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ABSTRACT: The properties of isotactic polypropylene (iPP) melts are investigated via atomistic molecular
dynamics (MD) simulations in the isothermasobaric NPT) ensemble. A fully flexible model is developed and
validated by comparing predicted volumetric and thermodynamic behavior with available experimental data.
Atomic-level packing in the simulated polymer melt is examined through the calculation of an X-ray diffraction
pattern. Segmental dynamics is investigated through the reorientation of the methyl¢hddhds and the
decorrelation function of torsion angles over a wide range of temperatures and pressures. Predicted correlation
times are in reasonable agreement with experimental values derived¥#MNMR, QENS, and dielectric
spectroscopy measurements. The temperaijrar(d pressureR) effects on the relaxation times are compared

by calculating theEy/H* ratio, which provides a quantitive measure of the relative importan&aofdT on the
dynamics. By consistently mapping the atomistic trajectories onto the Rouse model, the dynamical behavior of
the polymer on the chain level is investigated. Estimates of the segmental friction factor are derived from both
the self-diffusion coefficient and the relaxation times of the first Rouse modes. The zero-shear viscosity is calculated
from the friction factor through the Rouse model analysis.

1. Introduction andT on the dynamics. At the chain level, simulation results
will be used to test the validity of the Rouse model analysis,
which has been extensively used to describe chain dynamics in
the unentangled reginié:23

This paper is organized as follows. Section 2 discusses the
molecular model invoked in the present atomistic MD simula-
tions and explains the key points of the simulation methodology
adopted. Results from the MD simulations are presented and
compared with available experiments for iPP melts in section
3. Our conclusions from this work are drawn in section 4.

Predicting the physical properties of polymeric materials from
their detailed chemical constitution through atomistic simulations
is of substantial importance, since it can play a significant role
in the design of new materials and the improvement of their
processability. Using as input information on molecular geom-
etry and interaction potentials and taking into account the
macroscopic constraints imposed on a system, molecular
simulation techniques can predict static and dynamic properties,
at the same time offering valuable insight into the microscopic
structure and motion and into the mechanisms that underlie
macroscopic behavior.

Polypropylene (PP) is a vinyl polymer with a wide variety
of applications. In its most common isotactic form (iPP) it can

be used as both plastic and fiber; it is unusually resistant to
" past I s Unusualy resl is used for the methyl groups (GH R). Two model systems

many chemical solvents and can be melted and recycled. were studied-on nsisted of 2 and th nd of 16 molecul
PP has been studied using several simulation techniques, such ere studiecrone consisted of = a € second o olecues

as molecular mechaniés? molecular dynamic$;° and Monte of degree of polymerization 76 (152 skeletal bo7nds long, molar
Carlot™17in order to predict its elastic constants in the glassy ma_ssd_3288 gdmoF)—mdg_ CUb'.C S||r|mr11|atlog_céﬂ_ subject to
state, its volumetric, thermodynamic, conformational, and pelrrlloc(ljcntrg:tn toarr)éfzog ;23”75 '2 %”t frliiiblltraegloonnsilraint-free)
dynamical properties in the melt, and furthermore the miscibility model is used. A simple harm'onic p>(/)tential keeps bond lengths
of melts of different tacticities. A coarse-grained model based b near their equilibrium values:

on the next-nearest-neighbor diamond lattice, the bsadng ! q )

model, united atom, and explicit atom representations have been VP = (b, — bY)? 1)
used for PP, depending on the properties and mechanisms that A I

needed to be explored. Dynamical simulation results available
in the literature focus mainly on segmental and not on chain
dynamics. Furthermore, the effect of pressure on volumetric andpresent in the iPP molecule.

dynamical properties has not been investigated. A potential of the same form is also used in order to describe

In th_is W(_)rk we present results_from gtomistic_ mole_cular the interactions associated with all eight types of skeletal bond
dynamics simulations carried out in the isotherrrigbbaric angles

(NPT) ensemble to study the properties of iPP polymer melts.

Our objective is to investigate the dynamical behavior both at V2 =c? (9., —0 )2 2
: ijk Cuk(auk é)uk) ( )

the segmental and at the chain level. Results for the segmental

motion will be presented over a wide range of temperatures A 3-fold symmetric torsional potential is associated with all
and pressures, in order to assess the relative importanee of nponterminal dihedral angles

2. Molecular Model and Simulation Methodology

In this work, following refs 6 and 7, polypropylene chains
are represented in terms of explicit skeletal carbon (C) and
pendant hydrogen (H) atoms, while a united atom representation

with 205 and bi? being the spring constants and the equilibrium
bond lengths, respectively, for the three different types of bonds
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Table 1. Simulation Parameters for Bonded Interactions

bonds CH CcC CR

cf? (kJ molr1A—2) 3349.44 1674.72 1674.72

bﬂ’ A 1.0990 1.4712 1.5065

bond angles HCH aHCTC cHCC HCR aCCe cCce CCR RCR

¢l (kd moftrad?) 164.96 199.29 199.29 199.29 302.29 302.29 302.29 302.29
6;, (rad) 1.9216 1.9190 1.8863 1.9246 1.8778 1.9380 1.9465 2.0559
torsion angles RCCC CCccC CCCR

Cla (k3/mol) 11.723 11.723 11.723

aPrefix “a” (“c”) in aHCC and aCCC (cHCC and cCCC) denotes that the central atom in the bond angle is an achiral (chiral)ad'drboﬁ. and Hﬁk
given for the RCR bond angle were used only at the chain ends, since the iPP chains simulated were of theCflHiRa-fCH,— CHR—)x—1R, with x =
76 denoting the degree of polymerization.

Table 2. Simulation Parameters for Nonbonded Interactions 10
HH HC  HR  CC  CR RR o
Local F 0]
oy (A) 23160 27615 2.9400 3.2070 3.3855 3.5640 02]
€ 0.31925 0.33515 0.43054 0.35188 0.45188 0.58075  ,,1
(kJ/mol) 0l
Nonlocal n',,_ '
oj (A) 25510 3.0422 3.1947 3.5333 3.6858 3.8383 0s]
€ 0.18494 0.19498 0.26904 0.20544 0.28326 0.39121 § ]
(kJ/mol)
0.2
The parameters for all bonded interactions mentioned above *'7T
are borrowed from the work of Sylvester, Yip, and Ardamd 10
are summarized here in Table 1. %1

The reader should note that, with the model and the &
parametrization used, the bonded geometry of iPP is strained
at equilibrium. Thus, average values of bond lengths and bond . N
angles _depart signif!cantly from thlq? and Oi?k values em- ° ey 2 e
ployed in the potential expressions of Table 1. In particular, Figure 1. Intermolecular pair distribution functiorg(r) at T = 450
the average length of a CC bond is 1.53 A and the average andp = 1 atm.
value of an aCCC bond angle is P17 he distributions of bond
lengths and bond angles accumulated during the simulation atNewton’s equations of motion for all the interaction sites were
400 K and 1 atm are given in the Supporting Information (S.M. integrated by means of a multiple time step velocity-Verlet
Figure 1 and S.M. Figure 2). algorithm. The fast degrees of freedom (bonded interactions:

As concerns the nonbonded interactions, all pairs of sites bond stretching, angle bending, and torsional oscillations) are
separated by more than two bonds along a chain or belongingintegrated with a time stept@qual to 1 fs, whereas the slow
to different chains interact through a Lennard-Jones (LJ) degrees of freedom (nonbonded interactions) are integrated with
potential: a longer time step\t = 2 dt. All MD runs were carried out

with the large-scale atomic/molecular massively parallel simula-
WA . Ojj 12 Ojj 6 tor (LAMMPS) code?”
i () = 4e A (4) The initial configurations were equilibrated for 160000
! ! ps, depending on the simulation conditions. Stabilization of the
with rj being the scalar minimum image distance between running average for the density and the various components of
interaction sites and]j. A systematic effort was undertaken to the energy was used as a criterion for starting saving the
improve the representation of the nonbonded interactions. Thesimulation trajectories. Configurations from the production phase
methodology followed was very similar to that introduced in Of each simulation were recorded every 10 fs in order to track
refs 6, 7, and 24. Local intramolecular interactions (between the fast motions which dominate the short-time segmental
interaction sites three or four bonds apart) are described by thedynamics. Properties were obtained from analysis-674 ns
same sétof o ande;;, while a different set is used for nonlocal  long trajectories, depending on the characteristic times associated
and intermolecular interactioisThe sets ofyj ande; param-  With their equilibration.
eters used for local and nonlocal interactions are listed in Table
2. Lorentz-Berthelot combining rules have been adopted for
both sets obj andej; parameters. All results presented in the following sections are extracted

Potential tails are cut at 1.4pand brought smoothly to zero  from simulations conducted using the 2-molecule system, except
at 2.33; using a quintic spline potential forfnLong-range for those of section 3.4.3, which were extracted from simulations
attractions between atomic pairs are accounted for by directconducted using the 16-molecule system.
integration of the LJ potentials, assuming radial distribution  3.1. Structural Properties. In order to comment on the
functions of 1 at separations greater than @45 structural properties of the iPP melts, the intermolecular pair

The simulation runs were conducted in the isobaric distribution functiong(r), which is illuminating as regards
isothermal NPT) statistical ensemble, using the Nese intermolecular correlations and packing in the bulk, was
Hoover>26 extended ensemble technique for maintaining both calculated for all pairs of interaction sites present in the system.
temperature and pressure fixed at their prescribed values.Representative plots for thgér) curves are shown in Figure 1.
Simulations were performed at pressuResanging from 1 to The presence of the “correlation hole effect” is evident in
1000 atm and temperaturés ranging from 450 to 650 K. the figure; at radial distances smaller than the radius of gyration

3. Results
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Figure 2. Simulated and experimental X-ray diffraction patterns of Figure 4. Simulated torsion angle distributions in iPP melt. Results

E’Lf’rrge:tfg‘ggo K. The experimental measurements were performed byyere ohtained fromNPT simulations at 450 K (solid line), 650 K (dotted
: line), and atmospheric pressure. Also marked in the figure are the
rotational isomeric states.
(see below, Table 6Y(r) is suppressed relative to 1, since the

cloud of segments belonging to the same chain as the reference ) _ _
segment excludes segments of other chains from getting closefof groups of typea in the model system and their atomic
to the reference segment. scattering factor, respectively.is the model system volume.

The peaks im(r) reflect positions of intermolecular neighbors. Al six types of group pairs (HH, HC, HR, CC, CR, RR) were
The location of the first coordination shell for the RR pair considered for the calculation &k). The “atomic” scattering
appears to have moved toward closer distances in comparisorfactors for H, C, and R were calculated through an analytical
with CC and CR pairs. The above observation can be explainedapproximation described in ref 29, following a procedure similar
by the fact that C atoms belong to the main backbone, whereasto that of refs 6 and 7. The plot &k) obtained from simulations
methyl groups (R) are pendant atoms. Skeletal carbons are kepatT = 450 K is shown in Figure 2, along with an experimentally
apart by the substituents surrounding them, in contrast to theobtained curve at = 453 K.

methyl groups, which are more exposed to neighboring sites B ) o
and can approach each other at lower distances. The position and magnitude of the major intermolecular sharp

Comparing our results to analogous results of Antoniadis et Peak near 1.1 At and of the intramolecular broader peaks near
al.;/ we find that the two sets of plots are in a very good 3 and 5 A1 demonstrate good agreement with experimentally
agreement. Available in the Supporting Information are the plots measured data. This agreement supports that the structure of
of the intermolecular pair distribution functions Bt= 450 K the simulated polymer is realistic.
andP = 1 atm out to distances of 40 A, where the asymptotic

value of 1 has been reached; those were extracted from : . o
simulations conducted using the 16-molecule system. states (RIS) for iPP according to Suter and Flaryy( 9, t*,

As a check of the correctness of structural predictions of the 97, @s defined in ref 30, are shown in Figure 3. The distribution
MD simulations, the static structure factsfk) was extracted of the torsion angles at tyvo dlfferent temperatures,. 450 and 650
from theg®(r) functions. This can be compared directly against K, was accumulated_to |nvest|gate_ the cor_1form_aﬂons _adopted
experimental X-ray diffraction patterd&. k) was calculated by our system (see Figure 4). The five rotational isomeric states
from the Fourier transforms of the total pair distribution are also indicated in the figure.
functions. For a given wave vect@r

3.2. Conformational Properties.The five rotational isomeric

The torsion angles display a continuous distribution with
=1+ discernible peaks near thgg, andg states. The state is the
most populated. Theg andg* states cannot be clearly detected,
@& Z NN f 2(K) f b(k) f[g“’"ab(r) _ 1]efik-r & the former is completely merged with thstate, and the latter
= appears as a raised baseline between the dontinady peaks.
5) Increasing the temperature causes a broadening and lowering
Z[f a(k)]z of the peaks, as the system samples less energetically favorable
) states. The fractional populations for each state as a function
of temperature for the 5-state model are listed in Table 3. In
In eq 5g®tar) stands for the total pair distribution function assigning bond angles to discrete rotational states, we followed
between group typesandb. N, andf &(k) are the total number  the conventions of ref 1.

g =-115" t =15 =50 g =70 g=105"

| | | | |

CH2 7 CHZ H CHZ CHZ H CHZ
H CH H H H
~CH
H —CH

H H; H H; H CH; H H; H H;

H CH CH H H

I /

Figure 3. Rotational isomeric states trarts ) and gaucheq g, g*).
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Table 3. Fractional Populations of Rotational States in the Five-State Model, As Obtained from the Simulations

temp (K) 0 t t* g* g
450 0.045+ 0.006 0.504+ 0.004 0.100+ 0.003 0.053+ 0.001 0.297 0.007
650 0.080+ 0.001 0.469+ 0.001 0.125+ 0.001 0.07H4-0.001 0.243+ 0.002

A more detailed analysis of the distribution of torsional states experimental data. The isobaric thermal expansivity was esti-
adopted bypairs of adjacent bonds has been performed. Results mated through the expression
from the simulation have been compatedgainst predictions
from both the five-state RIS model of Suter and Ff8ignd an = iAﬂﬂ (6)
earlier, simpler three-state modéf3°> These calculations and WOAT /e
comparisons are presented in the Supporting Information
accompanying this article. Agreement between simulations and
the five-state RIS model is good, taking into account that the

by numerical differentiation of théV[{T) predictions. The
isothermal compressibility was calculated through the expression

assignment of discrete rotational states to the torsion angles from _ 1 ALV

the simulation is subject to considerable uncertainty. In general, “TT T woap + @)
the simulation gives a higher population bfand a lower

population ofg relative to the RIS models. by numerical differentiation of théV[(P) predictions. The

solubility parameter was obtained through the expression
3.3. Volumetric Properties and Cohesive Energy Density.

The parameters used for the nonbonded, nonlocal interactions Econ
in our model were calibrated by comparing the volumetric 0= o (8)

properties extracted from the MD simulation runs with available
experimental dat&37 With the initial set of parameters used, where the cohesive enerdson, Was estimated as the ensemble-
the predicted density was systematically higher than the availableaveraged potential energy difference between the parent chains
experimental data. This observation pointed out the necessityand the simulation bokThe simulation values, the experimental

of scaling the nonbonded, nonlocal LJ parameters. The strategyvlues, and the simulation conditions are shown in Table 4. The
for extracting the modifieds; ande; values is similar to that experlmental7pred|ct|ons fap andicr are taken from thGe work
used in ref 24. The length parameters of the LJ potential of Sato et af _and foro fr(_)m the work of Maer et a:

were first optimized by multiplyings; for all i andj pairs with 34 Dynamlcal Properties I_mportant data frorﬁ_3C NMR’

; | . guasi-elastic neutron scattering (QENS), and dielectric spec-
the same constant factor without modifying paramgterg. troscopy (DS) experiments on isotactic polypropylene melts can
Optimization of theejj parameters followed. The optimization e found in the literature from many different sourd&s! It
process was considered complete when the derived meltis therefore significant to compare our simulation results on
densities were found in good agreement with the available dynamical properties with these data.
experimental data. The reader should bear in mind that, 3.4.1. Segmental Dynami&egmental dynamics of iPP melts
throughout the optimization procedure, the local parameters werewas investigated through the reorientation of the methylene
kept fixed. Figure 5 shows how the specific volume of the C—H bonds, as expressed by the second-order correlation
optimized model varies with temperature; also shown are function
experimental values reported for iPP melts.

1 2
P,(t) = Z{3Mucy(D) ucy(0)0— 1 9
The calibrated parameters afford very good agreement 2 2{ () Ue(O)] ! ©
between the simulation prediction and the experimental Values'whereuCH(t) is the unit vector along a €H bond at timet.

Thermodynamic properties such as the isobaric thermal eXPaN-rne G-H bond vector orientation autocorrelation functions

sivity, isothermal compressibility, and Hildebrand’s solubility computed can be described well by the modified Kohlratsch
parameter were also evaluated and compared with availableyyjjiams—wWatts (MKWW) function

B
T T T T T T P () = aex ~[+ + (1 —a)exg— t
1.45 < . . 7o Tkww
) v 10)
> 4 | . . . |
£ 4404 N 4 The preceding mKWW function consists of two parts. The first
£ av term describes a fast exponential decay with amplityaehich
3 T NS ] is associated with the librations of torsion angles around skeletal
o 136+ AV . bonds and with the bond and bond angle bending vibrations of
5 | v o MD simulations | skeletal and pendant bonds near their equilibrium values, with
@ A S .
o 13047 A Expt. (Maier et al., 1997) characteristic timerg. The second term is a slower stretched
R v_Bet (Saoetal. 1997) exponential (KWW) decay associated with cooperative confor-
LI AL L L mational transitions in the polymer, withkww being the

450 475 500 525 550 675 600 o L .
Temperature (K) characteristic correlation time anithe stretching exponent.

Figure 5. Temperature dependence of the specific volume as obtained In the diagram of Figure 6 one can see the comparison
from our MD simulation runs @ = 1 atm (filled circles). Also shown between the second-order autocorrelation function extracted

are available experimental data (open symbols) taken from refs 36 andfrom simulation trajectories with the fitted mKWW functions.
37. The mKWW provides an excellent fit to our simulation data
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Table 4. Thermodynamic Properties of iPP Melg

property conditions simulation prediction experimental value
op = AIVI(IVIAT) T=450, 600 K
P=0.1 MPa (7.5£0.1) x 1074K~1a 7.6x 104K 1a
k1 = —AIVI(IVIAP) T=500K
P=0.1, 10 MPa (1.8:0.3) x 10 3MPata 1.6x 103MPata
0 = (Eco/ VOV2 T=475K
P =10 MPa 14.8+ 0.2 MP&"2 15.1 MP&2

aThe simulation prediction and the experimental value refer to (a) the thermal expansiity 825K, P = 0.1 MPa and (b) the isothermal compressibility
atT = 500K, P = 5.05 MPa.
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Figure 6. Time dependence of thB,(t) orientation autocorrelation 0.0 Z 1

1

function for C-H vectors calculated at 450 K and 1000 atm. Also
shown is its analytical approximation with a stretched exponential
function (dotted red line) for long times. The solid line indicates a Figure 7. Time dependence of they(t) orientation autocorrelation
modified stretched exponential (MKWW) function, which fits both  function for C-H vectors, for three different temperatures and three
regimes. Inset shows exponential fit at short times. different pressures. Rectangles indicate data at 450 K, ellipses data at

550 K, and triangles at 650 K. Curves are mKWW fits to the simulation
over the whole time range. In the plot is also shown a single- results.

exponential fit, which captures the dynamics in the redian

tim e (fs)

1.0

1 ps satisfactorily (fast dynamics). In the region 1 ps, where 0.8 R 650K ]
the decay is broader (slower dynamics), the simulation curve z o.s Kt -
is well described by a mere stretched exponeltigkWw) 2" 0 R 3
function of the form 02 N -

t 8 0'0 10 10° 10 10° 10°

KWW(t) = (1 — a) ex;{—( ) ] (112) : = ~ ~ ~ ~

Tkww Saces.

(t)

3.4.2. Effect of Pressure and Temperature on Segmental "
Dynamics.We have investigated the effect of pressure and 20
temperature on the segmental dynamics, as expressed through ~~ 3 107 10° 10 10 10°
the reorientation of the methylene-€i bonds by the second- p
order correlation functiorP,(t). The relaxation of theP,(t) R
curves, as obtained from our MD simulation runs at three =.
different temperatures and three different pressures, is shown”®
in Figures 7 and 8. The former shows the decayst) for I 22
three different temperatures at fixed pressure, while the latter 1o 1o’ 10? 10’ 10! 10°

displays the d P,(t) for three diff e
isplays the decay oP(f) for three different pressures at Figure 8. Time dependence of the,(t) orientation autocorrelation

constant temperature. The simulation results show how the fnction for G—H vectors, for three different pressures at three different
curves decay in time as a function of temperature and pressuretemperatures. Rectangles indicate data at 1 atm, ellipses data at 100
The diagram supports that, as the temperature increases or thatm, and triangles at 1000 atm. Curves are mKWW fits to the simulation
pressure decreases, the decayPgt) to zero is accelerated.  results.

Also shown are the best mMKWW fits to the simulation data.

It can be further observed from the evolution of thgt) atm, a change of only 1 order of magnitude, the segmental
curves with time, shown in detail in Figure 7, that a rise in relaxation rate is slowed down significantly. Both the effects
temperature of 100 K results in significant acceleration of the of temperature and pressure can be explained in terms of the
decay to zero for all studied pressures. The effect of pressure,density of the system studied. As temperature changes by 100
on the other hand, which is shown in Figure 8, is not obvious K at constant pressure, density changes almost linearly with
for the change from 1 to 100 atm; the data practically coincide temperature. As pressure varies from 1 to 100 atm the density
at these two pressure levels, even though the latter levels differchange is very small, so the dynamics is not significantly altered.
by 2 orders of magnitude. For a pressure rise from 100 to 1000 However, as the pressure is raised further from 100 to 1000
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Figure 9. Time dependence of they(t) torsion angle autocorrelation
function for three different temperatures at three different pressures.

Rectangles indicate data at 450 K, ellipses data at 550 K, and triangles

at 650 K. The lines are mKWW fits.
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Figure 10. Time dependence of thy(t) torsion angle autocorrelation
function for three different pressures at three different temperatures.
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Figure 11. Temperature dependence of simulated and experimental
mean correlation times at atmospheric pressure. MD simulation data
were calculated from the mKWW fits to the -@& orientation
autocorrelation function and from direct integration of the autocorre-
lation function (filled symbols). Experimental data are from NMR
measurements (Lippow et af) QENS measurements gt= 1 A1
(Arrighi et al.)3®and DS measurements (Floudas et‘8idlso indicated

in the figure are VFT functions with parameters taken from ref 38
(dashed line) and ref 39 (dotted line) and a WLF function with
parameters taken from ref 41 (dash-dotted line).

connection with the second-order correlation functgft). The
increase of temperature or the decrease of pressure results in
an acceleration of the decorrelation of the system.

At low temperatures and high pressures a change in the shape
of the decorrelation functions is evident. The relaxation
originates from two overlapping processes: a fast process
occurring in the picosecond time scale, associated with the
librations of torsion angles around skeletal bonds and with the
bond and bond angle bending vibrations of skeletal and pendant
bonds f relaxation), and a slower process associated with
cooperative conformational transitions in the polymer (
relaxation). This change in shape is due to the split ofahe
from the more localized@ relaxation because of their different
dependence on simulation conditions, which is more pronounced
in lower temperature (and higher pressure) data. As temperature
decreases (or pressure increases) the backbone starts to freeze;
consequentlya relaxation becomes slower, whereas, on the

Rectangles indicate data at 1 atm, ellipses data at 100 atm, and trianglegther handjs relaxation is relatively unaffected. This separation

at 1000 atm. Curves are mKWW fits to the simulation results.

atm, the density difference is significant, a phenomenon that
results in observable deceleration of the relaxation of the system
In addition, it is worth pointing out that the initial “exponentially
decaying” part, associated with vibrations and librations, is
affected little by temperature and almost not at all by pressure,
in contrast to the “cooperative” KWW(relaxation) part, which
requires conformational isomerizations and is affected drasti-
cally.

The local dynamics of iPP melts, in particular their torsional
dynamics, can be quantified through the torsion autocorrelation
function, defined as

_ [Bos@(t)) cos(0))0— [Gose(0))
[Gos(0)) cosep(0))T— Bose(0))H

PO (12)

whereg(t) is a nonterminal torsion angle at tirhel'he relaxation
of the Py(t) curves, as obtained from our MD simulation runs

has also been observed in simulations of PE nfélts.
The area unddp,(t) defines the correlation time: for C—H
bond reorientational motion:

= [ Py(t) dt
With the observation that the mKWW functioRmkww(t)
provides an excellent fit t&,(t), the mean correlation times of

CH bond orientational relaxation are derived analytically using
egs 13 and 10 as

o= [P dt= [ Priu(® dt =
az,+ (1 — &) %r(’%) (14)

(13)

The correlation time is plotted against inverse temperature in
Figure 11. Two sets of simulation results are given as filled
symbols. One set has been obtained by direct numerical

at three different temperatures and three different pressures, igntegration of theP,(t) function computed from the simulation
shown in Figures 9 and 10. The conclusions that can be drawn(eq 13). The second set has been obtained by the analytical
from these plots are similar to these that were already noted inrepresentation oP,(t) consisting of the mKWW function (eq
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Table 5. Parameters Used for the Fits of WLF and VFT Curves

VFT curve: l0grseg= 109 Tsegp + B/(T — To) WLF curve: logr(T) = log 7(Tg) — [C(T — Tel/[C2o+ (T — Tg)]
source l0g€seqy/s) To (K) B (K) source 7(Tg) (s) Ty (K) C Cz (K)
ref 38 -12.7 196 585 ref 41 100 255 14.5 30
ref 39 —-12.7 186 554

14)10 The deviation between the two sets of results provides a If the relaxation process is considered as involving an
measure of the accuracy with whieh can be computed from  activation volumeAV (difference between the molar volumes
simulation. Also in Figure 11 are presented experimental of the activated and initial states), the&\/ can be extracted
measurements derived frolfC NMR 3 QENS2? and dielectric from AV = 2.30RT(3 log 7c/dP)r. From the slopes of the fits
spectroscopy? The lines through the simulation and experi- of log zc vs P, the activation volume was calculated as 52.1
mental points in Figure 11 are the Vogétulcher-Tamman 0.97, 42.8+ 3.34, and 44.95- 1.72 cn¥/mol at 450, 550, and
(VFT)33%9and Williams-Landel-Ferry (WLFf! curves deter- 650 K, respectively. According to MD simulations, the calcu-
mined by experimental techniques, which show the dependencelated values of activation volume indicate that as the temperature
of relaxation times on temperature as the melt is cooled, decreaseAV increases, consequently the number of monomers
approaching the glass transition temperature. The parametersnvolved in the relaxation process increases. The same conclu-
used for the fits of WLF and VFT curves are listed in Table 5. sion was reached via DS measurements on polyisoffrane

Clearly, all sets of data are in reasonable agreement. cis-1,4-polybutadiené®

The relaxation times for €H reorientational motion are TheT andP effects on the correlation times can be compared
discussed in further detail in two representationg(T,P:const) by plotting z7c as a function of densit§:*¢ This was done by
andc(P,T:const), which provide complementary informa- collecting the correlation times measured under isoha(iE,P:
tion 2143745 const) and isothermat(P,T:const) conditions and is shown in

The temperature dependence of the correlation times wasFigure 14.
examined by plotting the simulation data, obtained under  Through the observation of Figure 14 it is clear that the
isobaric conditions, versus inverse temperature. Figure 12 clearlychange of relaxation times under isobaric conditions is stronger
illustrates that the dependence for the three sets of data isthan the one under isothermal conditions. From the data plotted

described by the VFT equation: in Figure 14 we were able to calculate the ratio of the activation
log 7. = log 7, + _B_ 15) 2T T T T T T
C 0 T-— TO o P
11.5- A Ae... -'

where logrg is the limiting value at highT, B is the apparent
activation energy, and is the “ideal” glass transition temper-
ature.

The pressure dependence of the correlation times for the
segmental dynamics was studied by plotting the simulation data,
obtained under isothermal conditions, versus pressure. Within
the investigated pressure range, as shown in Figure 13, the
logarithms of the correlation times exhibit a linear dependence

-log(x /s}
2 5
o [<,]
Al )
/

U 450K e linear MD fit -
D 550K == elinear MD fit d
004 4 650K = « «linear MD fit

©
wn
(]

onP T
0 200 400 600 800 1000
log 7o =log 7, + A(T)(P — Py) (16) Pressure (atm)

Figure 13. Pressure dependence of relaxation times for three different
wherery is the characteristic time at pressi®gand A(T) is temperatures. The lines are linear fits to the data for the available
independent of pressure and is proportional to the activation temperatures.
volume for the motion. This kind of behavior has been observed 1.4

. . . 5 v L ' L] ' L] ' Ll . Ll ' L]
for DS measurements on polyisopréhendcis-polybutadiené? ) . const (dotted lines) ]
20T T T T T T 1.1+ “
154 1 !
J ~ 108+ -
1.0 4 ) "N\, 4
) 4 1}
< 1054 £ 1054 -
g ) o 1 4
7 1004 e " 10.2 4 ; . -
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Figure 12. Temperature dependence of correlation times for three density (g/cm’)
different pressures. The 1 atm MD predictions are compared directly Figure 14. Relaxation times as a function of density. Solid lines
with the VFT function fitted to NMR relaxation data of Lippow et correspond to relaxation times measured under isobaric conditions by
al®® The lines for 100 and 1000 atm are fits of the VFT equation to changing the temperature; dotted lines correspond to relaxation times
the data for the available pressures. measured isothermally.
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Table 6. Mean-Square End-to-End Distance, Radius of Gyration,
Their Ratio, Their Fourth Moments, the Mean-Square Skeletal 1
C—C Bond Length, and the Characteristic Ratio for Two
Temperatures Studied

T=450K T=650K

Re2A2) 1894.28+ 85.84 1873.14F 50.33 £ 01
(A2 297.46+ 8.98 300.46+ 5.14 e
[Re20820 6.37+0.35 6.23+ 0.20 %
[R4IR:2(3 1.435+ 0.024 1.490k 0.015

[$13203 1.1474+0.011 1.157 0.005

IPIA?) 2.27+0.09 2.28+0.12 0.01
Cn 5.49+ 0.33 5.41+ 0.32 .

energy at constant volunig, over the enthalpy of activation

H*. This ratio is defined as Figure 15. Square amplitudes of the Rouse normal mod&g0)3)

normalized by théX,(0)’0] as a function of the inverse squared mode

E; 9P\ (9 (8p/3T)p(d In T/3P); number for iPP melts at two different temperaturks; 450 and 650
=1 (ﬁ) (513-) =1 = K. The line corresponds to the Rouse model prediction.
Vi T

H*  (9plaP)(dInT/aT)p
(01 /dp); o
-—F X (17) The Rouse mod#l“® has been remarkably effective in the
(8 In 7/9p)p description of chain dynamics of polymer melts, as long as their

molecular weight is below the entanglement regime. The value
and provides a quantitive measure of the relative importance of the entanglement molecular weight reported in the literature
of P and T on the dynamics. The value of tHg/H* ratio for iPP melts from Eckstein et &9 by means of oscillatory
calculated is 0.54- 0.08, a value indicating that the temperature rheometry, is 6900 g mot, whereas the value estimated by
provides the main means of affecting the dynamics. It is Fetters et aflis between 5100 and 5500 g mél The difference
suggested in the literature that the degree of packing, which is between the reported values is due to the factor (4/5) which is
reflected by the broad scattering peaks in the wide-angle X-ray taken into account in the latter reference in the expression

pattern, and the dynamic quantilj/H* are correlated® For relating the entanglement molecular weight with the plateau
glass-forming polymers witly* < 5 nnrl, whereqg* is the modulus. Both values are considerably larger than the molar
position of the first peak in the X-ray pattern, the ratio is below mass (3208 g mol) of the melts simulated here.

0.6, and for glass formers witir > 15 nnt! the ratio is higher The Rouse model considers a polymer chain as a sequence

than 0.6. We justify the above experimental conclusions, since of N Brownian particles, numbered 0, 1, N,— 1, connected
both the first peak of iPP (11 nr) and the extracted value of by harmonic springs (Gaussian model) and moving in a viscous
the ratio are positioned in the intermediate regime between themedium representing the background environment formed by
above regions. all other chains. The basic assumptions of the Rouse model
3.4.3. Chain DynamicsThe results presented in this section allow treating the system through an analysis of normal modes
are based on simulations where the bigger system of 16X, p = 0, 1, 2, ...,N — 1, each of which is capable of
molecules was used, in order to avoid system size effects andindependent motion. The autocorrelation function of normal

to have better statistics in the calculations. modeX, is expressed as

The equilibrium values of$’[] R:2[] and the value of their
ratio for the two temperature studied are presented in Table 6. EREZD 1 t
The time required for equilibration fdiRe?Oat T = 450 and X0 X,0)= — ex;{— —) (19)
650 K is around 57 and 15 ns, respectively. From the equilibrium 67" p ™,
values of Rz2[] the characteristic raticC, (Table 6) was
extracted, defined as where{zp} denotes the spectrum of relaxation timgs= 71/p?

with
R0
"2, If0 4o T, =TR= : ERE (20)
3k T

whereny, is the number of monomers per chain difdlis the

mean-square skeletal € bond length at equilibrium. The being the longest relaxation time.

values reported in the literature based on small-angle neutron Figure 15 shows the mean-square amplitudes of the Rouse
scattering measurements in the melt, rotational isomeric statenormal mode$X,(0)?C)normalized by the amplitude of the first
(RIS) model calculation®) MD simulationg” of single chains ~ normal modeX;(0)?] as a function of X7, for two different

in a® solvent, and parallel tempering end-bridging Monte Carlo temperatures, 450 and 650 K. According to the analysis of the
(EBMC) melt simulations with a somewhat different, partially Rouse model, eq 19, the dependence should be linear; this

constrained mod#! are equal to 6.2, 4.2, 6.1, and 6160.3, scaling is followed for the first six normal modes for both

respectively. temperatures. Ap increases, the subchain whose motion is
The fourth moments dRe ands were also evaluated (Table described by thepth mode gets shorter and the Gaussian

6). Simulation values for these quantities, reduced®§@ and assumption postulated by the Rouse model breaks down.

[$’(4, respectively, are smaller than the values 5/3 and 19/15 The time evolution of the autocorrelation function for the
expected of very long Gaussian chath€learly, these values first five Rouse normal modes extracted from the simulation
are subject to finite chain length effects in the simulated systems.runs (symbols) and their best exponential fits (lines) are plotted
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Figure 17. Time evolution of the chain center of mass mean-square
displacement (solid lines) and its linear fit (dashed lines) for temperatures
T = 450 and 650 K.

“% Table 8. Values for the Self-Diffusivity, the Friction Factor, and the
o Zero-Shear Viscosity vs Temperature

\'

x temp D & &

e (K) (10%cm¥s)  (10°dyn/cm)  (10-°dyn/cm) 70 (cP)

x

= 450 0.24+ 0.01 1.74+0.07 2.1+ 0.1 19.9+ 0.2

5“ 650 2.02+0.12 0.29+ 0.02 0.29+ 0.01 2.98+0.16

time behavior of the center of mass mean-square displacement

"’ ' 0 0 o' using the Einstein relation
(®) t(ps)
Figure 16. Time autocorrelation function for the first five Rouse MRs(t) — RG(O))ZD
normal modes (symbols) and their exponential fits (lines): (a) 450 K D =Ilim (22)
and (b) 650 K. t—>00 6t

Combining eqs 21 and 22, one can extract an estimate of the
in Figure 16. By fitting the simulation results with an exponential ~friction factorZ, which is an important parameter in the Rouse
function, estimates of the relaxation timgswere extracted ~ formulation, since it sets the time scale for the dynamics:
(Table 7). The time decay is not exactly exponential in the short- kT
time region, even though the first five normal modes are Cp = —= (23)
superposable, within simulation error, when scaled according ® ND
to the Rouse model. The time decays of the modes follow the
Rouse model prediction in the long-time region. Similar behavior
has also been observed in other simulations with both atomis-

An alternative estimate of the friction factor is obtainable from
eq 20 for the Rouse time:

tic181923and coarse-grained modéfs. Ke
. 2
The zeroth normal mod¥, represents the chain center of g, = 21 (24)
mass position, with mean-square displacement defined as NIRe"D
ok, T Values of {p and ¢, per skeletal carbon extracted from the
[R(t) — Re(0))°= ——t (21) simulations via egs 23 and 24 are presented in Table 8. Estimates
N¢E of the zero-shear viscosity of the melt can be extracted from

the MD values of the self-diffusivity, as discussed in ref 18,
Figure 17 shows the time evolution of the mean-square ysing the Rouse model relation

displacement of the chain centers of mass for 450 and 650 K.

The mean-square displacement of the center of mass displays No= ﬂDREZD (25)
a nonlinear dependence on time (anomalous diffusion) at short 36MD
times (times smaller that the longest calculated relaxation time
t < ;) for both sets of data. A non-Fickian, subdiffusive
behavior is observed here, where the time evolution of the mean-

'The Rouse model predicts a relation for the relaxation of the
time autocorrelation function of the end-to-end vector as

square displacement of the center of mass exhibits a dependence [Re(t)-Re(0)0 8 tn2

~t2. This kind of behavior has been observed in other = — ex _¥ (26)
simulations!82347|t is obvious that in the long time regime ( NB p=£35...1%p? 7

> 1) the dependence dfRg(t) — Rg(0))?don time is linear.

Values of the self-diffusion coefficienD for two different Figure 18 presents the time evolution of the autocorrelation

temperatures are presented in Table 8, calculated from the longfunction of the chain end-to-end vector for two temperatures.

Table 7. Values of the Relaxation Times of the Rouse Modes and Their Ratios
temp (K) 71 (NS) 72 (NS) 73 (NS) T1/T2 T1/T3

450 31.82+ 1.07 7.88+ 0.86 4.06+ 0.34 4.11+0.31 7.91+ 0.41
650 3.074+ 0.117 0.863+ 0.14 0.365+ 0.01 3.56+ 0.84 8.40+ 0.12
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1.0 Predicted correlation times for segmental dynamics agree
reasonably well with different kinds of experimental data derived
A 08 from 13C NMR, QENS, and dielectric spectroscopy measure-
o ments. Segmental correlation times from the MD exhibit a VFT
¥ 06 650K dependence on temperature as the melt is cooled at constant
) pressure approaching the glass transition temperafyrehe
04 logarithm of the segmental correlation time was found to
Fre — MD data . . . . i
= - « Rouse fit \ increase linearly with pressure under isothermal conditions.
¥ 02 Furthermore, the temperature and pressure effects on the
relaxation times were compared by examining the correlation
0.0 time as a function of density under isothermal and isobaric
€3 001 041 1 10 conditions. It was concluded that the effect of temperature is
time, t (ns) stronger than that of pressure, the calculated value of the

Figure 18. Time autocorrelation function for the chain end-to-end E/H* ratio exceeding 0.5. From the slopes of the fits of teg
vector as calculated from the simulation (solid line) and fitted using vsP, the activation volume for segmental motion was calculated;
the Rouse model analysis (dashed line) for temperaflirest50 and it was found to increase strongly as temperature decreases
650 K. towardT,. This indicates that the number of monomers involved

. in the segmental relaxation process increases with decreasin
The plot demonstrates clearly that, as the temperature 'ncreasesttamperatgre P 9

the relaxation time decreases, and the system needs sufficiently Simulations were sufficiently long to equilibrate the overall

less time to decorrelate. In Figure 18 is also presented a - o . e .
. . ? . conformational characteristics of chains. The characteristic ratio
comparison between the simulation results (solid line) and the was extracted from the equilibrium valugRe20and found to
relation predicted from the Rouse model with the friction factor q .
agree reasonably well with available values from neutron

{p extracted above. The Rouse model analysis captures satis-

. . diffraction and other calculations.
factorily the slow decay at long times. . ) . . .
By systematically mapping the atomistic MD trajectories onto

4. Conclusions the Rouse model, dynamical behavior at the chain level was
investigated. It was verified that long length scale chain
dynamics can be described well by the Rouse model, through
the normal-mode analysis. The dependence of the mean-square
amplitudes of the Rouse normal mod&s(0)2[bn 1/ is found

In this work we have presented results from atomistic
molecular dynamics simulations in the isothermiabbaric
(NPT) ensemble for the structural, conformational, volumetric,

anglldynarrlqal properties ]?f IPPdme!ts. lecul del | to be linear for the first five modes; for higher modes deviations
Ml simulations were performed using a molecular model In ., linearity are observed, as expected from the fact that the
which polypropylene chains are represented in terms of explicit Gaussian model is inappropriate for short subchains. The

atoms, except for methyl groups which are represented as unitedspectrum of relaxation times, was extracted from the decay
atorlns. Thﬁ.m?(:elr']s fully erX|bIte, \;y|t|h borzjd Iegggtkllg and borthl of the autocorrelation functions of the five first modes. Values
angles subject to harmonic potentials and a S-1old Symmetric o v selt-diffusion coefficienb were also extracted from the
torsional potential associated with all nonterminal dihedral mean-square displacement of the chain centers of mass in the
angles. The nonbonded potential distinguishes between IOCaIIong-time, Einstein regime. Values of the segmental friction
intramolecular and nonlocal intra- and intermolecular interac- factor ¢ were extracted from the Rouse time and from the self-

tions. I . . .
. . diffusivity and used to estimate the zero-shear viscosity.
The model developed was validated through comparisons of y 4

the volumetric and thermodynamic properties extracted from Acknowledgment. We gratefully acknowledge the General
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