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Abstract

A Monte Carlo simulation formalism proposed recently [Peristeras et al. Macromolecules 2007;40:2904—14] is applied here to linear—tri-arm
polyethylene blends using atomistic models. Elementary Monte Carlo moves for long chain and branched molecules are used and shown to result in
efficient relaxation of long chains. The effect of chain and arm molecular weight and of temperature on the structure and thermodynamic properties
of blends is examined. Chemical potential versus composition diagrams are drawn in order to assess the non-ideality of mixing that may lead to
phase separation. All of the blends examined are shown to be fully miscible. The microscopic blend structure is examined by calculating the radial
distribution function. Finally, the radii of gyration of linear and branched chains are calculated and scaling exponents are evaluated.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The study of polyolefin blends is an important and still very
challenging problem both scientifically and technologically.
Over the last 20 years, numerous studies focused on the eluci-
dation of microscopic structure and the evaluation of macro-
scopic physical, thermal, mechanical and other properties. A
critical parameter in all cases is the miscibility of the polymers
that form the blend. A wide range of experimental methods
including small-angle neutron scattering [1—11], light scatter-
ing [12], transmission electron microscopy [13,14], differen-
tial scanning calorimetry [13,14], solid-state NMR [15—17],
atomic force microscopy [18] and PVT data analysis [19,20]
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have been used in order to quantify the effect of composition
and macromolecular architecture on blend’s miscibility. Pres-
sure was also shown to have a considerable effect on the
miscibility [19,21].

Theoretical models including Lattice Cluster Theory [22—
24] and other lattice equations of state [25—29] have been
developed for the description of polyolefin blend’s thermo-
dynamic properties and phase behavior as a function of tem-
perature and pressure. At the same time, integral equation
theories [30—32] and field theories [33,34] have been used
to identify the enthalpic and the entropic effects on polyolefin
blend’s phase behavior. Molecular simulation is a powerful
tool for the elucidation of microscopic structure and prediction
of macroscopic polymer properties. In this respect, it has been
used for the detailed study of polyolefin blends. In most cases,
relatively simple or coarse-grained model systems [35,36]
have been employed that maintain the basic chain characteris-
tics. Both Molecular Dynamics (MD) [37—40] and Monte
Carlo (MC) [35,36,41—44] simulations have been reported
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and compared to integral equation theories. In most cases,
good agreement between theory and simulation was obtained.

Molecular simulation with a detailed atomistic represen-
tation of macromolecular architecture and explicit account
for all intra- and intermolecular interactions is a much more
computing time intensive approach. Nevertheless, the realistic
representation of polymer molecules makes possible the direct
comparison of simulation results with experimental data and,
even more important, the interpretation of ambiguous experi-
mental data.

Recently, a semi-grand [NnPTp*] statistical ensemble
formalism was proposed for blends of linear and branched
molecules [45]. In this formalism, the chemical potential
difference, Au*, between the two components is specified
and the blend composition is calculated. Systematic variation
of Au* results in different blend compositions, from pure
linear polymer to pure branched polymer. A monotonic varia-
tion of Au* with composition indicates a fully stable (misci-
ble) system, otherwise the system is unstable (or partially
miscible).

The new [NnPTpu*] formalism is applied here to a number
of linear—tri-arm polyethylene blends in order to assess the
effect of polymer molecular weight, arm asymmetry, and tem-
perature on the structure and thermodynamic properties of the
blends. For the efficient simulation of long polymer molecules,
a number of elementary MC moves are employed that include:
reptation [46], configuration bias (CB) [47—49], concerted
rotation (CONROT) [50,51], flip [52], end-bridging (EB)
[51,53], double bridging (DB) [54], branch point flip (BPF)
[55], branch point slithering (BPS) [55] and identity-altering
(IA) [45]. All these moves result in efficient relaxation of
polymer molecules within reasonable computing time while
IA allows for mixture composition change in response to
Ap* value imposed. An accurate united-atom (UA) force field
[56,57] is used for the simulation of linear and tri-arm chain
molecules. This force field was shown to predict accurately
the density of high density polyethylene (corresponding to lin-
ear chains here) and low density polyethylene (corresponding
to tri-arm chains here) in the melt state over a wide tempera-
ture range [55]. In this work, structural and thermodynamic
properties of the blends are reported. All of the blends exam-
ined are shown to be fully miscible. For some of the blends,
a negative excess volume is reported (higher density of the
blend compared to pure polymers).

2. System definition and statistical ensemble formalism

The system considered here consists of N; linear polymer
chains and N, branched polymer chains, so that N =N, + N,
and x, = N/N is the mole fraction of branched chains. In all
cases, the branched chains examined are tri-arm chains (one
branch point per chain). The semi-grand [NnPTu*] canonical
ensemble formalism was presented in detail by Peristeras et al.
[45] based on the formalism of Pant and Theodorou [51].
Consequently, only the basic elements of the formalism will
be presented here. The probability density function of this
ensemble is:

NnPT px (

p V,ry,ra, ..., I,; connectivity)

o exp [ﬁ Z Ny — BPV — Bu(ry,rs, ..., x,; connectivity)
k=1
ki

(1)

where T, P, V are the temperature, pressure and volume of the
system, r; are the spatial coordinates of molecule i, § = 1/kgT,
uy is the relative chemical potential of component k and u is
the potential energy function. The conformal solution princi-
ple is invoked for the configurational integral, so that:

Z(VaTaNl;N%"'va):Z(VaTaNanva) (2)

where 7 is the total number of atoms of the system. According
to Eq. (2), the configurational integral depends on the number-
averaged molecular weight, density of monomers and mole
fraction of branched (or linear) chains but not on the details
of the chain length distribution of linear and branched species.
This assumption has been shown to be satisfactory for systems
of sufficiently long linear polyethylene chains [51]. Eq. (2)
allows us to treat our system as a pseudo-binary, consisting
of linear and branched chains.

Both linear and branched chains examined here are polydis-
perse. The range of chain sizes is controlled by setting appro-
priately the chemical potential values for the different species,
so that:

0 for linear species with a given range of sizes
u, =< ' fortri-arm species with a given range of arm sizes
— o for all other cases

3)

which imposes the same chemical potential for all linear com-
ponents, and the same relative chemical potential with respect
to linear components for all branched components. Obviously,
the selection of w values results in: Au* = Wi o — Minear =
u*. The ranges of acceptable sizes of linear and branched spe-
cies need to be specified. A uniform distribution on the size
of linear chains and on the size of arms of tri-arm chains is
imposed within a pre-selected range of values. This range is
defined according to the expression:

(1 —4)),%m(1+4,)]  for linear species
Vi€ [Vq(l — Aq),?q(l + Aq)] for tri-arm species, ¢ = 1,2,3

4)

where 7, is the mean chain size for linear chains, v, is the
mean arm size for arm ¢ of a tri-arm chain, and 4, and 4,
control the range of size for linear chains and for arms of
tri-arm chains.

The material balance of the system can be written in terms
of the total number of chains and of the total number of atoms
[45]. After some cumbersome algebra, the mole fractions of
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linear species, x;, and of branched species, x;,, are obtained
[45]:

254, + 1
X = 3 — (5)

i+ 1+ zexp[Bu] [T, (27,4, + 1)
zexplBu’] H;:l (quAq + 1) (6)

Xo = 3 —
204, + 1+ zexp[Bu*] Hq:] (2V4Aq + 1)

where z is a measure of the non-ideality of mixing calculated
from the expression:

= ) d

ONy,

For an ideal mixture, z assumes a constant value.

In the semi-grand canonical simulations presented here,
a range of relative chemical potentials are imposed (Eq. (3))
and, at equilibrium, the system responds with a certain compo-
sition value. By re-arranging Eq. (5) or, equivalently, Eq. (6)
one may calculate z, and thus assess the non-ideality of the
mixture:

Xp 2V1A1 +1
z=1— 5 (8)
Yo exp[Bu ]qul (zquq + 1)
Eqg. (8) can be also written as:
24+ 1 X
Bu* =1n | —5—— —|—ln{ > } (9)
[Tt (29,4, +1) I=x,

For an ideal mixture, the first term on the right hand side of

Eq. (9) is constant over the entire u*—x;, range of data.
Finally, from the collected u*—x, data, one may assess the

system stability. For a stable single-phase mixture, it is [58]:

%

>0 10
dx, T,P_ ( )

3. Systems examined and simulation details

Both linear polyethylene and tri-arm polyethylene were
modeled with the TraPPE united-atom (TraPPE-UA) potential
[56,57]. TraPPE-UA is a very accurate force field for the
calculation of structure and thermodynamic properties of pure
n-alkanes, branched alkanes, 1-alkenes and other classes of or-
ganic compounds and their mixtures. In TraPPE, bond lengths
are kept constant. In all cases here, the bond length is 1.54 A.
Bond angle bending is calculated according to the expression:

1
Upend :Ekﬂ(e_ 60)2 (11)

whereas for the dihedral torsion angles the following expres-
sion is used:

Uiors = Co + €1 [1 + o8 ¢ + 2 [1 — cos(2¢))] + ¢3[1 + cos(3¢)]
(12)

For the non-bonded intra- and intermolecular interactions
the Lennard—Jones potential is used, so that:

w=4[(0-(0] w

The polymers examined here consist of the following three
types of UA: CH, (the vast majority of groups), CH; (terminal
groups) and CH (the branch point of tri-arm chains). In
Table 1, the force field bonded and non-bonded parameters
for the linear and tri-arm chains are shown. For non-bonded
interactions between unlike UAs, the Lorentz—Berthelot
mixing rules are used:

&; = /&5 and oy = % (14)

Finally, the Lennard—Jones potential was truncated at
r=2.50 for all types of interactions and tail corrections
were applied [59].

Six binary blends of linear polyethylene—tri-arm polyethyl-
ene were examined. In Table 2, the characteristics of these
blends are specified. Appropriate acronyms are used in order
to identify whether the arms of the tri-arm component have
the same (symmetric; S) or different (asymmetric; A) sizes
and the temperatures. For all blends, the temperature was set

Table 1
TraPPE force field bonded and non-bonded parameters for linear and tri-arm
polyethylenes examined in this work

Bond angle [CH kolkg [K]
CH,—(CH,)—CH, 114 62500
CH,—(CH)—CH, 112 62500
Dihedral angle colkg [K]  cilkg [K]  o/kg [K]  c3lkg [K]
CH,—(CH,)—(CH,)—CH, 0 335.03 —68.19 791.32
CH,—(CH,)—(CH)—CH, —251.06  428.73 —111.85 441.27
UA elky [K] o [A]
CH; 98 3.75
CH, 46 3.95
CH 10 4.68
Table 2

Binary linear polyethylene—tri-arm polyethylene blends examined in this
work

Blend acronym T (K) P (MPa) Linear PE Branched PE
B1S450 450 0.1 Cio1 (Ca0)3

B1S350 350 0.1 Cioy (Ch0)3

B1A450 450 0.1 Cioy Cs0 x C39 X Cgo
B2S450 450 0.1 C301 (C100)3

B2A450 450 0.1 C30| Cg() X Czo X CZGO
B3S450 450 0.1 Ceo1 (Ca00)3
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equal to 450 K while for blend B1 a lower temperature of
350 K was also examined. In all cases, pressure was set con-
stant at 0.1 MPa. Furthermore, the relative chemical potential
values, Bu*, varied in the range (—15 to 25) kg7. Both linear
and tri-arm polymers were polydisperse with a uniform molec-
ular weight distribution as imposed by Eqgs. (3) and (4). A; and
A, that characterize the range of linear chain and arm sizes
(Eq. (4)), respectively, were set equal to 0.5 in all cases. The
total number of chains N and total number of atoms 7 in every
system simulated were set constant. In all cases, n varied
between 4500 and 4850 and N was adjusted accordingly.

The frequency of elementary MC moves in a typical simu-
lation was: 10% reptation, 4% end-rotation, 10% CONROT,
10% re-bridging, 24.5% EB, 0.5% volume fluctuation, 3% di-
mer flip, 4% BPS, 4% BPF and 30% IA. For the blend B4S450
where the sizes of linear and branched chains differ substan-
tially the acceptance ratio of the IA is lower than that for
the other blends. In this case, the fraction of IA attempted
moves increases to 38%. A typical run consisted of 10°—2 x
10® MC moves of which the first 5 x 107 were used for system
equilibration and the remaining for averaging and calculating
structure and thermodynamic properties.

4. Results and discussion

Simulation results will be presented and discussed for
groups of blends so that a systematic analysis of the effect
of macromolecular characteristics and temperature on the
thermodynamic and structural properties is possible.

4.1. Bl blends

These blends (B1S450, B1S350 and B1A450) consist of the
same linear polyethylene (C;5;). In Fig. 1, the composition
(xp)—relative chemical potential (Bu*) plot is shown for
B1S450 and B1A450 blends. Both blends are stable over the
entire composition range (complete miscibility). Furthermore,

Bu*

@ BIA450 f 1
O B1S450
1 . 1 . 1 . 1

0.0 0.2 0.4 0.6 0.8 1.0
Xp

Fig. 1. The relative chemical potential, Su*, as a function of composition, xy,
for blends B1S450 and B1A450. Solid curves correspond to Egs. (15) and
(16), respectively.

the asymmetry of the tri-arm polyethylene in the second blend
has very little effect on this diagram. The solid curves corre-
spond to Eq. (9) assuming a constant z value for different
blend compositions that results in a constant value for the first
term of the right hand side of the equation. For B1S450, the
solid curve is given from the expression:

. X
Bugis4s0 = 0.5+ 1n [1 —bxb] (15)

while for B1A450 from the expression:

. X
B/’LBIA450:0'66+IH|:1 . } (16)

— Xp

If one assumes that zg 5450 = ZB1a450 and applies Eq. (9) for
the two blends then one gets:

Bligisaso — Blpiaaso
I 2x120x0.5+1
2315450(2 x40 x 0.5+ 1)3

' 2%x120%0.5+1
Zmisaso(2 X 30 X 0.5+ 1)%(2 x 60 x 0.5+ 1)
=—0.16 (17)

which agrees exactly with the difference predicted by Egs.
(15) and (16). In other words, the difference in the macromo-
lecular architecture of the branched chains of the two blends
has no effect on z.

Attention is further focused on the microscopic structure of
the two blends for Su* =1 that corresponds to x, =0.60 &
0.07 for B1S450 and 0.56 £+ 0.09 for B1A450. Intermolecular
pair radial distribution function, g(r), provides a reliable pic-
ture of the microscopic structure of polymer blends. In
Fig. 2, MC simulation results are presented for the g(r) of
CH,—CH, interactions for B1S450 and B1A450. For the
blends examined, CH,—CH, is by far the most important

22 T T T T T T T T
2.0

1.8

B1A450 ]

1.6
14 | .
12

g(r)

1.0

08
L CH",-CH®,
06 B1S450 ]
- cH-cHY, | -
04 -
sl / CHE,-CH", ]

00 i i 1 " 1 " 1 " 1
0
r(A)

Fig. 2. Radial distribution function, g(r), for CH,—CH, interactions of B1S450
at x, =0.60 £+ 0.07 and B1A450 at x, = 0.56 =+ 0.09 blends.
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type of interactions. For the B1S450 blend, g(r) for CHy—CHY
exhibits the highest peak value followed by the g(r) for the
cross-interaction between linear and branched chains,
CHY—CHE. For the case of B1A450 blend, g(r) for
CHY—CHY and CHY—CH? is very similar concerning the
position and height of the first peak while at larger distances
unlike interactions CHY—CH?S seem to result in a higher
g(r) value. In both blends as well as the rest of the blends ex-
amined here, g(r) for CHS—CHS assumes the lowest value at
relatively short distances. This is a manifestation that branched
chains have a more dense globular structure excluding other
branched chains from their immediate vicinity. Finally, all
g(r) have a value lower than one over an extended range of
distances, due to the ‘correlation hole effect’ that has been
observed also by Theodorou and co-workers for other polymer
systems [53,60,61].

For both blends, all four different g(r) for CH;—CH, inter-
actions are very similar to each other (not shown here). The
CH;—CH, pairs exhibit a higher first peak value compared
to CH,—CH, pairs as expected, because of the corresponding
higher Lennard—Jones energy parameter, that is, ecy,—cn, /ks
= 67.1 K and ECH,—CH, /kB = 46 K.

An additional quantity that characterizes the microscopic
structure of polyethylene blends is the structure factor, S(g).
Structure factor corresponds to the Fourier transform of the
total pair distribution function, i.e. the sum of all intra- and
intermolecular g(r). In Fig. 3, S(g¢) for both B1S450 and
B1A450 is shown. Results for the two systems practically
coincide.

In Fig. 4, the mean square radius of gyration, (Ré), is shown
as a function of carbon number of linear and tri-arm polyeth-
ylenes for the two blends at a given Su* value. In both cases,
tri-arm molecules form more compact structures than the lin-
ear molecules of the same size, and thus (Ré)b is always
smaller than <R§>1. This supports further the calculations for
g(r) discussed above. Based on detailed geometrical analysis,
Zimm and Stockmayer [62] developed a theoretical method
for the calculation of the ratio ¢ = (R;),/(R3), for unperturbed

2.0 T T T T T T

B1A450
B1S450 §

S(@)

Fig. 3. Structure factor, S(g), for B15450 at x, = 0.60 £ 0.07 and B1A450 at
xp = 0.56 £ 0.09 blends from molecular simulation.

<Rg>>(A?)

<Rg>>(A%)

60 80 100 120 140 160 180
Carbon number

Fig. 4. Mean square radius of gyration, (Ré), as a function of carbon number
for the linear (dark symbols) and tri-arm (open symbols) molecules for (top)
B1S450 at x, = 0.60 £ 0.07 and (bottom) B1A450 at x, = 0.56 £ 0.09 blends.

branched and linear chains of same size. Appropriate expres-
sions were proposed for symmetric and asymmetric branched
chains of variable functionality (number of branches attached
to a branch point). In Table 3, g values calculated from the
simulations performed here for a particular Su* value that cor-
responds to a certain composition and from Zimm and Stock-
mayer theory are reported. For the B1 blends at 450 K,
simulation results are 5—6% below the theoretical predictions.
For the B1S350 blend, the deviation between theory and sim-
ulation is higher, probably because the chain dimensions are
not fully equilibrated.

For the root mean square radius of gyration of polymer
chains, the following scaling equation holds [63]:

<R§>l/2 ~X' (18)

where X is the number of carbon atoms in the polymer and v is
0.5 for the case of unperturbed chains and 0.6 for the case of
good solvent conditions. In general, polymer melts for suffi-
ciently high X exhibit unperturbed chain behavior. From the
simulation data presented in Fig. 4, the v values obtained are
shown in Table 3. In all cases, v is higher than 0.5. For the
tri-arm chains especially, v assumes a value higher than
good solvent conditions, indicating that the size of the arms
is not high enough so that the chain sizes behave as random
walks.

MC simulations in the semi-grand ensemble for B1S blend
were performed also at 350 K. Such a lower temperature is
considerably more demanding in terms of computing time
in order to achieve relaxation of long polymer chains. The
ability of the elementary MC moves used here to equilibrate
the system is initially assessed. The autocorrelation function,
(Vee (0) *Vee (i), for the end-to-end unit vector of the linear
chains and of the arm end-to-arm end unit vector of the tri-arm
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g= (Ré)b / <R§>1 values from molecular simulation and Zimm—Stockmayer [62] theory and exponent v in Eq. (18) based on MC simulations for the binary linear
polyethylene—tri-arm polyethylene blends examined

Blend Xo g = (R2),/(R2), v

Simulation Theory [62] Linear Tri-arm
B1S450 0.60 +0.07 0.73 £0.12 0.778 0.54 +0.02 0.67 £0.02
B1S350 0.26 +0.06 0.68 +0.12 0.778 0.59 +0.01 0.69 £ 0.03
B1A450 0.56 +£0.09 0.77 £0.17 0.813 0.58 +0.01 0.63 £0.01
B2S450 0.554+0.11 0.73+0.18 0.778 0.58 £0.02 0.524+0.02
B2A450 0.63 +0.08 0.94 £0.37 0.964 0.53+0.02 0.59 £0.03
B3S450 0.62+0.18 0.85+£0.31 0.778 0.55+0.02 0.48 £0.02
chains at 350 K and x, = 0.26 = 0.06 is shown in Fig. 5. Very ' ' ' ' ' ' '
long simulations, in the order of 100 million MC moves, are 41 | ®BIS350

needed so that (Vee(0)+Ve(i)) achieves values close to zero
that indicate long chain relaxation. For comparison, calcula-
tions at 450 K are also shown. At this higher temperature,
chain relaxation is achieved within 20 million MC steps.

The composition (x,)—relative chemical potential (Gu*)
simulation results for B1S350 are shown in Fig. 6. For com-
parison, results for B1S450 are also shown. A monotonic
change of composition is obtained in response to increase of
Bu*, which indicates a fully stable system. However, com-
pared to the same blend at 450 K, a flattening of the hypothet-
ical curve drawn through the data is observed at intermediate
compositions. As a result, the fit of Eq. (9) with z = constant is
not sufficient and a variable z is needed for an accurate corre-
lation. This indicates that as temperature decreases the mixture
becomes progressively non-ideal. At sufficiently lower tem-
peratures, one may expect this non-ideality to result in
macro-phase separation (UCST behavior).

The intermolecular g(r) functions for the various CH;—CH,
and CH,—CH, pairs of B1S350 are shown in Fig. 7 at
Bu* = 1.0 that corresponds to x, = 0.26 &= 0.06. The b—>b inter-
action is substantially lower for both pairs which can be attrib-
uted to more intramolecular packed structure of the tri-arm
chains compared to linear chains. This argument is further
supported by a relatively lower g value of 0.68 £0.12 for

1.0 . . . . . . . . .

Linear 350K 1
— — — Branched 350K

Linear 450K
~ -~~~ Branched 450K R

Ve (0 (1)>

Millions of MC steps

Fig. 5. Relaxation of the end-to-end unit vector of linear chains and of the arm
end-to-arm end unit vector of tri-arm chains for B1S350 and B1S450 blends.

O B1S450
—

0.0 0.2 0.4 0.6 0.8 1.0
Xb

Fig. 6. The relative chemical potential, u*, as a function of composition, xy,
for blends B1S350 and B1S450. Points are simulation results and solid lines
correspond to the following expressions: Bufg350 = 1.7 +1In[x, /(1 — xp)]
and Bufy 350 = 0.5 + Infxy /(1 — x)].

this blend. The difference in g(r) between the various pairs
is more significant at 350 K compared to 450 K (Fig. 2).
Here again the ‘correlation hole effect’ is shown to be impor-
tant, especially for the b—b interaction.

22

2.0 ’\\/\
1.8

14+ -
A '
. \Vi— ]
0.8

0.6 - B

()

04 -
02 i

0.0 n 1 " 1 " 1 " 1

r(A)

Fig. 7. Radial distribution function for CH,—CH, and CH;—CH, pairs of
B1S350 at x, =0.26 + 0.06. Black line: linear—branched, red line: linear—
linear, green line: branched—branched, blue line: branched—linear for the
case of CH3;—CH,. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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4.2. B2 blends

The two blends examined here are a blend where the tri-
arm component consists of three equal size arms (B2S450)
and a blend where the tri-arm component is highly asymmetric
(B2A450), so that one arm is 13 times longer than the other
two, i.e. Cygp versus Coo. In Fig. 8, the x,—fu* simulation
data for the two blends are presented. Both blends are fully
miscible and exhibit an almost ideal mixing behavior. Eq.
(9) with a constant z value results in a good fit of the data. Fur-
thermore, if one assumes that z is the same for the two blends,
then one may calculate the expected offset between the two
curves from Eq. (9). It is:

Bltprsaso — Blpaaaso

2%300x0.5+1
2(2x 100 x 0.5+ 1)°

" 2% 300 % 0.5+ 1
2(2x 20 x 0.5+ 1)*(2 x 260 x 0.5+ 1)

=-22 (19)

The actual offset predicted by the best fits of the simulation
data turns out to be Bupisuso — Bgiaaso = —2-5. This rela-
tively small difference may be attributed to the statistical un-
certainty of the simulation results (expressed in Fig. 8 as
uncertainty in the equilibrium composition) and/or some de-
pendence of z from the molecular weight of chains examined.

The mass density of B2A450 blend was calculated from the
semi-grand simulations and is presented in Fig. 9a, as a func-
tion of composition. The two pure polymer melts have similar
densities at 450 K, as measured experimentally and predicted
by TraPPE force field [55]. For all compositions, blend density
is higher compared to either of the two pure polymers indicat-
ing that the blends examined assume negative excess volume
values. Such behavior agrees with lattice model predictions

0 B25450 |
L ® B2A450 | |
8 . 1 . 1 . 1 . 1

0.0 0.2 0.4 0.6 0.8 1.0
Xp

Fig. 8. The relative chemical potential, u*, as a function of composition, xy,
for blends B2S450 and B2A450. Points are simulation results and solid lines
correspond to the following expressions: Bupyquso = —1.3 + Infxy /(1 — xp)]
and Bupyagso = 1.2+ Infx /(1 = x)].
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Fig. 9. Mass density of (a) B2A450 and (b) B2S450 blends as a function of
composition.

for poly(ethylene-alt-propylene) — head-to-head polypropyl-
ene blends [27] and with Monte Carlo simulations on model
polyethylene blends [64]. As a result, one may conclude that
pressure is expected to have a substantial effect on the mixing
properties of this blend. For the case of B2S450 blend
(Fig. 9b), the variation of density with composition is less pro-
nounced and the excess volume exhibits significant scatter. In
Fig. 9, statistical error is reported both for composition and for
density. This is a consequence of the semi-grand statistical en-
semble where simulations are performed and for which the
chemical potential is specified rather than the composition.
The magnitude of the statistical error in the composition can
be attributed also to the relatively small number of linear
and tri-arm chains in the blend (32 in total) that result in larger
fluctuations in composition as a result of successful IA moves.

Radial intermolecular distribution functions for the differ-
ent CH,—CH, pairs for the two B2 blends are shown in
Fig. 10. Interactions between unlike CH, groups are much
stronger than that between like groups, especially for the
B2S450 blend. This is in agreement with the higher density
at intermediate compositions reported in Fig. 9. At large dis-
tances, g(r) for CHy—CHY approaches unity much faster
than g(r) for the other two pairs for both blends. In the case
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Fig. 10. Radial distribution function, g(r), for CH,—CH, pairs of B2S450 at
X, =0.55£0.11 and B2A450 at x, = 0.63 £ 0.08 blends.

of CH3;—CH,, g(r) for all four pairs is very close to each other
(not shown here).

In Fig. 11a and b, (Ré) as a function of carbon number is
shown for linear and tri-arm chains for B2S450 and
B2A450, respectively. The corresponding g values are re-
ported in Table 3. Because of its two relatively short branches,
the tri-arm polymer in B2A450 blend exhibits structural char-
acteristics that resemble the linear polymer and assumes (Ri)
values that are very close to the values of the corresponding
linear polymer. Furthermore, exponent v assumes values in
the range 0.5—0.6 in all cases (see Table 3). This indicates
that B2 blends with a higher chain length compared to Bl
blends can be described by the scaling law of Eq. (18).

4.3. B3 blend

A single B3 blend was examined here consisting of a
long linear polyethylene (Cgp;) and a symmetric tri-arm

B25450
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s
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s
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Fig. 11. Mean square radius of gyration, (Ré), as a function of carbon number
for the linear (dark symbols) and tri-arm (open symbols) molecules of (a)
B2S450 blend at x, =0.55 +0.11 and (b) B2A450 blend at x;, = 0.63 £ 0.08.

polyethylene (three C,(y arms). Here again, a monotonic var-
iation of composition (x,) with the relative chemical potential
(Bu*) was obtained (see Fig. 12). Because of the relatively
small number of chains in the simulation box, composition ex-
hibits larger fluctuations compared to previous blends. Eq. (9)
with a constant z value is able to correlate simulation data ac-
curately. For comparison, simulation results for B1S450 and
B2S450 are also shown. By assuming the same z value for
all three blends, theoretical offsets can be calculated for the
three different pairs of blends based simply on chain character-
istics. It is:

2%x120x0.5+1
(2%x40x05+1)

* * o
Blpisiso — BHpassso = In i

2x300x054+1
2(2x 100 0.5+ 1)°

=138 (20)

—1n
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(2%x40x0.5+1)

* * _
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2(2 %200 % 0.5+1)°

=32 (21)

—In
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Fig. 12. The relative chemical potential, Gu*, as a function of composition, xy,
for blends B1S450, B2S450 and B3S450. Points are simulation results and
solid lines correspond to the fit of Eq. (9). For B3S450, it is: Bufsgusy =
—2.7+ ln[xb/(l - Xb)].
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Interestingly, all three theoretical values agree fully with the
values calculated from the fits of Eq. (9), indicating that z re-
mains unchanged for different molecular weight values of the
linear and tri-arm polyethylenes.

Simulation results for B3S450 blend revealed negative
excess volume values, similar to the one reported for B2
blends. The g value predicted for this blend is higher than
the theoretical value but the error bar is large (see Table 3),
and so no final conclusions can be drawn. Finally, the v expo-
nent, especially for the tri-arm chains, approaches unperturbed
chain conditions indicating that the arm length of 200 is suffi-
cient now for the scaling law to be satisfied.

5. Conclusions

Polyethylene blend miscibility is affected greatly by the
macromolecular chain architecture and the molecular weight
of the constituent polymers. In addition, temperature and pres-
sure influence the phase behavior of such systems. In this
work, binary polyethylene blends consisted of linear and tri-
arm chains were examined using a newly proposed semi-grand
ensemble MC simulation scheme. Elementary MC moves that
result in efficient relaxation of long chain molecules were uti-
lized. The effect of chain size, of arm size and of branched
chain asymmetry in terms of arm sizes was examined. All sim-
ulations were performed at 0.1 MPa and 450 K while for Bl
blend simulations were performed also at 350 K. All blends
were found fully miscible while increased non-ideal mixing
effects were detected for the B1 blend at 350 K.

B2 and B3 blends examined exhibit negative excess volume
which has been reported previously for real polyolefin blends
from a lattice macroscopic model and for model polyolefin
blends from Monte Carlo simulations. The radial distribu-
tion functions reported for these blends, further support the
argument that unlike interactions are stronger than like
interactions.

Finally, the radii of gyrations of linear and tri-arm chains
were calculated and the scaling exponent v that characterizes
the chain size effect was evaluated. For the linear chains, v
was calculated a little higher than 1/2. For the tri-arm chains,
the estimated value was in the region of unperturbed chain
conditions for high arm lengths (for the B3 blend), in good sol-
vent conditions for intermediate arm lengths (for the B2
blends) and higher than 0.6 (for the B1 blends), which ques-
tions the validity of the scaling law for low arm length values
(below 40).
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