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ABSTRACT: We conduct a comprehensive study of the effect of stereochemistry on the diffusion of isotactic,
atactic, and syndiotactic polypropylene (PP), with dynamical Monte Carlo. We simulate realistic two-bead Monte
Carlo moves on a stereochemistry-dependent, coarse-grained model of PP based on the rotational isomeric state
(RIS) model and repulsive Lennard-Jones interactions. We find that isotactic PP (iPP) diffuses faster than
syndiotactic PP (sPP) as expected, but a maximum in the diffusion rate at an intermediate stereochemical
composition (aPP) is also found. To determine the origin of this effect, we compare pair correlation functions of
the slowest-moving beads to those of all beads, identifying conformations that limit mobility. We find a few
small, long-lived clusters with chain conformations reminiscent of those in crystals in iPP and sPP; although
slow-moving beads also cluster in aPP, they are short-lived with no dominant conformations. We look at the
effects of local stereochemistry through Monte Carlo acceptance rates, categorized by the stereochemistry of the
local tetrad and overall stereochemical composition. Sequenaessfandracemodiads diffuse faster in aPP

due to quenched randomness of stereochemical sequences than in iPP and sPP. Comparison to isolated chain
acceptance rates suggests that intermolecular cohesiveness of stereochemically pure sequences lowers mobility
but can be overcome by the randomness of atactic stereochemistry. The mechanisms described here for PP may
affect the mobility of other polymers in which stereochemical composition is an issue.

Introduction using molecular dynamicstO In addition, simulation method-

The stereochemistry of polymer chains is fundamental to ologies have evolved, such that we can now use (I:oarse-.grained
understanding their dynamic properties, but surprisingly little Models of polypropylene, based on the rotational isomeric state
has been quantified regarding stereochemical composition within (RIS) model, that maintain stereochemical specifititgeveral
the spectrum of “atactic” vinyl polymers. For the prototypical equilibrium studies of miscibility and tactn_:lty using polypro-
case of polypropylene (PP), it is well-known that isotactic (iPP) Pylene have been recently conducted using this method.
and syndiotactic (sPP) chains yield different equilibrium proper- More recently, we have refined our Monte Carlo methods to
ties, including the relaxation time, the entanglement molecular S2Mple realistic dynamics by constructing physical moves that
weight, and the glass transition temperature, but atactic chainsPreserve the mapping to real tirkeThis dynamical Monte Carlo.
are often characterized as similar in melt behavior to isotactic technique allows for the efficient study of the relationship
chains, without delving into the significance of random stere- Petween melt diffusion and stereochemical composition.
ochemistryt2 Although stereochemical effects are well under- In this Work,_we conduct dynamical Mo_nte Carlo S|mulat|o_ns
stood for mixtures of small-molecule enantiomers, the bonding ©f melt density polypropylene at variable stereochemical
of enantiomers together into atactic chains adds the complexity COMPositions. We compute relative diffusion rates as a function
of quenched randomness within the chain, which has been©f the probability of amesodiad. We examine the distribution
studied in the context of the dimensions of vinyl polynieas of_d_lsplacements of atom; over time in order to determine the
well as in other polymer context$ Atactic chains, although ~ Origin of the stereochemical effects, as well as the length
consisting of chemically identical monomers, are actually correlatlons between unmoved beadg, to identify clustering of
random copolymers, as pointed out by Flérven monodis- slow-moving conformations. In addition, we study the ac-
perse atactic chains usually have differing fractionseoand ceptance rates of moves based on the local stereochemical
racemodiads, indicating that each one has a unique conforma- S€quénce a_t the bead. By comparing apceptanqe rates of melt
tional partition function describing it. Because of the complexity density chains to those of isolated chains, the importance of
in detailing with stereochemistry experimentally, chains consist- '_the stereochemlcally governed_lntramolecular conformation vs
ing of an intermediate mixture of diads are labeled simply as intérmolecular packing effects is assessed.

“atactic” 278such that comparison of samples becomes difficult.
Therefore, there is a need for a more comprehensive study of
the effects of dynamics as a function of the probability of a ~ Chain Representation.Polypropylene chains are modeled
mesodiad P, covering the range of pure and intermediate by a surrogate chain of 25 bonded beads, each bead representing
stereochemical compositions. a GHg monomer unit. All chains are deliberately shorter than

Molecular simulation has an advantage when studying the the entanglement length for PP to isolate stereochemical effects.
effects of stereochemical composition on diffusion in PP because These coarse-grained beads are centered on the backbone carbon
it gives us the capability to control stereochemistry precisely. atom thatis bonded to the methyl side group. Because the carbon

The local dynamics of iPP and sPP have previously been studiedatoms exhibit tetrahedral geometry, the coarse-grained beads,
which represent two backbone carbons, can be placed on the
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Table 1. Summary of Systems SimulatedT = 453 K in All Cases)

Prd replicas density (g/cr) Nehair® Npead LJ shell§
0.0,0.2,0.4,0.6,0.8,1.0 3 0.73 (melt) 64 25 2
0.0,0.2,0.4,0.6,0.8,1.0 3 0.73 (melt) 64 25 3
0.0,0.2,0.4,0.6,0.8,1.0 3 0.00086 (isolated chain) 1 100 2

a Simulations were performed for each of the stereochemical compositions Yisledhber of independent simulations at e&gh ¢ Number of independent
parent chains? Number of beads per chaifTwo shells incorporate only the repulsive core of the LJ potential. The region including the minimum in the
potential is included when the LJ potential is represented by three shells.

the tetrahedral diamond lattié@ A melt density of 0.73 g/cfh Dynamical Monte Carlo. Equilibration of the initial melt

is achieved by simulating 64 PP chains on a224 x 24 unit simulation is achieved through a Boltzmann-weighted chain
cell, with a lattice spacing of 2.5 A, to best match the building algorithm, followed by equilibrium Monte Carlo
experimental melt density of 0.75 g/énfor PP in this simulation that rapidly samples phase space, both described
temperature rang€.Temperature is regulated to 453 K through below. Bead stereochemical configurations are chosen randomly
the choice of density and the determination of statistical weights according to the probability omesodiad for the system,
and the LJ modification as follows, such that the ensemble is assuming Bernoullian statistics, for each of the six stereochem-
maintained under NVT conditions. ical compositions explored. The occupancy of the lattice is low,

Intramolecular energies are modeled based on the three-stat@€ar 12% at melt density, which allows systems to be built by
RIS model for PP developed by Suter ef%The short-range random placement of the initial be_ad of a chain, followed k_)y
statistical weights of conformations are determined by the RIS Placement of subsequent beads weighted by the stereochemistry-
intramolecular energy and temperature through the Boltzmanndépendent RIS probabilities of each possibility. Chain overlaps
factor. The first-order interactions akg = 0.29 kJ/mol and, are prohibited. Further equilibration of the long-range energy
= 3.8 kJ/mol, while the second-order effects are giverEpy is achieved by Monte Carlo S|mulat|on_, using single bead
= 8.0 kd/mol, for they, 7, andw interactions as defined by move&? and 2-6 bead pivot movéé_fqr 5 million Monte Carlo
Mattice and Sutef! By reverse-mapping from the 2NND lattice ~ St€PS. These moves provide an efficient sampling of phase space
to the underlying tetrahedral latti&we rule out conformations ~ {0 reach an equilibrated system. The larger pivot moves,
that lead to the collapse of the PP chain on the underlying Nowever, allow chain crossing during moves, which make the
lattice 11 The stereochemistry at the asymmetric stereochemical MovVes aphysical and unsuitable for simulation of dynamics.
center is accounted for solely through the RIS probabilities since  The simulation of dynamics exclusively utilizes two-bead
each coarse-grained bead is in a stereochemical configuratiorrotation moves, designed to mimic physical moves and prevent
that dictates the dominant conformations, as described by chain crossing, leading to accurate dynamic rate Hakhe two-
Mattice and Sute?! The probabilities of the conformations at  bead moves not only improve computational time over single
that site reflect the stereochemical configuration of the site and bead moves but also realistically model the coupled movement
its two bonded neighbors. of bonded beads. Single bead moves are included implicitly in

Long-range intermolecular energies are given byadiscretizedthe two-bead moves since all possible locations of the two

Lennard-Jones potenti@parametrized for PP monomer urits bonded beads are considered. The details of implementing the
which quantifies the average Lennard-Jones energy for neigh_two-bead moves on the 2NND lattice are discussed elsewhere.

boring beads in each interaction shell ieL& 2 neighbors for Four million Monte Carlo steps of dynamics are conducted for

shelli). The shell energies are 26.851 kJ/mol for the first shell, e melt simulations. For the isolated chain simulations,
3.068 kJ/mol for the second shell, ard..089 kJ/mol for the equm.bratlon is almost complete Fh.rough the chain building
third shell. Because these were originally computed for a slightly 2/90rithm; therefore, only the 4 million Monte Carlo steps of
higher temperature, this may represent a slightly higher repulsive 9ynamics are conducted.

energy than should be present at 453 K. For PP at melt density, One Monte Carlo step consists of the average number of
only repulsive shells, the first and second, are used in order tomoves required to attempt to move every bead once, although
speed up computation. This approximation is often appropriate the actual beads that are moved are chosen at random. (For
for NVT simulations of melt density systems, where small equilibration, one Monte Carlo step attempts to move every bead
interatomic distances are prevalent; some results from simula-once by single bead moves as well as once by pivot moves.)
tions with the attractive third shell are also included for The probability of a configuration is computed from RIS
comparison. statistical weights, modified by the additional long-range energy
Single-chain simulations are also conducted to isolate in- of neighbor interactions. An alt_ernative con_figuration s ran-
tramolecular effects. Energies are governed by the same shortdomIy chosen out of all possible alternatives. Then move

Py = ) : ; acceptance is determined by comparison of the probabilities of
range RIS probabilities, modified by the long-range discretized initial and final states through the Metropolis criterion. Applying

Lennard-Jones. Three independent simulations of a single chain™ o .
of monomer beads are modeled on a 000 x 100 unit th's criterion to dyna_lmlc_:al Monte Carlc_) assumes that the
lattice at eactPy,. The longer chain is used to improve chain Q|ﬁ§rgnces In the activation energy barrier for all moves are
statistics, while the larger lattice is used to guarantee the isolation'ns'gn_'f'cam' ) ) ) )

of the chain. The change in chain length is not an issue since While the dynamical Monte Carlo algorithm is suited for
we are only interested in the acceptance rates as a function off€presentation of dynamics since the steps are proportional to
local stereochemistry for isolated chain simulations, of which real time, the proportionality factor is not known a priori.
chain length is a minimal factor. Intermolecular effects due to Therefore, we will present results in units of Monte Carlo steps
chain packing can be deduced by comparison of acceptance rate§VCS). Diffusion information is presented relative to the
from the melt simulations to acceptance rates from the isolated diffusion coefficient found for iPP.

chain simulations. The systems simulated are summarized in Analysis Methods.Relative diffusion coefficients for the melt
Table 1. are calculated from the mean-square displacements of center
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Figure 1. Averaged mean-square displacements of the centers of mass Probability of meso diad, P,

of chains withP,, = 0.8, as obtained from three independent simulations __ ) o o ) B

of a system at 453 K, each with 64 chains in the melt. Dotted line Figure 2. Relative diffusion coefficients as a function of the probability
shows Fickian diffusion limit where the slope equals one. of mesodiad for simulations without attractive sheM) and with
attractive shell ¢). Pm = 0 is sPP while?, = 1 is iPP. Error bars are
90% confidence intervals. Values are normalized by the diffusion

of mass of each chain over time, based on the coordlnatescomcricient of iPP.

sampled at every 4000 MCS. Displacements over short times
are sub-Fickian in nature, while fewer data points over long
times result in poor statistics. Therefore, the data for mean-

square dlsplacgmer_lts from 10 2.0 mlll!on MCS are .uged to sampled. The discrete lattice distances are rendered as a Bezier
compute'the diffusion cqefﬁqen.t. Thg ghffusmn cqeffl.uent, curve of thenth degree, whera is the number of discrete lattice
defined rigorously as the infinite time limit of the. den_vatwe of istances. These length correlations for unmoved beads are
_the mean-square d[splacement with respect to time, is evalua.te(gompared to the length correlations of the total system to
in the simulation using the center-of-mass coordinate of a chain, determine whether the unmoved beads are clustering or evenly
Feom atto = 1.0 x 10° MCS andt, = 2.0 x 10° MCS. distributed. For intramolecular length correlations, the distribu-
tion of discrete lattice distances between beads that do not move

whereV is the volume of the syster is the number of beads
in the system, andrds the thickness of the volume shell being

:1“ MD% are computed and compared to the distribution of distances
6t dt between all beads. The discrete distances are then uniquely
D comt) = T eom(t)] [ comlt) = T comlto)] O reverse-mapped to the torsional conformations of the underlying

6(t, — t,) @) chains to determine which conformations are slow-moving for

given stereochemical compositions.

Three independent simulations at each of the six stereochemical _ Diffusion as a function of stereochemical composition can
compositions are conducted; each simulation provides 64 &/S0 be analyzed through the acceptance rates of Monte Carlo
estimates for the diffusion coefficient. one from each chain. Moves based on the local stereochemical configuration. Because

From the mean and variance of the measurements, the averagh€ dynamic simulations use two-bead moves, the local stere-

diffusion coefficient and 90% confidence intervals are computed. °chemistries are based on the stereochemical configurations at
Figure 1 depicts mean-square displacements of the centers ofhe two relocated bonded beads and their two bonded neighbors.

mass of the chains, averaged over 192 chains from the three! Nis relationship is captured by three diads at the move site or

independent replicas &, = 0.8, each with 64 chains in the the local tetrad. Only internal chain beads are considered.
melt. ' Therefore, we tabulate acceptance rates of internal chain moves

In addition, data from select simulations are analyzed further based on the local tetradnmm mmr, rmr, mrm, rrm, or rr.
to determine the distribution of square displacements of Data are tabulated from 100000 MCS from each of two

individual beads and the length correlations between slow- independent initial stereochemistries (for intermediate stereo-

moving beads. The square displacements of individual beadschemical compositions). The acceptance rates are used as a
take on discrete values based on the geometry of the lattice.M€asure of local chain mobility. The significance of inter- or

The total number of observations at each of the discrete distancedntramolecular interactions is assessed by comparison of melt
are tabulated and used to compute histograms at specific time2CCEPtance rates to acceptance rates of isolated chains from two
intervals to determine the distribution of bead displacements INdependent simulations of 100 000 MCS each.
over a certain time. We do not search only for beads that diffuse
abnormally slowly at the beginning of the simulation, but instead
search also for beads that diffuse slowly during any time period ~ Relative diffusion coefficients and 90% confidence intervals
within the simulation. All beads can diffuse slowly at certain are obtained from the three independent simulations at each
times, when they and their neighbors take on certain conforma- Stereochemical composition, shown in Figure 2. Melt iPR (
tions randomly. When these conformations eventually change, = 1) diffuses faster that melt sPP{ = 0), which is a well-
they may return to the populations of faster diffusing beads. understood difference due to the dominant conformations for
To determine the origin of the slow-moving beads, the each stereochemistfy:®However, at intermediate stereochem-
intermolecular pair correlation functions between unmoved ical composition an unexpected maximum is observed Rgar
beads over a time interval are also computed, by comparison= 0.75. To verify that this effect is not due to the repulsive-
to the ideal gas spherical shell volume expansion, based on theonly simulations, additional runs were conducted including the

Results

formula given in Allen and Tildesle$t attractive third shell and are included in Figure 2 as well. The
values are shown normalized to the diffusion of iPP. When

v 1 comparing the simulations with and without the third shell, it

g(r) =— (Z Z(S(r —ry) (2 is worth noting that the absolute values of the diffusion co-

N 4rr?dr 1= efficient are~7 times higher without the repulsive shell as they
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Figure 3. Distribution of square displacements of individual atoms
over the intervals of 500 MCS (top panel), 5000 MCS (second panel),
40 000 MCS (third panel), and 400 000 MCS (bottom panel), for six

stereochemical composition.
To determine the origin of the maximum, we turn our focus
to the nature of the population of unmoved beads. We can

values of the probability ofnesodiad Pr calculate the decay of this population of unmoved beads over

are with the repulsive shell. The attractive part of the LJ potential different time intervals in order to extract a time constant for
produces a stickiness to the interchain interaction that providesthe decay. Figure 4 shows the fraction of unmoved beads over
cohesion, thereby changing the relationship between MCS andtime for each stereochemical composition. The initial rate of
real time. It is also responsible for the mixing behavior of PP decay from all beads unmovedtat 0 seems to be related to
melts!* On the basis of a prior quantitative comparison of the overall diffusion rate. This decay is a stretched exponential
mixing behavior of PP melts in experiment and simulafibn,  that can be fitted by the KohlrausehVilliams—Watts (KWW)
the true value of the energy for the third shell is likely to lie equatiorn?®
between the two limits used in Figure 2; i.e., it is between 0
and —1.089 kJ/mol. The time constants for the decay of (3)
autocorrelation function of the end-to-end vector (not shown)
were also found to have B, dependence consistent with the The time constantxww and stretching factgf for this initial
diffusion coefficients; the dependence of the time constant on decay are shown in Table 2. The same trend was seen in the
Pm was inversely related to the dependence of the diffusion time constant for decay of the chain end-to-end vector auto-
constant orPpm, correlation function (not shown). Values in Table 2 reinforce
In addition, the distribution of square displacements of the maximum in the diffusion rate as a function of stereochem-
individual atoms over time, shown in Figure 3, reveals that the istry, but the only new information is that unmoved beads persist
transition that occurs at short times, from a delta function at O longer through the simulation as the probabilityroésodiad
MCS to a distribution of increasing displacements, has the approaches the two pure stereochemistries. Further spatial
hallmarks of a Poisson distribution over increasing time characteristics of the slow-moving beads are required for us to
intervals. Over 500 MCS intervals, the majority of beads in the identify which conformations are responsible for the differences
systems have not yet moved from their positions. The transition in decay rate due to stereochemical composition.
is evident in the second and third panel, as the number of We identify the intra- and intermolecular length correlations
unmoved beads decays and a unimodal distribution emergespetween unmoved beads. However, in order to identify the slow-
which is almost complete for all stereochemical compositions moving conformations, we need to select a time interval that
in the last panel, over 400 000 MCS intervals. The systems with yields a narrow subset of beads, but not so narrow that good
an average probability ahesadiad of 0.6 and 0.8 are the fastest  statistics cannot be achieved. For each stereochemical composi-
to achieve this distribution, while the sPP{= 0) system is tion, this time interval will be different since diffusion rates

frww (t) = exp[— (UTKWW)ﬂ]
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Figure 5. Instantaneous snapshots of iPP (a), aPP (b), and sPP (c) 2 4 6 8 10 12
and the corresponding snapshots of unmoved beads over the time Distance (A)

interval of 4.0x 10° MCS for iPP (d), 8.0x 10* MCS for aPP (e), . . . . ) .
and 3.2 x 10F MCS for sPP (f). Dark gray beads represent an Figure 7. Difference in the fractional population of intramolecular
I-configuration stereochemistry, and light gray akeonfigurations distances between unmoved beads and the fractional population of

; : : i intramolecular distances between all beads, over an interval ok 4.0
(images rendered using Visual Molecular Dynanifcgersion 1.8.3). 10F MCS for iPP (dashed line) and 3:210° MGS for sPP (solid line).

Table 3. Time Intervals in Monte Carlo Steps Required To Allow
for Approximately 1—-2% of Beads To Remain Unmoved and the and 18 A, than all beads of the system are, suggesting that slow-
Actual Percent of Unmoved Beads in These Intervals, for Three moving beads are not well dispersed spatially, but instead cluster
Simulations of Differing Stereochemical Composition . . . . .
at shorter distances in all cases, showing signs of spatial

probability of time interval heterogeneity. The correlations between all beads have a
mesadiad (10 MCS) % of beads unmoved flattenedg(r) due to the repulsive-only potential; this reminder
0.0 3.2 1.23 of the absence of an attractive potential makes the clusters of
2:(6) 8:220 f:gg unmoved beads more surprising. In light of the time intervals

presented in Table 3, we can say that the clusters of slow-

are different in each case. We try to identify time intervals moving beads folP, = 0.6 are short-lived, compared to the
during which 2% of total beads do not move (aiming for ~clusters in the pure stereochemistries, and that the clusters in
the slowest 26-30 beads) for three samples: iPP, sPP,apd ~ SPP are the longest-lived.
= 0.6 as a representative for intermediate stereochemistry. Table The intramolecular pair correlations reveal which conforma-
3 shows the time intervals we selected for each system and thetions are clustering together. We calculate the fractional
average percent of unmoved beads during those time intervals population of intramolecular distances between unmoved beads
Figure 5 shows instantaneous snapshots of the iPP, sPP, antbr iPP and sPP as well as the fractional population of
aPP systems as well as the corresponding snapshots of the beadsstramolecular distances for all beads in these systems. Figure
that are unmoved in each system during the subsequent time7 shows the differences in the fractional populations of
interval appropriate for that system. If the selected beads areintramolecular distances between unmoved beads and all beads,
uniformly distributed, the distances between them wouldb& 4  for iPP and sPP, revealing certain distances that are more
times larger than the value ofin the LJ potential for propylene.  common among unmoved beads and certain distances that are
Thus, the slowest-moving-12% of the beads will not cluster  less common for each stereochemistry. Because distances on
unless their movements are correlated. the 2NND lattice can be mapped back to the tetrahedral lattice,

Focusing on the intermolecular correlations between unmovedwe know the relationship between the intramolecular distances
beads, the pair distribution functioggr), shown in Figure 6, and the torsional conformations they represent, shown in Table
between all pairs of unmoved beads for each stereochemicald. For the iPP case, the distances between unmoved beads that
composition are compared to the pair distribution function for yield higher than normal populations, at 4.33, 6.12, and 8.29
all beads. The functiog(r) is normalized by the average density A, are sequences in thg* helix, the most probable conforma-
of unmoved beads in each case (and for the total average densityion for iPP. The most probable conformation of sPP is the
when looking at all beads). In all three cases, unmoved beadszigzag planar conformation, consisting tins states, but
are more correlated at short lengths, between approximately 6looking at Table 4 and Figure 7, sequencesarisstates (which
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Table 4. Relationship between Intramolecular Bead Distances on the 2NND Lattice and the Underlying Chain Conformations

Distances(A)" 2.50 3.54 4.33 5.00 5.59 6.12 6.61 7.07 7.50 7.90 8.29 8.65 9.01 9.99
1-2 + F *
conformations &g g% gt u
fgig“g
o g
&8ss sss
i
3 L. gieet gt EEE gt
; £8ee t % F
conformations P 7 1 +
PP £ s« S v oS I it
8888 EJE
gt 1ggt ggH g
¥, 1
t
£8¢ e &g
1g%gt
1-4 + 4 4
; &e'eee’s
Coggl:?:;ﬁ"s giteie’n ghgtght  glgliegtt  glnmt ittt
300 3
ones only) &gng’g’

aThese distances can be generated by the given sequence of torsional states or its reverse sequence.

take the distances of 5.0, 7.5, and 10.0 A on the 2NND lattice) Loy o
cannot explain all the increased distances for sPP. In fact, the [ 4
increased peaks reveal the prevalence of another probable
conformation for sPPg*g*, and distances between unmoved
beads that have increased populations in Figure 7 are all
combinations oft andg*g* sequences. For the atactic case of
Pm = 0.6, which is not shown, the distances between unmoved
beads shows increased populations of some peaks related to
iPP and some related to sPP.

We complement our analysis of displacements with data on
melt acceptance rates as a function of local tetrads. Sequences
of mmmandrrr are the only sequences seen in iPP and sPP,
respectively, but they also show up at intermediate stereochem-Figure 8. Ratio of melt acceptance rates to the isolated chain

istries due to the quenched randomness of stereochemica@?fﬁgtg;‘sctir;atgsrryS;thgfiggaigii: \S,Vﬁ;;ncfoon(? ;w;mor‘:ﬁ]ra"
) m = 0.

sequences. Surprisingly, moves involvimgnmtgtrads have a  sequence wheR, = 1.0 are shown slightly displaced from the data
lower acceptance rate at pure stereochemisiy € 1.0) point. The average error bar for all tetrads over the intermediate range

compared td®, = 0.8. This suggests that although iPP is more 0f Pm= 0.2-0.8 is shown with the average rate of 0.74 as (0.85, 0.74)
mobile than sPP, mobility is actually increased by random ©n the graph.

placement ofacemodiads in iPP chains. A similar, but smaller, ) . ) .

decrease in mobility is seen in sequencesrofclose toPy, = intermediate mixed diad environment (overigl = 0.2-0.8),

0. Magnitudes for the melt acceptance rates of iPR= 1.0) ~74% of the moves that can occur in isolated chains also can
are ~5 times greater than that for SPPy{(= 0.0). For the occur in the melt. However, the ratio of melt to isolated chain

intermediatesnmr, rmr, mrm andrrm, the dependence of the @ccéptance rates fonmmsequence in iPP andr tetrads in
acceptance rates on the tetrad or fractiomesodiads in the sPP_|s much lower tha}n that fpr t_helr_ counterparts in the presence
tetrad is statistically difficult to discern. of mixed stereochemistries, indicating a greater intermolecular
Because the clusters of slow-moving beads have both intra- contribution when these tetrads are surrounded by like tetrads.
and intermolecular influences in all cases, we compare the EVeNn atPm = 0.2 whennr tetrads are abundant but not
acceptance rates of our melt systems to acceptance rates fofXclusive to the system, there is a noticeable decrease in the
isolated chains to determine how these effects lead to the Melt to isolated chain acceptance ratio for tetrads when
maximum in diffusion and acceptance rates as a functig,of ~ compared to other tetrads. A similar decrease is seemfiom
in melt systems. Acceptance of moves in isolated chains is &Pm=0.8 but cannot be confirmed since the difference is not
primarily a factor of the intramolecular RIS statistical weights; Statistically significant. For the pure stereochemistries, onty 25
therefore, if the intramolecular effects cause the maximum, we 3270 Of moves that occur in isolated chains can occur in the
will see a similar maximum in acceptance rates for isolated Melt:
chains as well. The ratio between the melt acceptance rate and.. .
the isolated chain acceptance rate, therefore, yields a measuriJ IScussion
of the relation of the intramolecular contribution to the total From our analysis of the slow-moving beads in each system
effect. This ratio of melt acceptance rates to isolate acceptanceand the acceptance rates by tetrad, our results suggest that the
rates is shown in Figure 8 for moves at each of the local tetrads.maximum in the diffusion rate is due to the connectivity of
At intermediate stereochemical compositid®,(= 0.2—0.8), random stereochemical sequences. For stereochemically pure
this ratio takes on values that are almost statistically equivalent, polymers, ones with onlgnesoor racemodiads, the consistency
except for the ratio forrr tetrads atP,, = 0.2; the average in the chirality of sequences of monomer units imposes a
90% confidence interval across the entire intermediate stereo-standard steric hindrance that allows for a dominant chain
chemical composition range is given as the error bar for the conformation. In atactic chains, however, the quenched random-
overall average ratio of 0.74 in this range and is shown near ness in stereochemical sequences prevents the regularity that
Pm = 0.85 in Figure 8. For all the tetrads, when they are in the allows some configurations to dominate. Recent calculations

Melt/lsol.Chain Acc. Ratio

0.2 0.4 0.6 0.8 1
Probability of meso diad, P,

(=]
f=1 Tt
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have shown that the ability of coarse-grained models to
reproduce the dimensions of atactic chains relies more heavily
on accurate models of the stereochemical sequences than on
the accurate sampling of chain conformatiérssiggesting the
importance of quenched randomness. The low-energy helix or
planar zigzag conformations that are predominant in crystalline
isotactic or syndiotactic chains, respectively, are present among
the random sequences but are r_10t ubiquitous enough to r_einforc%igure 9. Representative snapshots of clusters of the slowest-moving
each other_ as crystals do._ Previous work on PP ha_ls conjectureqyaays in sPP (a), aPP (b), and iPP (c). Dark gray beads represent an
that long-lived, less mobile structures can form in sPP from |.configuration stereochemistry, and light gray akeonfigurations
all-transcrystal-like sequencés8 This was suggested to explain  (images rendered using Visual Molecular Dynanifcgersion 1.8.3).

how small fractions of iPP or aPP chains in a sPP melt can ) ) )
lead to demixing. Now have we observed not only these reveal that the dominant crystal-like conformations are most

structures and their signatures but also similar structures in iPp Prevalentin the clusters. For the case of aPP, where no dominant
Here the implication is that the addition of small amounts of conformation exists, 'Fhe clusters are stochastic in copformaﬂon
guenched randomness within the chain may prevent helix and@nd are short-lived. Figure 9 shows some representative samples
extended chain aggregation, thus enhancing diffusion. Given Of these structures from the analysis of temporarily immobile
the difficulty in creating true iPP and sPP samptéshis result beads, dlscussed in the previous section. .For iPP, the. snapshot
is of interest since high mobility can be enhanced by random- Shows two neighboring segments in tge helix conformations.

ness, rather than relying simply on the high mobility inherent The prevalence of increased populations of intramolecular
in iPP chains, when compared to sPP. correlations for up to 10 A along the chain (in Figure 7) suggests

Because diffusion and the glass transition phenomenon arethat up to eight torsion angles may be participating in the helices,

: o ) I o
related through free volume theory, the enhanced diffusion for ':iclgllggu?grvc?irsl?atllr?:(esst%eet(\;/\?gé?\rTligg#kt)gee:c?s tﬁ] tf\/\;l;) hitleri]tirborin
intermediate stereochemical composition may be indicative of 9 9

a loweredT, for atactic chains. Recent work with pofg(t helices can range from 6 to 9 A, corresponding to the first

butyl acrylate) has also suggested a U-shaped dependence Olptermolecular peak of iPP in Figure 6 The subsequent pegks
28 T - suggest that a few clusters make contain more than three helices,
Ty on P28 This effect of random stereochemistry &g was

not found to be dependent on molecular weight in that case. gener_atin_g longer range intermolecular correlation_s. For sPP,
To confirm our data for diffusion v&®y, at higher molecular combinations of both the most commdnconformation and

e . o :
weight, we conducted a few representative melt simulations for also probablg™g™ conformation are seen in this representative

100-monomer chains and confirmed the trend, though it is less cluster in Figure 9, confirmed by the sPP peaks in Figure 7.

pronounced. Those simulations are complicated, however, byES%ZAgiZSagXpf;i:jcsnnoflosrg?‘“ﬁ] nI‘Z‘I i?érgefrrﬂglgf:égg ch\;g,g? of
the onset of entanglements for sPP (but not #®Rjaking P 9 :

; . oo = 0.6 in Figure 9 generates a cluster with no dominant
interpretation difficult. . o .
) ) conformation. The length scale of the cluster, which is seen in

According to the acceptance rate data, the behavior of gjgyre 6, is also much smaller than that of iPP or sPP. Because
sequences of pure stereochemical composition are the drivingihe time interval required to find a comparable percentage of
force for the enhanced diffusion &= 0.75. Therrr andmmm unmoved beads is so small compared to that of iPP and sPP,
tetrads have a different acceptance rate when part of anihe app clusters can be described as small structures that do
environment of mixed stereochemical composition than they s |ast long, with no signature conformations, suggesting that
do when surrounded by like tetrads. When neighboring chains {he clustering that we find in atactic chains is not of the same
consist of random tetrads, tremmandrrr tetrads are more  naqre of those long-lived clusters in stereochemically pure melts
mobile. The fact that acceptance rates for tetrads of mixed a1 jead to the decrease in mobility. The clustering in aPP is
stereochemistry do not change significantly based on the overa_ll similar to the spatially heterogeneous dynamics recently studied
Pm suggests that quenched randomness plays a larger role iy glass-forming liquid$? Dominant conformations in crystal-
regulating diffusion that the actual value Bf, does. forming iPP and sPP create a higher level of heterogeneity,

We can confirm that the decrease of acceptance ratBs as  which variations in stereochemistry can counter.
approaches pure stereochemistry is due to intermolecular effects.
At intermediate stereochemical composition, the strong inter- Conclusions
molecular packing that causes clustering in pure stereochemistry The melt diffusion of isotactic, atactic, and syndiotactic
is blocked by the random nature of the sequences, makingpolypropylene (PP) is studied over the entire range of stereo-
crystal-like packing difficult. This is confirmed by the strong  chemical composition by dynamical Monte Carlo. The technique
decrease in melt/isolated acceptance ratio for the pure stereqses realistic two-bead moves to obtain diffusion coefficients
ochemistries, which shows a lower mobility formmand rrr for a stereochemistry-dependent, coarse-grained model of
sequences in iPP and sPP, respectively. Therefore, these lesgolypropylene derived from the rotational isomeric state (RIS)
mobile structures must be composed of more than one chainmodel and repulsive Lennard-Jones interactions. Increased
segment since the lack of mobility cannot be explained by RIS diffusion of isotactic PP, compared to syndiotactic PP, is
intramolecular interactions alone. reproduced. Faster diffusion at intermediate stereochemical

The characteristics of these slow-moving clusters of beads composition is also found. We study distributions of displace-
are further elucidated by the intra- and intermolecular distance ments over time to determine the origin of the fast diffusion,
correlations between unmoved beads over a time interval. Thefocusing on the fractions of unmoved beads. We compare pair
intermolecular pair distribution function reveals that unmoved correlation functions of the unmoved beads to those of all beads
beads cluster in all systems but that the size of these clusters id0 determine the characteristics of these slow-moving beads.
larger for stereochemically pure melts. The populations of the We find the clusters of slow-moving beads in iPP and sPP are
distances between unmoved beads within the same moleculdong-lived and resemble the crystalline form of the material,

(b) (©
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while clusters in aPP appear to be short-lived with no dominant (9) Antoniadis, S. J.; Samara, C. T.; Theodorou, DMécromolecules

: ; 1999 32, 8635-44.
Conformatl.ons' Random.ness of the. StereOCh.emlcal Seq.uenc?lO) Destree, M.; Laupretre, F.; Lyulin, A.; Ryckaert, JJPChem. Phys.
works against the occasional formation of relatively long-lived 200Q 112 9632-44.
immobile clusters in aPP melts, as compared to the situation in (11) Haliloglu, T.; Mattice, W. L.J. Chem. Phys1998 108 6989-95.
the stereochemically pure iPP and sPP melts. Monte Carlo(12) Haliloglu, T.; Mattice, W. L.J. Chem. Phys1999 111, 4327-33.
acceptance rates, characterized by the stereochemistry of thél3) Clancy, T. C.; Putz, M., Weinhold, J. D.; Curro, J. G.; Mattice, W. L.

? . Macromolecule00Q 33, 9452-63.

local tetrad and overall stereochemical composition, reveal that (14) Clancy, T. C.; Mattice, W. LJ. Chem. Phys2001, 115, 8221-5.
sequences of pure stereochemistry diffuse faster in melts with(15) Xu, G. Q.; Clancy, T. C.; Mattice, W. L.; Kumar, S. Klacromol-
quenched randomness of stereochemical sequences than i?16) (IE\"/IC:tlt?CSeZOV(\)IZLs?Hiﬁ‘grg_élA'Rane <. S von Meenwall. E. D.: Farmer
stereochemlcally pure melts, while sequences.of rand_om ster- B. L. J. Polym. Sci., Part B: Polym. Phy8005 43, 127182, '
eochemistry are relatively unaffected. Comparison to isolated (17) Lin, H.; Mattice, W. L.; von Meerwall, E. DJ. Polym. Sci., Part B:
chain acceptance rates indicates that intermolecular cohesiveness  Polym. Phys2006 44, 2566-71.
of stereochemically pure sequences is responsible for the crystal{18) Rapold. R. F.; Mattice, W. LJ. Chem. Soc., Faraday Trank995

. o . 91, 2435-41.
like structures that lower mobility, which can be broken up by 19y onwoll, R. A. InPhysical Properties of Polymers Handbodkark,
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