.8 10; for 100 branches,
S oo emET === T it is 47.4 x 105; and for 115 branches, it is 518 10°. The
R , , , average effective displacement of the chains after 5000°
0 100 200 300 400 500 MC steps is in the range 66@35 A, depending on the branch
MC Step / 10° content. For comparison, the root mean squared chain end-to-
Figure 3. Center of mass mean squared displacement as a function ofend distances are on the order of +429 A and the average
the MC step for each SCB polymer. radii of gyration are 5853 A, depending on the degree of
Table 1. Percent Acceptance of MC Moves for SCB Polymer Melts br?nChmgl t(_5eef Ta?.le 4f ?helow)it On tthed. Othterd hland’ t:]he
as a Function of the Number of Branches at 450 K and latm autocorrelauon tunction o € unit vector |_rec ed a _ong_ e
. SCB end-to-end vector for each SCB melt system is shown in Figure
av. no. o . . .
branches rep flip CONROT SCB-EB BP CBSCB CB-END 4. As can be seen, the autocor.relatlon functions decay rapidly
for all samples. After a determinate number of steps its value
0 207 771 8.3 0.17 26.7 drops to zero, which is a measure of how fast the system forgets
19 197 701 7.7 0.10 005 140 26.4 . > R
46 186 620 66 007 005 138 26.4 the long-range conformational characteristics of its initial
55  18.2 59.6 6.2 0.07 0.06 138 26.4 configuration and, therefore, provides another measure of the
100  16.0 49.5 4.5 0.03 0.09 137 26.4 effectiveness of the simulation method in equilibrating the chain
115 16.0 466 3.8 0.03 009 1338 26.6

conformations. It can be noted that the decay slows down as
the number of branches increases. This happens because an
significantly as the number of branches increases in the meltabundance of branches in the polymer reduces the success rate
polymer, showing a slow diffusion of the branched chains. This of the end-bridge move. After (86100) x 10° MC steps,
result is expected, as, when the number of branches increasedhowever, all systems are well equilibrated. Thus, the combina-
the acceptance of the EB move drops considerably. To quantify tion of MC moves proposed here works well with short chain
the rate of equilibration of the melt, one can count the number branched polymers. This is a clear advantage of the connectivity-
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backbone bonds decreases as the number of branches increases;
T at the same time, both gauchand gauche states increase.
= On the other hand, Figure 6b represents the branch dihedral
gm ] angle distributions for SCB polymers. This figure indicates that
£ the branches are very rich in the trans conformational state and
G that the distribution of branch torsion angles is not significantly
[ Y A 19 branches affected by the frequency of branches along the backbone.
T o branches 3.4. Molecular Weight, Branch Number, and Interbranch
— ——- 100 branches Length Distributions. The linear melt polymer was controlled
I 115 branches by imposing a uniform molecular weight distributiGhHow-
1 10 100 1000 ever, the architecture of the ethylene/l-hexene copolymer
n models was controlled by imposing two uniform distributions,
Figure 5. Equilibration of mean square internal distances for linear ON€ for the number of branches per chain and another one for
and short chain branched polymers. the number of spacer atoms between two consecutive branches.

For example, parts a and b of Figure 7 represent the simulated
altering MC method in comparison with conventional MD intermolecular and intramolecular branch distributions for the
simulations, which are severely limited by the slow equilibration copolymer with 46 branches. All values have the same prob-
of these large-scale configurational features. ability (within the statistical uncertainty), and simulation results

The mean-square internal distances between skeletal segmentd'e very close to the ideal uniform distributions. Thus, the
along the chains are studied in Figure 5. This function €lementary MC moves utilized result in uniform sampling of
characterizes the equilibration of chain conformations at short Poth the number of branches per chain and the number of mers
and intermediate scales. A number of skeletal subchain lengthsP&tween consecutive branches. The probability distribution of
n, ranging from 1 to 1000 bonds, are consider@d(n)Lis the the number of mers of the polymer chain is shown in Figure
mean squared end-to-end distance over all subchains of length/C- The number of mers in each chain is steered by both branch
nin the melt. For well-equilibrated chaingR2(n)n increases d_|str|bu_t|ons, therefore is not directly imposed during the
monotonically and hyperbolically with the subchain length (  Simulation.
and asymptotically reaches a plateau vafughis clearly 3.5. End to End Distances and Radii of Gyration.The
happens in our simulations. The characteristic ratio of the mean square end to end distanéB&Jand radii of gyration
subchains increases in the range of In < 30, however for [R,?Cduring the simulation are shown for all copolymers in
larger subchain lengths (in the range 30) it reaches a plateau  Figure 8. After an initial equilibration period, both average end-
value, which is characteristic of the nature of the chain to-end and radius of gyration distances reach constant values.
microstructure of the various copolymers. The plateau value |n Table 4, the values GR2[) [R,2Cand RITR 2 are collected
provides a measure of the conformational stiffness of the chain. as functions of the branch content in the copolymer. For all
As seen in Table 2, the stiffness decreases as the number othain lengths and numbers of branches studied here, the random-
branches increases. This tendency is in good agreement withcoil relation [R20= 6[R,2Jis an excellent approximation for
rotational isomeric state calculations (RIS) and empirical results the equilibrium values ofRCand [R,2(] In addition, the chain
for similar copolymers, which relate the characteristic ratio of dimension decreases as the number of branches increases, except
molten polyolefins with the probability of occurrence of the for the two most branched polymers, which seem to reach a
comonomer units in the chain microstructlaad the molecular plateau value, as shown in Figure 9 f&,?CJas a function of
weight per backbone bondv),® respectively. The larger values  the number of branches. This plateau value is not evidenced in
for our simulated characteristic ratios in comparison with the [R?(results, most likely because there are larger statistical
experimental ones is likely attributable to the torsional potential yncertainties in the calculation of end to end distances. A
used by the TraPPE force field throughout the simulatidns. comparison between the simulated and experimental chain

3.3. Conformational Properties. Figure 6a shows the dimensions is presented in Figure 10, wheRg?lIM is plotted
distribution of backbone dihedral (torsion) angles for all as a function of the average molecular weight per backbone
simulations. The corresponding populations of trans and gauchebond for both the present simulations and the SANS (small-
states, obtained as integrals of the distributions over the intervalsangle neutron scattering) data for ethyleriebutene copoly-
between their minima, are given in Table 3. From these results, mers® Although there are slight deviations, the two sets of data
it is evident that the trans conformation population on the show a similar trend with branch content.

0.025 - . - . — 0.025
Linear [ s 19 branches

~ 19 branches —_ ) mem——— 46 branches
™ 0.020 46 branches | ", 0.020 ————— 55 branches [
§ 55 branches 3 — = 100 brancheg
= 100 branches =~ 0} i==—— 115 branches
= 0.015 4 115 branches| % 0.015 +
c =
o) o
=] (=]
2 0.010 2 0.010 1
o o
8 2
S 0.005 - © 0.005 1
a o

0.000 " T r T " 0.000 " T T x .

0 60 120 180 240 300 360 0 60 120 180 240 300 360
BackBone torsion angles (degrees) Branch torsion angles (degrees)

Figure 6. (a) Distribution of backbone torsion angles and (b) distribution of branch torsion angles for molten polymers of 1000 skeletal C atoms
containing 0, 19, 46, 55, 100, and 115 &anches.
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Figure 7. Probability distributions related to the microstructure of the copolymer containing 46 butyl branches. (a) Probability distribution of the
number of branches of each polymer chain. The average number of branches is 46 and the minimum and maximum number of branches allowed
is 23 and 69, respectively. (b) Probability distribution of the number of carbons between two consecutive branches. The average number of spacer
atoms is 20 and the minimum and maximum number of spacer atoms is 10 and 30, respectively. (c) Probability distribution of the total number of
monomers per chain. The lines correspond to the theoretically expected distributions.
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Figure 8. Average of the mean-square (a) end-to-end distaRéiéand (b) radius of gyratiofiR;?of the linear and SCB polymer melts.
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Figure 9. Mean square radius of gyration as a function of the number Figure 10. Calculated ratioRsIM for all model copolymers (full
of branches in the polymer system. circles) and experimenta@R2[IM for ethylene-1-butene copolymers as
a function of the average molecular weight per backbone bogy (

Experimental values are taken from ref 8.

It is an interesting question whether helical conformations which chain dimensions start rising again with branching. These
develop at high branch contents, as predicted by single-chainquestions are left for future simulation studies.
rotational isomeric state theoretical calculations; also, whether 3.6. Local Packing. The local chain packing is used to
a minimum in[R?Cand (Ry?Cwith respect tam, exists, beyond characterize the order between different chains in the melt. This
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1.0 . . . - - - Table 5. Interchain Spacing Distance, Defined as the Position of the
A z Maximum of the First Peak of the Intermolecular Pair Distribution
08 | Function giner(r) as a Function of Degree of Branching
av. no. of branches Fmax(A)
0.6 H 0 5.35
€ 02 19 5.50
2 o 00 46 5.55
41 u *Linear I 55 5.60
--------------- 19 branches 100 5.69
021 | == 46 branches | 115 5.78
’ ————— 55 branches
— ——~- 100 branches Table 6. Packing Length as a Function of the Chain Architecture
0.0 . . . ———= 115 branches |
0 6 12 18 24 36 42 av. no. of branches m, (g/mol) Ir (A) p(A)
r(A) 0 14.0 9.1 1.52
Figure 11. Intermolecular radial pair distribution functions for 19 151 10.3 1.72
copolymers with varying branch content. The regior®BA is 46 16.6 11.8 1.97
magnified in the inset. 55 171 123 2.05
100 19.6 14.8 2.47
Table 4. Dependence of the Mean Square End-to-End Distances and 115 20.5 15.3 2.55
Radii of Gyration on the Number of Branches in the Polymer Chain
av. no. of branches RIA?) RZTA?) (RIRZ] length is a constant characteristic of the chemical structure of
5 198052 50 32995 6 5005 0.03 the polymer, since botWec. and R20(by virtue of Flory's
19 18795+ 102 3108t 14 6.04L 0.06 random coil hypothesis) are proportionalNb
46 18696+ 58 3007+ 6 6.224+ 0.03 The packing Iength can be related to the characteristic ratio
55 17602+ 162 29224 25 6.024+0.11 C., which is given by
100 16756+ 68 2791+ 17 6.00+ 0.06
115 17596+ 205 2787+ 21 6.31+ 0.12 [RZL_ImD m,
. . s . C,= = 19
can be described by the intermolecular pair distribution function, M2 112N (19)
0 plo PNa

which quantifies changes in the local density of monomers
belonging to different chains around a reference mer relative wheremy is the molar mass of a monomer repeat unit kyid

to the bulk density as a function of distance. Plotted in Figure ine skeletal bond length (1.54 A throughout this work). The

11 are the intermolecular pair distribution functions of the yeafinition of m, may be problematic for random copolymers.
various branched polymers. The height of the nearest-neighbor|, those copolymersm, is taken as the average molar mass

peak is clearly affected by the degree of branching, indicating per hondm, in order to take into account the chemical structure
a less effective packing of chains as the number of branchesys ine chain. Empirically, a correlation between the packing
in_creases. In addition, a shift to the right in the p(_aak position length ancm, has been reported, and it will be discussed beélow.

with branch content is observed and shown in Table 5. Taking into account these relations, we mapped the equili-

Furthermore, one can observe a clear “correlation hole effect,” p aieq MC trajectories onto the packing length model. The
Gine(r) being suppressed, relative to 1, over distances com-yegyits are shown in Table 6, and a comparison with experi-

mensurate with the chain radius of gyration. The exclusion of yenta| dathis plotted in Figure 12. First at all, the value lgf
segments coming from other chains at distances :;horter tharsor the linear PE polymer can be used as a reference value.
Ry becomes stronger as the number of branches increases. l{pq I, calculated by direct mapping between Monte Carlo

has to be noted that, while not shown in Figure Gikedr) ~ simulations and the packing length model (9.1 A) is close to

1 (universal behavior of a monatomic fluid) at distances larger those obtained using topological analysis of linear polyethylene

than the radius of gyration of the polymer chains. melts by using an entanglement network of primitive paths
3.7. Mapping of Atomistic Simulation Results on the g 5_g g Aj®%6 and it is somewhat underestimated with respect

Packing Length Model. The packing length model links the {5 the experimental value reported by Lohse (10.2 &n the

size of polymer coils to the degree to which they entangle and, giper hand, the packing length increases as the number of

therefore, to their rheological behavior in the melt. The packing pranches (or equivalently as the, parameter) increases.

length is defined as the occupied volume (i.e., volume per gxperimentally, it has been empirically found that packing
polymer molecule) divided by the mean square end-to-end lengthl, is related tom, as

distance (squared chain size, proportional to ¥eower of

the pervaded volume) of a ch&if:1 l, A) = 0.33‘n01‘29 (experimentalT = 463 K) (20)

V,
—Yocc_ M 17) The agreement between experimental and simulation data is
R0 EIRZDbNA quite good, as can be seen in Figure 12. Furthermore, simulated
. fits to a power law expression, in the rangemaf considered
or equivalently, here, are very close to experimental ones (compare egs 20 and
21):
| = Vocc _ M/pNA (18)
RO RO I, (&) =0.27m,*** (simulation,T = 450K) ~ (21)
whereM is the molar mass of the polymerjs the melt density A physical model for these relations has not been published
andN, is Avogadro’s number. ASR(= 6[R2[] clearlyl, = yet. However, based on the Monte Carlo simulations discussed

6p. Here we have adopted the usd b facilitate a comparison ~ above, we can hypothesize that the increase of packing length
with experimental measurements. Remarkably, the packingis related to the exclusion of segments of chains from a reference
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28 ® Simulated packing length
v Experimental packing length ( ref 8)
24 e Fitting to simulated data
(A =0.27 , B= 1.34, regr =0.995 )
—— Fitting to experimental data

20 (A=0.33, B =1.29, regr =0.906 ) g~
- I,=A*m,8 “H
< 16 g

24

Figure 12. Packing length vs average molar mass per bond. Circles
are calculated by mapping atomistic Monte Carlo trajectories on the
packing length model and triangles are experimental values from ref
8. Solid and dotted lines correspond to the best fit to experimental and
simulated values, respectively.
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Figure 13. Simulated (filled circles) and experimental (open circles)
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Finally, the increase iM. with the degree of branching in

the copolymers is in accordance with the intermolecular pair-
distribution function discussed above. The local packing between
chains is less effective when small branches are present, and
therefore the number of entanglements decreases (or, equiva-
lently, Me increases). This qualitative picture is in agreement
with the experimental observations for metallocene ethylene/
1-hexene copolymers.

4. Conclusions

In this work, a study of random ethyleeplefin copolymers
in the melt state using Monte Carlo methods has been presented.
A combination of Monte Carlo moves has been used. In order
to take into account the short branches present along the
backbones of polymer chains, some modifications of basic
moves, such as concerted rotation and end-bridging, were
needed. The SCBConrot (SCB-EB) move has been imple-
mented as a combination of single concerted rotation (single
end-bridging) move on the backbone atoms and subsequent
regrowth of the short branch on the same atom using a
configurational bias strategy. Furthermore, a branch point move
based on the configurational bias technique (br-CBMC) has been
implemented in order to relax the structure and the distribution
of branches along the chains of the molten polymer. The
combination of these Monte Carlo moves has been shown to
equilibrate copolymer melts of high molecular weight. Although
the relaxation of polymer chains is less effective as the number
of branches increases, after -8000 million MC steps all
systems are well equilibrated at all length scales.

The distribution of trans/gauche bonds is altered by the

entanglement molar mass as a function of the average molar mass pepresence of branches along the backbone. As the number of
bond. Solid line corresponds to the best fit to experimental values from pranches increases, the population of the trans conformation
ref 8. decreases for skeletal bonds. As a consequence, the size of the
chain, as was discussed above in terms of the intermolecularPolymer chains decreases with the number of branches, reaching
pair-distribution function, and to changes in the size of chains @ Plateau for the most branched systems examined here. Local

in the melt as a function of the number of branches.
Rheological properties, such as entanglement molar ivags (

are related through the packing modtlThus, it has been

established thaM, is proportional topl,%, where the propor-

packing in the melt is also affected by branching, showing a
stronger correlation hole effect and a larger effective diameter
for more branched chains. The most branched systems are
locally denser than the less branched ones, making an efficient

tionality constant is independent of the temperature and polymerpPacking of chains in the melt more difficult. In general, as

architecture:

M, = 1.98N,0l ? (22)

Thus, in Figure 13, th#le calculated from simulation values
of p andl, via eq 22 and some experimental data for flexible
polymers$ are plotted. The experimental and simulated values
agree qualitatively. However, the simulatédde is slightly

branching increases, other chains are excluded more strongly
from the surroundings of a particular chain.

Finally, a mapping of the atomistic MC results on the packing
length model has been performed. The packing lehgtand
hence the molar mass between entanglemdatshich can be
correlated with it, increases with the number of branches. This
result is in good agreement with experimental results obtained

underestimated in comparison with the experimental and other 0 Polyolefins with different architectures and metallocene

theoretical results. Again, we can use the value of the linear
polyethylene as a reference. ExperimentaMy values from
0.86 to 1.85 kg/mol have been reporfed:3738.3These values
were obtained from rheological experiments taking into account
the relationMe = KpRT/G\®, whereGy° is the plateau modulus
andK is a factor equal to3:3%or 4/581537Direct mapping via

eq 19 yields a value of 0.71 kg/mol. At first glance, the
guantitative differences between experimental and simuldted
could be attributable to the torsional potential used here. Small
deviations inl, (or, equivalentlyC.) lead to considerable errors

in Me, which depends on the third power lgf Karayiannis et
al*% have reported a simulation value 6f, = 8.0 using an

ethylene/1-hexene copolymers.
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