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ABSTRACT: Monte Carlo molecular simulations are reported to investigate the amorphous region between
crystalline lamellae of isotactic polypropylen®P). It is the first such study in which consideration is given to

the nature of pendant side groups on the polymer chain. The crystalline lamellae are modeled afterytbial

of iPP, while the interphase and amorphous domains are equilibrated with respect to both spatial and topological
degrees of freedom. A united atom force field is used to describe the interactions between the methyl, methylene,
and methyne moieties that constitute a polypropylene molecule. Mass density and bond orientational order
profiles, distributions of chain populations, interphase thicknesses, interfacial energies, local conformations as
characterized by torsional angle sequences, and chain reentry statistics are studied for three different temperatures.
Our results match well with the available experimental data and provide a molecular level understanding of the
semicrystalline interphase for isotactic polypropylene. A comparison with linear polyethylene (PE) reveals the
effects of chemical architecture on the crystamorphous interphase in semicrystalline polymers.

1. Introduction small-angle neutron scattering, X-ray diffraction, and light
scattering’!~13 and more local probes such as NMR, Raman,

their excellent mechanical and barrier properties. The crystal- 21d IR spectroscopf/**have been used to estimate the fractions
lization of polymers corresponds to a first-order phase transi- Of crystalline, amorphous, and interphase material. For the case
tion! similar to other substances. However, a significant Of isotactic polypropyleneiPP), high-resolution solid-state
difference between long chain molecules and their low molecular NMR™® has been particularly useful to study the phase structure
weight counterparts lies in the kinetics of the crystallization Of iPP isothermally crystallized from the melt. Analysis of the
process, because of which the complete incorporation of polymer -*C spin-lattice relaxation spectra indicated three populations,
molecules into the ordered crystalline state is rarely achieved. identified with distinct crystalline, amorphous, and a rigid yet
Thus, “semicrystalline” polymers are structurally nonhomoge- noncrystalline region, presumed to be the interphase. The
neous materials and invariably consist of an intimate mixture amount of total interphase material was found to decrease from
of crystalline and amorphous phases. These polymers exhibitapproximately 27% at 296 K down to about 8% at 408 K.
properties that are a consequence of the combined attributes ofAnalysis of Raman spectra for semicrystallifP by Nielsen
ordered (crystalline) and disordered (amorphous) constituentand co-workers also indicated three separate regions, corre-
regions, with the unique feature that both crystalline and sponding to Raman bands associated with different conforma-
noncrystalline elements are topologically connected by chains tional states. In a third study, Bond et'&lised wide- and small-
that meander their way from region to region. A comprehensive angle X-ray scattering (WAXS, SAXS) and DSC to determine
understanding of the behavior of semicrystalline polymers thus the long periods, crystalline fractions, and “fold surface” free
demands extensive knowledge not only of the individual phasesenergies for several different polypropylenes synthesized using
but also the interplay between them. Ziegler—Natta and metallocene catalysts.

The existence and lamellar nature of semicrystalline polymers | this paper, we use Monte Carlo molecular simulations to
have been known for approximately half a centérryVarious study semicrystalline isotactic polypropylene, focusing on a
fac_ets th",ﬂ d?SC“b? the state of the sem|c.rystall|ne System Caryetajled molecular level description of the intercrystalline region
be identified, including the gross morphological structure, degree between lamellae comprised of the crystal structure ofPP.

of cry;tallin_ity, crystal ur_1it cell structure, distribution (.)f Crystal and amorphous regions coexist in a metastable equi-
crystallite thicknesses and interlamellar spacings, and the W|dthsIibrium that is maintained by imposing the following con-

01;;22 :F(f)err?rzg?]tsalrle%fen?ﬁ?;(g :25 'Qrtgrepshgfsfhelt 'Srgllﬁ'g?l;tg_straints: (1) maintaining a constant density in the interlamellar
b P y P puretly cry region that is lower than the perfect crystal density and (2)

line and amorphous regions due to the close proximity and - d
interpenetration of the different phases. In addition, the transition h_oIdmg the polymer crystal structure fixed throughout the

from perfect crystalline order to the isotropy of the adjoining S|mulat|qns. .Th's study is the first step in moving beypnd the
amorphous state in a lamellar semicrystalline polymer is prototypical linear polymer, polyethylene (PE), to consider the

accomplished over a third region of finite thickness, described Influénce of simple side groups. Our ultimate goal is to reveal
by Flory and called the “interphas&Calorimetric techniques the influence of chemical arch|.tecture on the correlatpn betw_een
like differential scanning calorimetry (DSC) that investigate the Merphology and the properties exhibited by semicrystalline

thermal properties of a materil,scattering techniques like ~Polymers. We begin by describing in section 2 the force field
interactions, Monte Carlo methods, and the setup of the

. . . : simulation. In section 3 we discuss our results and compare
Corresponding author: e-mail rutledge@mit.edu.

T Current address: Sandia National Laboratories, MS 1415, Albuquerque, a't‘d contrastPP anq PE, before finally concluding in section 4
NM 87185. with a broad overview of our study.

Semicrystalline polymers have found widespread use due to
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2. Methods

2.1. Force Field.We used the force field developed bytPu
et al1® to simulate semicrystalling®P. This model was based
on the TRAPP force field developed by Martin and Siepni&nn

and was optimized to give correct results for the coexistence

curve of 2-methylpropane near the vaptiquid critical point.

In addition, the force field was validated by comparing structure
factors calculated from simulations with X-ray scattering data,
and by matching cohesive energy densities with experimenta
results, for high molecular weight isotactic polypropylene.
The force field represents the methyneGH—), methylene
(—CH,—), and the methyl{CHzs) groups of polypropylene as
united atoms or “beads”. Nonbonded interactions between
beads separated by four or more bonds alongRffechain are
approximated by the standard Lennard-Jones (LJ) function:

aylr)%

wherer;; = |r; — rj| is the distance between beddandj. The
LJ interactions are truncated at a distance ot@.and long-

E’ = 4e{ (0y/r)"* — ( @)
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improper _
Eljk|

2k11kl (Vi — 1/}o)z )
wherey is the angle between two planes defined by §0EHs;,
CH,) and (CH, CH, CH,) triplets sharing common methylene
groups.ki'jkl = 518.12 kJ/mol, equal to that of the angle bend-
ing potentials, whilgpo = £30.25 depending on chain tacticity.

2.2, Simulation Setup and Details. 2.2.1. Monte Carlo

IMoves Our simulations of the interphase were conducted in

the N, n, V, T, u) ensemble, where the chemical potential
associated with each individual bead is assumed to be constant,
and the chemical potential for a chain ofk beads ig« = ((k

= )IG — )i — (kK= J)/(i —j))ui; i andy; are two potentials
whose values are fixed implicitly by the constraints on the
number of beadsl and the number of chains We employ a
suite of Monte Carlo moves that includes site displacement,
reptation, rebridging (RB), end-bridging (EB), extended con-
figurational bias (ECB), and expanded ensemble replica ex-
change. The first four moves have also been used earlier to study
the interlamellar phase for linear PE chains and have been
suitably modified in the current investigation to account for the

range corrections to the potential are applied as mentioned inmethyl side groups afPP. The rebridgir® and end-bridging

ref 21. Values ok ando for (—CH-), (—CH,—), and (-CHz)
are{0.0828, 0.3818, 0.813%J/mol and{0.468, 0.395, 0.3%3
nm, respectively. Interactions between unlike beads are calcu-
lated using the LorentzBerthelot ruleg?

algorithms2* which were initially developed for linear chains,
are performed by excising a trimer of beads from a chosen chain
-and inserting them back on the same chain (rebridging) or
attached to the free end of another randomly selected chain (end-

Bonded interactions that act upon two or more adjacent beadspridging). During the bridging process, closure is accomplished

along the chain are composed of four different energetic

by solving the geometric system of equations that give feasible

potentials. Bond stretching is represented by a simple springlike solutions for the rebridging of a trimer in space, while keeping

stretching potential:
Ebond Zk1J r _I (2)

with k¥ = 3.761 MJ/(mol nrd) and the equilibrium bond
lengthlp = 0.154 nm for all pairs of beads &ndj) directly

the bond lengths and angles associated with each excised bead
unchanged. Extension of the EB and RB moves to branched
polymers is achieved by fixing the side-group conformation
(trivial in the case of methyl groups) and applying to it the same
torsional flip as is given to the main chain bead to which it is
connected, so as to maintain the relative positions of these beads
with respect to the main chain and to each other. Initial and

bonded to each other. The bond angle bending potential isfinal positions of all the beads displaced during the cutting and

modeled using

angle

uk l$k(0uk 90)2 (3)

wherefj is the angle defined by two consecutive bonds at atom
j, Kj = 518.12 kd/mol, and)p = 112 and 114 when the
central bead in the angle isCH— and —CH,—, respectively.
Dihedral angle potentials to simulate chain stiffness are incor-
porated via the use of a rotational potential defined by four
nearest neighbors along the chain:

dihedral _
Eljkl

Zokp cog ¢Ijk| (4)

wheregji is the dihedral angle constructed by three consecutive
bonds. The torsional prefactors d«%z {3.282, 7.432, 1.857,
—14.65% kJ/mol.

In isotactic polypropylene, all of the CHs side groups on a

bridging process are used to calculate the energy change
accompanying the move. To preserve detailed balance, Jacobians
corresponding to the transformation of coordinates from Car-
tesian to spherical are incorporated into the acceptance criterion,
as explained previouskp.

The primary difference between the molecular architectures
of iPP and linear alkanes like PE is the methyl side group on
every second bead of the polypropylene backbone. To simulate
this new chain architecture efficiently, two new moves are
introduced in addition to those which have previously been used
to simulate freely rotating chains (FRC) and PES>26described
above. One is the expanded ensemble technique (discussed in
the next section), and the other is an extension of the simple
reptation algorithm fashioned after the extended configurational
bias method of Karaiskos et #lFor linear polymers, reptation
is accomplished by excising and regrowing single beads from
the ends of chains. In our implementation, a randomly chosen
number of propylene monomers are removed from the end of
a chain that is terminated by a free (untethered) bead. A biasing
potential that depends on the nonbonded (LJ) enéfyiss

single chain are constrained to be on one side of the all-transintroduced in an attempt to add the expunged segments to the

backbone. In explicit atom models, the chiralty of each methyne
site is ensured by the hydrogen atom, which prevents “flipping”
of the methyl group. In the united atom model employed here,
chirality (and thus tacticity) is maintained by the use of an

improper dihedral potential that forces the methyl side groups

free end of any chain (same or different) chosen at random.
The bias is then removed in the final acceptance step.

All the MC moves, including those that exchange beads
between chains, like the end-bridgi?i?* reptation, and the
extended configuration bi&éwere modified to reject any trial

to stay always on the same side of the chain with respect to that altered the regular head-to-tail structure ofithE chains.

each other. This potential is modeled as follows:

The minimum permitted length of a tail was 3 beads, the
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This same technique of parallel tempering between states at
different temperatures was initially attempted fid?P, but
without any marked success. Even for temperatures well above
the melting point ofiPP (I, ~ 450 K), the system was
essentially “frozen” in space; the acceptance of chain length
altering MC moves such as EB and ECB was extremely low.
The distinction in behavior between PE aRdP semicrystalline
systems can be traced to the difference in chain architecture
arising from the presence of the methyl side groupRi». Most
new conformations generated by performing MC moves result
in configurations with large degrees of overlap between the
methyl side groups and other groups, with huge energy penalties.
Thus, the protruding methyl beads are the crucial difference
between PE and PP and prevent the facile acceptance of
attempted moves. This scenario is especially true for some of
the more “advanced” Monte Carlo moves developed for
polymers like reptation, ECB, and EB, the acceptance ratios
for which are orders of magnitude lower fd?P than for PE.

In addition, because of the imposed constraints on chain length
and structure as well as restrictions on tacticity, moves like EB
have a smaller number of allowed sites on the molecular
] ] i ) ) ) ] backbones to target.
Figure 1. Schematic of the simulation box showing helical chains at To overcome the problem of low acceptance and to sample
the top and bottom, in crystallographic registry. Mobile chains in the . . :
interphase are represented by bridges (solid curve), loops (dashed curvelP@S€ Space in an effective manner, we developed a multica-
and tails (long-dashed curve). nonical replica exchange method in Hamiltonian spaégin
which the methyl side group interactions are different on each
minimum permitted length of a loop was 8 beads, and the processor (system state). The energy of interaction of the methyl
maximum permitted length of any chain was 1000 beads. Any side groups are modified so that in the Lennard-Jones potential
move that resulted in a situation where these rules were violatedfunction of eq 1 the energy parametgey, is now a function
was automatically rejected. Upon application of this MC move of the particular system stafe
suite, the noncrystalline interlamellar region of the simulation

equilibrates fully with respect to both spatial a_nd t(_)pological egHg = f(p)GCH3 (6)
degrees of freedom, subject only to the constraints imposed by
the crystalline boundaries @t= 0 andZ = L and the imposed 6ipCH — (éiegH )1/2

' 3 3

density of the interlamellar region. The resulting ensemble
consists entirely of tails, loops, and bridges, as shown in a f(p) =

schematic of the simulation box in Figure 1. The fraction of {1,0.92,0.83,0.76, 0.69, 0.63, 0.57, 0.53, 0.48, .43
tails is determined by the fraction of end beads included in the
simulation; the remainder is divided among loops and bridges pP=123,..,10

according to the equilibrium statistics. It is important to note .

that all chains are tethered at one or both ends to a crystal stemThe relevant LJ potential now becomes
atZ = 0 or Z = L, but the regularity (or lack thereof) of the LJ — AP 12 _ 6
topology between tether points is determined solely by equili- Elcn(€.0pn) = deicnf(0i/ry) (o/ry)’} )

bration of the ensemble, as is the length distribution of each )
population (tails, loops, bridges). The end-bridging move is We simultaneously ran 10 systems at the same temperature

especially important since it alters the molecular features of pairs ©" 10 different processors. Each system corresponds to a single
of chains, resulting in chains of different conjunction with state, \{vhose Hamiltonian is modified by changlng the interaction
respect to the crystal surfaces and permitting the simulation to Potential for the methyl side group, as shown in egs 6 and 7.
sample an ensemble in which the structures of chain moleculesPeriodically, swaps are attempted between adjacent states and
differ in both spatial arrangement of beads and the topological 2cCePted or rejected according to the following Metropolis
connectivity between the amorphous and crystalline regions. Criterion:

2.2.2. The Expanded Ensemble MethodStudies of inter- 1 .
phase models for FRC and PE have demonstrated the effectivelacc = MiN[L, expA(HAr} + Hi{ra} — Hofry} —
ness of parallel tempering in temperature sgaé&2°In those H,{r.})) (8)
investigations, a swapping criterion for multicanonical algo-
rithms derived by Kofk& was used to perform simultaneous whereH = zi,thJ and{r} and{ry} are the coordinate sets of
runs on several different processors, each processor running thehe systems being exchanged, while the subscripts 1 and 2
simulation at a different temperature. Using this method, systemsdenote the two system states. The interaction potentials are
at temperatures well below and well above the melting point modified (as described by egs 6 and 7) by chandfppvalues
of PE were simulated simultaneously. The exchange of con-to maintain equal swapping probabilitiescZ0%) between
figurations between different thermodynamic states was per- adjacent states, similar to the methodology used to optimize
formed according to a simple Metropolis criteri®npart from parallel tempering in temperature sp&eA schematic for
the ease of sampling, the parallel tempering method also allowedexchange of replicas between states is shown in Figure 2. The
the simultaneous determination of system properties at differentadvantage of such Hamiltonian replica exchange moves is that
temperatures in a single run. states at the low end of the interaction spectrum are much more
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chains through it are inclined at an angle of9v@ith respect

to the lamellar normal 4 axis). After construction of the
CH crystalline block, beads were deleted at random from the center
. -y AU of the simulation box to achieve a density of 0.77 gfcapon
CH, subsequent equilibration of the density profile across the

interphase, the desired, experimentally determined melt dénsity

CH;, of 0.75 g/cni is obtained near the center plane of the simulation
box. Crystal stems were simulated by keeping 19 beads in the
Figure 2. Schematic illustrating the expanded ensemble used to tethered part of each chain fixed in their helical conformations.
Sygmot? san:pling Oftﬁhgé;fe spe;cgaFractions Ofm C,h?in if;,four Melting of the crystalline lamellae is precluded by immobiliza-
shoflﬁnfrzﬁ (laeTtS’toW:ight,l i?\r?/\r/]hig% ?hgr%lggmadgsIgfe;agnlggr?dz:je Fion of Fhese crystal sitgs. Thus, after the de§ired average density
interactions are shown in grayscale. The complete chain with full iS achieved by deletion of beads, the simulation box was
interactions (in black) is highlighted, at the extreme left. comprised ofn = 2824 sites distributed among 40 “tails” or

chain ends and 20 “bridges” or tie molecules. All tails were
easily sampled than those at the high end. We are interestederminated by-CHx(CHs) groups, while loops and bridges were
ultimately only in the realistic system, with the complete tethered at both ends te-CH,— groups belonging to the
interaction potentialf(p) = 1), which now explores phase space |amellae; these beads constitute the last of the fixed beads in
by virtue of configuration exchange with more rapidly equili- the crystal block and hence form the crystal surface. The
brated states. The benefit of using this scheme can be quantifiednteriamellar spacing between the crystalline lamellae was 6.5
by monitoring the end-to-end vectors of all chains and the n, \which matches perfectly with experimental values obtained
position vectors of all mobile beads (with origin at the center ¢ the long period and crystalline fractioni#P, as obtained
of the simulation box). The autocorrelation functions decay with ¢\ YRD studies® Assuming a lamellar thickness correspond-
a half-life of about 5000 cycles for the end-to-end vectors and ing to ~150 beads and the statistical analysis described
about 2x 10* cycles for the bead position vectors. As expected previously3” the molecular weight forPP simulated here was
for an anisotropic system with tethered chains, neither value estimated ,to be to be8750 kg/mol. The final dimensions of
decays completely to zero; the end-to-end vector autocorrelationthe simulation box were (3.33, 4 1é 9.1) nm in thev, andZ
decays to~0.05, while the bead position vector autocorrelation . ) . NG - T

dimensions, respectively. The system was initially subjected to

decays to~0.19. In addition, an estimate of the mean-square ; .
displacement of beads over the course of the simulation indicatestC’ cYcles each at 10 000, 5000, 1000, and 700K, in a stepwise

that beads are able to sample adequately the simulation box c°0ling regimen designed to randomize completely the structure
Without employing the expanded ensemble technique, effective of the noncrystalline interlamellar region. The system was then
simulation of these quasi-linear systems would have beenduenched to the desired temperature and allowed to equilibrate

impractical. for 5 x 10 cycles. Production runs were>6 10° cycles long,
and configurations were sampled every 5000 cycles. Error bars

conformation of an individualPP molecule is the 3/1 helix €€ calculated by mdgpendent sgmplmg after every 10°
created by successiveans and gauchedihedrals along the cycles. Each cy_cle conS|sts_ I_d_fselectlons of MC moves, ghosgn
chain. Because of the presence of the asymmetrically substitutedVith the following probabilities: end-rotation, 14%; site dis-
methyl groups, both right- and left-handed helicélsand | placement, 50%; reptation, 7%; rebridging, 14%; end-brldg_lng,
stereoisomers) are possible and isoenergetic. Furthermore, thd4%; ECB, 0.9%; and replica exchange, 0.1%. The right
projection of the methy| groups imparts a direction to each helix. combination of moves is CrUCiaI, since one of the difficulties
Thus, there are four distinct possible chains in the crystal: left- observed in a sluggish system such as this, especially for the
up, right-up, left-down, and right-down. Intermolecular energies €nd-bridging algorithm, is “shuttling”; i.e., accepted moves
vary with the packing geometry, resulting in four possible switch back and forth between the same initial and final states.
polymorphs foriPP: the crystal structures, 3, y, and the This can be avoided by a judicious, random selection of
guenched form. Of these four, the?334 phase is the most  attempted move types, such that between each accepted move
commonplace and occurs ay anda; variants. We used the  of every type several other moves of a different kind are likely
a, form, which belongs to th@2:/c space group and consists  to be accepted. In addition to enhanced sampling, such a random
of sheets of isoclined, isochiral helices to represent the crystallineapplication of selected Monte Carlo moves also maintains
lamellae that bound the noncrystalline interlamellar region. The detailed balance.

unit cell is monoclinic and consists of four chain segments of

three repeat units, one each of left-up, right-up, left-down, and 3. Results and Discussion

right-down helices, for a total of 12 repeating units. Its

Y

2.3. Initial Structure. The lowest energy (“crystalline”)

dimensions ara = 0.666 nmb = 2.08 nm,c = 0.65 nm,a. = Figure 3 shows the mass density profile of the system along
y = 90°, and 8 = 99.6. The crystallographic density is theZaxis. Densities were computed for bins of size 0.027 nm,
0.95 g/cnd. with the masses of all beads apportioned among bins according

The simulation box foriPP was constructed in a manner O the volume of each bead present in that particular bin. Since
similar to that followed for polyethyler®:2°Initially, 40 chains the top and bottom crystal surfaces are equivalent, the density
with 127 beads each were assembled in 3/1 helical crystalProfile is shown only for one-half of the simulation box, after
conformations with handedness and direction for each chain averaging over both surfaces to improve statistics. The density
commensurate with the, structure. The simulation box thus  shows a continuous and distinct shift from that of the pure crystal
constructed was made up of 140 repetitions of the primitive to that of an amorphous meltlike state, with an intervening
unit cell (5, 2, and 14 in th, Y,andZ directions, respectively).  transition zone or interphase. Using the concept of the Gibbs
The most common lamellar surface observediflP in the dividing surface (GDS) the interface is introduced as an abrupt
monoclinica, phase i 001,35 which means that the axes of transition between the melt and crystal states. A simple mass
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Figure 5. Orientation profiles calculated using the bond orientation
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— segment ofiPP chain in helical conformation, with bold arrows
g indicating the bonds along the chain backbone used for calculation of
= Pa.
?
b B 0 - ; — T ;
@ 07 T [3
~
Q
=
%
o 0.6
<
o
—
2
£
L | L | L L L
0270 480 490

| L L L
500 510 520 530
Temperature (K)

Figure 4. Interface thicknesses calculated from a Gibbs dividing
surface analysis of mass densities as a function of temperature.
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balance carried out across the density profile according to eq 9 0 100 200 300 400
delineates the position of the interfacy: No. of beads (N,,,)
o Zint ) Figure 6. Population distributions of tails at 475, 500, and 525 K.
profile — crystal melt Inset shows the behavior of short tailSyéaq < 50): 475 K (circles),
fp (2) az fp dz + pr dz ©) 500 K (squares), and 525 K (diamonds).
—® —o int

The true metastasis between crystal and amorphous regions 0 ' '
occurs over a finite interphase width which we define as twice
the distance between the true crystal surface and the GDS. The
interphase thickness is shown for three different temperatures
in Figure 4. As shown previously for PEthe thickness of the
interphase decreases with temperature, since entropy favors an
increase in the amorphous material at the expense of the Z-10
interphase. :

Figure 5 reveals the orientation profiles of the chains with £
respect to th& axis of the simulation box; the inset shows with 15
arrows the precise set of bonds used to calculate the orientational
order parameteR,. The orientational order mimics the density
profile, displaying the three different regions corresponding 20
(from left to right in the figure) to the crystal, interphase, and 0 100 200 300
unoriented amorphous material. No. of beads (N, __,)

Figures 6, _7' and 8 Show_the pOpU|at'9n distributions of tails, Figure 7. Population distributions of loops at 475, 500, and 525 K.
loops, and bridges, respectively, normalized by the total number |nset shows the behavior of short loopéda < 50): 475 K (circles),

of chains in the system. The populations of chains follow an 500 K (squares), and 525 K (diamonds).
exponential decay as functions of the number of constituent

beads. This result is a consequence of defining the chemicalenergy of the chain segment, and temperature. It is possible for
pOtential as described earlier and confirms the equilibration of us to derive a chemical potentia| associated with each bead in
chains within each population. Furthermore, for chains of length 5 particular population. The Boltzmann probability for the

greater than 200 beads, the populations of loops and bridgesexistence of a chain segment of lendtisagis
are comparable, confirming equilibration between these two

populations. The number of chains of a particular length is _
dictated by three different factors: local density, configurational In(PNbea) = —PIF + T + Buupeadoead (10)

—
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Figure 8. Population distributions of bridges at 475, 500, and 525 K.
. . Figure 9. End-to-end distances (totd®,, andZ direction, Z) of the
Thus, from the slope of the lines in Figures 6 and 7, we can mobile portion of tails as a function of tail length, at 475 K. Horizontal
determine the excess chemical potential for a single bead. Theline shows interphase thickness. Chain lengths greater than about 15
value for upeag~ —0.03 kJ/mol, obtained from the slope of beads extend beyond the interphase, away from the influence of the
Figure 6 for tails; similar values are obtained from loops and crystal.
bridges at largéNyeag By comparison, the chemical potential 1.5 — — , , , ' ,
per bead from simulations of linear alkanes at 1.02 atm, which =
is slightly higher than the pressure in this study, was estimated
to beujony ™"~ —0.033 kd/malwhile the experimental value
is uphe™™ ~ —0.039 kJ/mol (using the PergRobinson
equation of state to fit the experimental dat&j? This is an
important result since it validates not only the force field but
also the MC sampling scheme. The population distributions of
loops and tails have similar slopes, leading to the conclusion
that for large chains (i.e., for chains that lie predominantly
outside the interphase; see below) the chains segments are §
locally indistinguishable; most chain segments act like uncon- Ng

> of loop beads(nm
o
T

strained amorphous material. v
While energy and temperature largely dictate the populations % 20 30 20 50 60 70 80 90
of chains in the amorphous region of the noncrystalline domain, Number of constituent beads(N )
bead

short chains and those that lie predominantly within the
interphase are also influenced by the crystal surface. As is Figure 10. Average distance of loop segments from the crystal surface
evident from Figures 6 and 7, the populations of short tails and &S @ function of loop length, at 475 K. Horizontal line shows interphase
. . thickness. Short loops lie entirely within the interphase.

loops behave in a manner markedly different from each other
as well as from longer chains within the same population. Figure
9 shows the root-mean-square end-to-end distance as well asn the loop distribution afNpeag= 11. No such maximum is
its Z component for tails of different lengths, at 475 K. The observed for tails and bridges. To confirm that this result is not
horizontal line denotes the distance corresponding to the positionan artifact of the imposed minimum loop lengthNgeaq= 8,
of the boundary of the interphase from the crystal plane (i.e., additional simulations were performed in which the minimum
2Z, from eq 9). Tails of length greater than 15 beads extend loop size was set to 11; in both cases, loops of 11 beads were
beyond the interphase, and as seen in Figure 6, for these chaingost populous. The significantly antithetic behavior of the short-
a steady exponential decay profile is established. Figure 10est loops, as compared to shortest tails, can be attributed to the
shows the average distance from the crystal surface of beads irinfluence of the crystal structure and to chain architecture. Since
a loop (Znead) as a function of loop length at 475 K. Long the loops are tethered at both ends, they are forced to adopt
loops (Nweag™> 60) have a large number of their constituent beads conformations that result in end-to-end vectors corresponding
outside the interphase. Loops shorter than 60 beads, on the otheto specific reentry points dictated by the arrangement of atoms
hand, lie almost exclusively within the interphase. As seen in at the{001} surface of thex, unit cell. For linear FRCs, this
Figure 3, these loops are packed to a higher density than in therestriction imposed on end-to-end spacing makes certain loops
fully amorphous region of the interlamellar domain. Since the more propitious than others because the total number of allowed
magnitude of chemical potential increases with density, loops conformations that correspond to the specific end-to-end vector
shorter than 60 beads experience a higher chemical potentialjs higher for that particular chain lengthWwith the introduction
which is also evidenced by the steeper slope in the populationof a dihedral potential (chain stiffness), the preference for
distribution of loops (Figure 7) foN,eaq < 60. The same effect  selected loop lengths is accentuated. As discussed earlier, the
is seen in the tail population distribution fbpeag < 15 (Figure lowest energy conformation of aRP chain is the (crystalline)
6). 3/1 helix consisting of alternatinfgans and gauchebackbone

In addition to the exponential decay in the population dihedral sequences. In the amorphous region, entropy favors
distribution for loops withNpeag™> 60 and the steeper slope for the introduction of less favorable conformations according to
loops withNpead < 60 due to density, there exists a maximum their Boltzmann probabilities. Since the loops connect two
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Figure 12. Fraction of total beads belonging to different chain species
as a function of position relative to the center plane of the simulation
box.

belonging to [@0] are actually formed between crystal stems
belonging to the same unit cell, i.e., the direction vector is
usually [0/40], which furthermore implies a slight preference

. for the formation of topologically connected bilayers of crystal
[0%0] Pl stems. The number of adjacent reentry loop conformations is
[140 estimated from the population of loops that connects proximal
— crystal sites on the crystal surface. R®P, contributions to
i ; the adjacent reentry folds arise from the three smallest loops
..-"“:E‘A‘AD] (of size 8, 11, and 14). The population of adjacent reentry

vectors is seen to be much higher45%) for iPP than PE
(~25%).

It is important to note that even though the thickness of
interphase (defined by eq 9) is only 0.75 nm, the topological
connectivity of the chains in the noncrystalline region to the
crystal boundaries extends well into the amorphous region.
Figure 12 illustrates this effect by showing the fraction of all
helical stems on the same lamella, their constitutive segmentsbeads at a given distance from the crystal surface that belong
adopt dihedral sequences that adjoin the crystaltiaas— to each of the following chain populations: tails originating at
gaucheconformations. For short loops, i.e., “tight folds”, the the crystal surface a = 0, loops originating at the crystal
fraction of less favorable torsion sequences required to connectsurface aZ = 0, bridges, tails originating at the crystal surface
crystal stems is greater than that which would be predicted by atZ = L, and loops originating at the crystal surfac&at L.
the Boltzmann probability. Thus, the populations of the loop At the center plane of the interlamellar regios3.25 nm away
segments of length 8 is depressed relative to the populationfrom each lamella (the distance from the crystal surface at this
expected in a comparable amorphous phase. In this mannerpoint is about 5 times larger than the thickness of the interphase),
we see that the structure of the underlying crystal surface ~1% of the beads belong to loop segments originating at one
precludes the occurrence of some short loops that would of the two lamellar surfaces, compared to 1.5% that belong to
otherwise be more probable, based on configurational energybridges or tie molecules that span the interlamellar phase, and
alone. This observation is substantiated by the variation of shortabout 48.25% that belong to tails tethered at one of the two
loops with temperature. From 475 to 525 K, the number of loops lamellar surfaces (for this molecular weight i&fP). This has
that exist in the lowest allowed chain length (8) shows a 2-fold enormous implications for the mechanical properties of the
increase, from 0.8% to 1.7%, of the total number of chains in system because it suggests that entanglements between loops
the system. With increasing temperature, the system tends tooriginating at opposing crystal surfaces could be almost as
favor shorter loop lengths. This is in agreement with the populous as bridges. Like bridges, such entangled loops would

ZE\ (100 léx

Figure 11. (a) Distribution of loop reentry direction vectors at 475,
500, and 525 K. (b) Schematic of unit cell, indicating prominent reentry
direction vectors.

increasing probability for the existence of higher energy dihedral
sequences with increasing temperature.

Itis instructive to examine the arrangement of loop tethering
sites on the crystal surface. Following the terminology previ-
ously used for PE? loop reentry statistics (end-to-end vectors
of loop segments) are indicated by vectars f, 0], wherem
andn are multiples of the projection of the andb unit cell
directions onto theXY plane. Figure 11 shows the crystal-
lographic directions for loop reentry positions. The most
preferred direction vector is along then[l direction, i.e., along
the Y axis, and accounts for about one-third of all observed

also serve to tie the two lamellae together topologically.

For a more complete understanding of local conformations,
we scrutinize the distributions of states adopted by single
dihedrals and pairs of adjacent dihedrals. From Figure 13 it is
evident that the probability dfj states is the highest, approach-
ing 80%, and is consistent with the earlier results of Suter and
Flory** and Antoniadis et &l? for amorphousPP melts. Both
transandgauchestates appear with almost the same frequency,
but it is interesting to note that thiy state occurs with a
probability that is far higher than the product of the two
constituent probabilitiesRy > PPy due to the energetic

loops. It must be mentioned that most of the loops labeled as penalties associated with batthand gg dyads.



5194 Kuppa et al. Macromolecules, Vol. 40, No. 14, 2007

1.0 = 0.12

: <
il | 5010

a - 2

2 ook .
O 04t i 8
il 8
02 1 o}

-2 0.06]- 1

f'\§ I . | . I . I . I . I .
0.0 3 'En ﬂgj_l 470 480 490 500 510 520 530

Temperature (K)

Figure 15. Interface internal energy calculated at 475, 500, and 525
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Figure 13. Distribution of torsional conformations at 475, 500, and
525 K.

12 . ; ‘ | , investigations of Bond et al® we estimate the entropic
H : contribution to the fold surface free energy to lie between 0.02
11+ 500 K . and 0.06 J/rh With such a close matching of values, we have
F --- 525 K 1 further confidence that these simulations provide a faithful and
10 T . realistic representation of the interphase and amorphous inter-
r T 1 lamellar region for isotactic polypropylene.
7 Finally, a comparison of interlamellar properties between
i isotactic polypropylene and linear polyethylene can now be
made. Architecturally, the distinction between the two polymers
is the presence of the methyl side group @®P, which
necessitated the use of the expanded ensemble algorithm to
6L _ promote sampling of phase space. It is also responsible for the
| change of crystal symmetry and crystal stem conformation. The
5 . | . I . | . | . I most striking difference between the interphases of these two
0 2 4 6 8 10 polymers is revealed in their density and bond order parameter
Sequence Length (1) profiles. As seen in earlier studies, the width of the transition
Figure 14. Distribution of alternating andg dihedral sequences for ~ region in PE is temperature-dependent and, at a compasdble
chain segments of various sequence lengths at 475, 500, and 525 Kabove the melting point, is0.96 nn#® (Figure 6). Furthermore,
Sequence lengths defined as the number of consecuti@ns—gauche from Figure 3 of ref 25, we see that the decay effér PE
or gauche-trans dyadic pairs formed by considering successive . ;
backbone dihedrals (fdg, | = 1, fortgt, | = 2, for tgtg, | = 3, etc.). occurs over~_2 nm. It is c_Iear from a compa_mson_of PE and
iPP that the interphase thickness is greater in PEitRRrby a

Local conformations of the chains are probed by examining factor of ~2. This is likely due to the stiffer backbone of the
the sequences of torsional angles for successive dihedrals alontfgnear PE chain (characteristic ratiG, = 7.3) relative toiPP
the backbone of polymer molecules. Figure 14 shows the Co = 5'_9)' _ )
number of sequences of alternatingns andgauchedihedrals The differences in backbone dihedral sequences are also
for segments in the noncrystalline region. The abscissa indicategManifested in the topology of short loops, which reveal a higher
the lengthl (up to | = 10) of the sequence, calculated by probability for adjacent reentry loops iPP compared to PE.
enumerating Consecuti\lg or gt dyads in blocks of successive In p.articular, the inﬂuence of distance between Cl'ystal stems,
backbone dihedrals, i.e., fog or gt, | = 1; for tgt or gtg, | = chain backbone stiffness, and temperature on loop reentry
2; for tgtg or gtgt, | = 3, etc. The sequences correspond to a Vectors that were postulated in ref 25 are reinforced by these
distribution that follows Markovian statistics of first order. ~ Simulations ofiPP. The higher flexibility of thePP chain

Figure 15 shows the interfacial internal energy for the GDS reduces the energy penalty involved in connecting adjacent
computed according to the scheme outlined in ref 29; we have €TyStal stems with short chain sequences, resulting in more
calculated the interfacial internal energy 6P to lie in the  adiacent reentry loops. Both polymers exhibit a weak temper-
range 0.06-0.10 J/nd for 475 K < T < 525 K. Experimentally, ature dependence, showing a higher preference for shorter loop

a wide range of values for the free energy of the fold surface S€9Ments with increasing temperature.
of iPP have been reported, depending on the methodology
employed. Burns and Turnbtdl used optical microscopy
measurements of crystal nucleation and growth to determine We report the first study of the crystehmorphous interphase
the free energy, with values between 0.06 and 0.09%.J/m in a polymer with side groups, using Monte Carlo molecular
Dobreva and co-worket$employed a nonisothermal method simulations with a united atom force-field model to mimic
in which the rate dependence of crystallization temperature wasisotactic polypropylene. Use of the expanded ensemble tech-
used to calculate a free energy value for the fold surface of nique in which replica exchanges are performed in Hamiltonian
0.12 J/m. Most recently, Bond and co-worké?sstudied the space between systems with different side group interaction
melting temperatures of crystallites of different thicknesses to energies was necessary to realize efficient sampling and
obtain free energy values varying from 0.0252 to 0.0476J/m adequate equilibration that permit the system to explore different
depending on sample synthesis (Zieglbiatta or metallocene  chain connectivities with respect to the crystal surface. These
catalyzed) and preparation. By comparing our results with the topology changing moves allow the crysta@imorphous system

In[n(1)]
//

4. Conclusions
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