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United Atom Force Field for Molecular Dynamics Simulations of 1,4-Polybutadiene Based
on Quantum Chemistry Calculations on Model Molecules
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We present a united atom force field for simulations of 1,4-polybutadiene based on ab initio quantum chemistry
calculations on model molecules. The geometries and energies of conformers and rotational energy barriers
in model alkenes and dienes have been determined from high-level quantum chemistry calculations. A
rotational isomeric state (RIS) model for 1,4-polybutadiene based on the conformer geometries and energies
of the model molecules has been derived. The characteristic ratio and its temperature dependgsice for
1,4-polybutadiene anlans-1,4-polybutadiene, and the characteristic ratio of a random copolymer of cis and
trans units, as predicted by the RIS model, are in good agreement with experimental values, thereby supporting
the accuracy of the quantum chemistry calculations. Torsional potentials for the united atom force field have
been parametrized to reproduce the quantum chemistry conformer energies and rotational energy barriers for
rotations about the C(8p-C(spF), C(sp)—C(sp), and C(sp)—C(sp) dihedrals for the model compounds.
The CH—CH; united atom nonbonded potential has been taken from previous work on polyethylene melts,
while the CH-CH united atom nonbonded potential has been parametrized so as to reproduce the energies
of those conformers of the model molecules involving conformation-dependent second-order interactions.
Finally, NPT molecular dynamics simulations have been performed on a melt of 1,4&ipplyttrans s
butadiene), and the GHCH nonbonded potential has been adjusted so that the experimental melt density of
the polymer as a function of temperature is accurately reproduced.

Introduction insights into the molecular motions responsible for relaxation

i 17
The dynamics and relaxational behavior of 1,4-polybutadiene processes |n'polymer mePt%j Fundamenta} fo the success
of these studies were potential energy functions that faithfully

have been the subject of extensive experimental study in recent . . . .
; . AR reproduced conformational energies and intermolecular interac-

years. Polybutadiene is a good glass former, and its S|mpletionS

chemical structure, narrow molecular weight distribution, and o . . . ]

wide variety of available microstructures, which can be con- N addition to extensive experimental and theoretical studies,

trolled through adjustment of solvent, polar modifiers, and polybutadiene melts have been the subject of several molecular

temperature during anionically initiated polymerizatiomake dynamics simulation¥"2% In these studies, both macroscopic

it ideal for investigations of the glass transition as well as (volume relaxation) and microscopic (conformational) dynamic

subglass and high-temperature relaxations. processes have been studied. However, to our knowledge no
Dielectric spectroscop¥3 NMR spin—lattice relaxatiorf; effort has been made to compare the microscopic dynamics and

and neutron scattering methds!2 have been applied in the relaxational behavior obser\_/able in the bulk ;imulations with
study of polybutadiene glasses and melts. These dynamicthe vast amount of'exp.enmental data gva}llable for Fhese
spectroscopic techniques are the fundamental experimentalPolymers. Our intention is to make quantitative comparisons
probes of molecular motions because they either directly Of these properties by performing extensive molecular dynamics
measure microscopic correlations or measure macroscopics'mmat'ons of polybutad|ene asa functpn of temperature and
properties directly related to microscopic correlations. These Microstructure using an accurate force field based on quantum
experiments have provided important phenomenological insight chemistry calculations on model compounds.

into the dynamic processes in polybutadiene. However, they This paper is organized as follows. First, we report on the
cannot directly tell us about the fundamental chain motions results of our quantum chemistry studies of the model molecules.
leading to the observed relaxation behavior. Only through Then, to gain additional insight into the conformational char-
comparison with theory or simulation can such mechanistic acteristic of the model molecules and corresponding polymers,
detail be gleaned. Molecular dynamics simulations are par- we develop a rotational isomeric state (RIS) model for 1,4-
ticularly powerful in providing this mechanistic detail. We have polybutadiene based on the computed geometries and confor-
demonstrated the ability of comparisons of experiment and mational energies for the model molecules. By comparing
molecular dynamics simulations performed on the same materialpredictions of polymer properties from the RIS model with
under the same thermodynamic conditions to lead to important experiment, we attempt to better establish the accuracy of the
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of conformer energies could be obtained with modest basis sets,

;‘ 5 such as 6-31G*, accurate values for the rotational energy barriers
- . 3 required additional diffuse and polarization functions in the
b o G- L-penid atomic basis sets. We showed that quite accurate geometries
i .'. o " and energies for conformers and rotational energy barriers in

| n-alkanes (conservatively;0.2 and+0.5 kcal/mol for conform-
ers and barriers, respectively) are obtained at the MP2/6-311G**
2 level. Consequently, we have performed our quantum chemistry
Ty ' L) treme-I-pentene energy/geometry calculations on the polybutadiene model
'%ﬁ _- '- compounds at the MP2/6-311G**//MP2/6-311G** level. These
o Py calculations were performed using the quantum chemistry
package Gaussian 9%.
The conformer and rotational barrier geometries for the model
N, ‘,.. T Il compounds are summarized in Table 1, and the relative
¥, ; conformer energies are summarized in Table 2. The confor-
} altg I o mational energy as a function of thedihedral for the 2-pentene
compounds and for thg dihedral in $3s" conformations of
1,5-hexadiene is shown in Figures2 (See footnotes of Table
; X y 1 for conformer designations.) In addition to the saddle points
y ‘( e = ‘ e tabulated in Table 1, these figures also show results of quantum
! H k' chemistry optimizations obtained with constrained dihedral
. poh angles for thex (2-pentene) ang (1,5-hexadiene) bonds.
= e Comparison of calculated relative conformer energies and
Figure 1. Structure of the primary model compounds for 1,4- rotational energy barriers with experiment is useful for estab-
polybutadienes. Conformational degrees of freedom are labeled. lishing the accuracy of the quantum chemistry calculations. We
have made extensive comparisons of this kindrf@aikane<8
quantum chemistry calculations. A comparison with previous |n contrast tan-alkanes, the conformational energetics of simple
RIS models is also undertaken. Next, we describe parametriza-alkenes have been the subject of only limited experimental
tion of a united atom force field and make some comparisons investigation. From the temperature dependence of the IR
with force fields used in previous simulations of 1,4-polybuta- spectrum of 1,5-hexadiene, Tosi and Ciamp@iave estimated
diene. Finally, we compare predicted PVT properties for 1,4- the gauche state of thzbond to be about 0.2 kcal/mol higher
polybutadiene from molecular dynamics simulations with in energy than the trans state. This is in quite good agreement

experiment. with our quantum chemistry energies for thgyss™ conformers
of 1,5-hexadiene (see also the RIS analysis below). We could
Quantum Chemistry Calculations find no experimental data for 2-pentene. For 1-butene, values

of 1.60 kcal/mat! and 2.12 kcal/méF have been reported for
the t (or §_s") barrier relative to the skew conformer.
Experimental estimates of 0.15 kcal/fffaind—0.43 kcal/mot?

have been reported for the energy of the cis conformer in
1-butene. For the purpose of comparison with these data, we
performed MP2/6-311G**//MP2/6-311G** calculations on

Conformational dynamics are fundamental to most, if not all,
relaxation processes in polymers. In 1,4-polybutadienes, con-
formational dynamics involve rotations about allyl Ei€H—
CH,—CHj; (o) bonds and CHCH,—CH,—CH (5) bonds. A
major component of our force field parametrization effort

involves obtaining accurate energies for conformers and rota- 1-butene. We obtain eneraies of 0.41 and 2.36 kcal/mol for
tional energy barriers for these dihedrals and then representingthe cis coﬁformer and t (or*gs*) barriér respeciively Given

:if:)ensse ?;rr%'gje\;vggn?ﬁiﬁﬁ’fg:oirr?\;zg(t:i paiitre]ntlriltairi]oer:gya];)uonui- the paucity of experimental data and the large discrepancy
) P gating between the few reported values, the most that can be said is

::h(;aro; (?tgggrgeag?)\(ﬁ tct? ; Z%]:]S(ﬁ'p:nnﬁgf 28::;2?3;&68;?&2'8” that the quantum chemistry energies are consistent with experi-
' ment. For 1-butene we also investigated the influence of higher

the a and/8 bonds, we have investigated 1,5-hexadiene. For levels of electron correlation treatment on relative conformer

%%Zigleaé%gg‘_%eexf;? ?ﬁr:ss: C%rﬁ'sogggglZr:ci)l?udst‘:;?ezai\r/]eenergies using the MP2/6-311G** geometries. We found almost
Ei uregl ) P no change in the cis energy and a slight lowering of the t barrier
9 ) compared to the MP2 energies. For example, the CCSD(T)

Previous_ guantum chemistry studies of the energetics O_f allyl energies are 0.38 and 2.09 kcal/mol for the cis conformer and
bond rotations have concentrated on 1-but&r?€ and substi- t barrier, respectively.

tuted 1-buten@>—27 includingtrans-2-pentene> For the latter,
only the skew-cis energy difference was determined. In these
studies, geometry optimizations were performed at the SCF level
with 6-31G* or smaller basis sets, and energy calculations were |t is instructive to consider the relative conformer energies
performed at MP3, MP2, and SCF levels with 6-31G* or smaller for the model compounds to be the sum of conformation-
basis sets. We could find no studies of the conformational dependent interactions depending on single torsions (first-order),
energies ircis-2-pentene, 1,5-hexadiene, cis-3-hexene. consecutive pairs of torsions (second-order), and higher order
In a recent study af-butane ana-hexane?® we demonstrated  interactions. Such a rotational isomeric state (RIS) analysis is
that inclusion of electron correlation effects in geometry useful in gaining greater insight into conformation-dependent
optimizations is important in obtaining accurate geometries and interactions in these molecules. Additionally, the RIS repre-
energies for conformers and rotational energy barriers in simple sentation of the model compounds can be extended to 1,4-
hydrocarbons. While we found that reasonably accurate valuespolybutadiene homopolymers (trans or cis) and copolymers and

Rotational Isomeric State Analysis of Model Compounds
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TABLE 1: Model Molecule Conformer and Barrier Geometries from Quantum Chemistry and Force Field Calculations

dihedral angles valence anglés bond lengths (49
conformation o s o 01 6 03 N r ra rs ra rs
cis-2-Pentene
st 110.7 127.4 127.6 111.5 1.501 1.344 1.501 1.532
t(orst sv) 180.0 125.4 125.7 112.1 1.502 1.343 1.513 1.530
cis 0.0 131.3 133.1 119.5 1.505 1.346 1.509 1.528
g (or s*_cis) 17.1 1309 1326 119.1 1504 1.346 1510 1.530
trans-2-Pentene
st 116.5 124.6 124.7 111.9 1.500 1.341 1.500 1.532
t(orst sv) 180.0 124.5 124.8 112.3 1.502 1.341 1.513 1.530
cis 0.0 130.0 126.3 115.3 1.501 1.341 1.504 1.525
g (or §_cis) 52.2 124.3 124.6 113.3 1.502 1.342 1.513 1.533
1,5-Hexadiene
sftst 115.4 177.4 115.4 124.3 111.9 1119 124.3 1.340 1.501 1.541 1.501 1.340
stg'st 119.5 —62.2 119.5 124.6 112.0 112.0 124.6 1.340 1.501 1.542 1.501 1.340
(116.7) (116.7)
stg'st 109.2 60.3 109.2 124.0 112.7 112.7 124.0 1.341 1.502 1.544 1.502 1.341
(116.3) (116.3)
st(t g*)s* 117.3 117.8 117.3 124.6 112.6 112.6 124.6 1.340 1.501 1.557 1.501 1.340
st(t_g‘)s+ 114.2 —122.4 114.2 124.3 111.7 111.7 124.3 1.340 1.501 1.559 1.501 1.340
stciss 120.3 -0.2 120.3 124.1 114.5 1145 124.1 1.340 1.504 1.563 1.504 1.340
(117.2) (117.2)
s*tcis 116.2 —-178.9 1.22 124.3 111.5 1115 126.0 1.340 1.501 1.532 1.506 1.340
stgtcis 119.5 70.0 11.2 123.7 112.6 115.7 126.5 1.340 1.503 1.535 1.507 1.341
(116.3) (5.8)
stgcis 133.4 —68.5 -6.2 124.9 113.3 116.1 126.3 1.340 1.504 1.533 1.506 1.340
(119.5) 71.5)
cisgrcis 0.5 73.0 0.5 126.3 116.3 116.3 126.3 1.340 1.507 1.529 1.507 1.340
(5.2) (75.4) (5.2)
cis-3-Hexene
stst 107.9 107.9 111.6 126.9 126.9 111.6 1.535 1.503 1.346 1.503 1.535
sts™ 113.1 —-113.1 111.4 127.4 127.4 111.4 1.535 1.503 1.346 1.503 1.535
st 114.2 180.0 1115 125.5 125.5 112.1 1.535 1.502 1.344 1.513 1.530
it 180.0 180.0 112.6 124.1 124.1 112.6 1.529 1.509 1.344 1.509 1.529

at = trans (180), g* = gauche £60°), cis= (0°), st = skew (anticlinal) £120°). Underscore indicates a saddle point between the connected
conformations® From quantum chemistry calculations. When force field values differ by more thémm the quantum chemistry values, the
former are given in parentheséBonds, valence angles, and torsional angles involving carbon atoms, delineated from left to right according to the
orientations given in Figure 1.

hence allows calculation of conformation-dependent polymer 3 indicates good agreement between the second-order RIS model
properties that can be compared with experiment as a test ofand quantum chemistry for all conformers except the¥ais
the accuracy of the quantum chemistry geometries and energiesAs was found in previous molecular mechanics calculatféns,

In Table 3 we present a second-order RIS representation ofour quantum chemistry calculations indicate that interactions
the conformers of 2-pentene and 1,5-hexadiene we havein this conformer are better representedvas 2yt + y than
investigated. The 2-pentene conformer energies involve only o + 2yt + 2y as predicted by the second-order model. By
first-order interactions, i.e., only those interactions dependent extending the RIS model to third-order in order to account for
upon the conformation of the bond. Thus we obtaik,r = this effect, we obtain a good representation of this conformer.
0.5 kcal/mol andkg,c = 4.0 kcal/mol from the energies of the
cis conformer ofrans-2-pentene andis-2-pentene, respectively. RIS Predictions for 1,4-Polybutadiene
The cis-2-pentene trans conformation does not correspond to a
relative minimum, but is actually a low-lying saddle point A review of RIS models for 1,4-polybutadiene can be found
between the very broad skew (and s)) minima of thea. bond, in ref 35. While a fair number of models have been proposed
as shown in Figure 2. As was done in previous RIS models for this polymer, the vast majority of these are based on the
for cis-1,4-polybutadiend®34 we have assigned a rotational models of Flory et at* and Mark337with minor variations in
isomeric state to this conformation in order to account for the the energy parameters. Therefore, in our development of a
small but important population of the dihedral near 180 quantum chemistry based RIS model for 1,4-polybutadiene, and
Based on the quantum chemistry conformational energies wein comparison with previous models, we will emphasize these
assignEr = 1.0 kcal/mol. A nonunity preexponential factor ~models.
for this state is discussed below. In their RIS models fotrans-1,4-polybutadiene, Flory et &

Examination of the §3s™ conformers of 1,5-hexadiene allows and Mark” both assumed that no important coupling of
us to assign energies to the first-order interactions involved with conformations occurs across a trans double bond. However,
rotations about th¢ dihedral. Based on the energies of the the models differ in this respect fois-1,4-polybutadiene. Here,
stgts™ conformers, we assigrE, = 0.1 kcal/mol. The Mark33 assumed strong coupling between pairsxdfonds in
remaining 1,5-hexadiene conformers allow us to investigate the trans conformation, as illustrated witis-3-hexene in Figure
second-order interactions involving coupling betweercttzad 1. To investigate possible coupling effects across a cis double
p dihedrals. We assign an additional second-order engygy  bond, we performed MP2/6-311G**//MP2/6-311G** calcula-
= 0.5 kcal/mol to gcis (Ba) sequences. Examination of Table tions on selected conformations cib-3-hexene. Geometries
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TABLE 2: Model Molecule Conformer and Barrier 4
Energies from Quantum Chemistry and Force Field i) ]
Calculations £ O quantum chemistry
- e force field, this work
quantum chemistry rejative energy S 3 o force field, Ref. 19
. T erC MDY . a ® force field, Ref. 22
conformation SCF MP2 (kcal/mol) force field g @
cis-2-pentene g ?
st 0.00 0.00 0.00 S 2 ®e
t(ors"_s) 0.96 1.05 1.06 = 0% g o
cis 4.13 4.03 4.09 g e . . -
g (ors"_cis) 4.32 4.14 4.16 = . ®
t o 1' @® [w] [u] o
rans-2-pentene g
st 0.00 0.00 0.00 S @ o ® .
t(ors_s) 2.25 2.45 2.45 5
cis 0.88 0.61 0.60 O ,h® , G
g (ors"_cis) 2.71 2.12 2.12 0 60 120 180
1,5-hexadiene .
s'tst 0.00 0.00 0.00 a dihedral angle
+~— ot
s+g+s+ 1.02 0.03 0.17 Figure 3. Conformational energy ifrans2-pentene as a function of
sg's 111 0.22 0.25 the a dihedral angle
s'(t_gh)s* 3.73 3.52 3.37 )
st(tg)st 4.01 3.50 3.33 5
s'ciss' 5.48 4.43 4.65 = ({ O quantum chemistry é
S tCIS. 0.88 0.57 0.58 E o e force field, this work .
stgtcis 2.27 1.03 1.34 =
stgcis 2.63 1.22 1.35 2
cisgtcis 3.62 1.61 2.19 =~ . e, Q .
cis-3-hexene Q 3 1 o o ‘.
stst 0.00 0.00 & A .
sts -0.04 0.10 2 o . R .
st 0.92 1.18 S 24 ¢ o
3)
tt 1.82 2.23 £ . 2 . .
aSee Table 1 footnotes for definitions of conformers. g 1] . .
Qg O. ® [ ] °
= 6 8 .Q. G . .rg.
g np ™ O quantum chemistry 0 T T —t Q
s . * force field, this work 0 60 120 180 240 300 360
8 O force field, Ref. 19
=, . ® . u] m  force field, Ref. 22 B dihedral ang]e
EB o Figure 4. Conformational energy infgs* 1,5-hexadiene as a function
2 . of the 5 dihedral angle.
o 31 @ o .
E] TABLE 3: RIS Representation of Model Molecule
g 2 ) Conformations
® o
£ ® _— I energy
& 11 = 5 ® (kcal/mol)
§ ® v o) compound conformer RIS representation RIS  g.c.
. ® . . -
0 ' o8-S cis-2-pentene 5 0 0.0 0.0
0 60 120 180 cis-2-pentene cis xc 4.0 4.0
. cis-2-pentene t(ss) T 10 1.0
o dihedral angle trans2-pentene & 0 00 0.0
Figure 2. Conformational energy iris-2-pentene as a function of trans2-pentene  cis xT 05 06
the o dihedral angle. 1,5-hexadiene gt 0 00 0.0
1,5-hexadiene g st o 0.1 0.03
- i +ot
and energies are given in Tables 1 and 2. It can be seen thati‘g_ﬂgigg:gﬂg Eciz ;T 8'é 8'23
the energy of theda) tt conformation is just twice that oft, 15hexadiene  ‘g'cis oHyrty 11 10
indicating no important coupling in the tt conformer. Conse- 1,5-hexadiene ‘gcis ottty 11 12
quently, we followed the general procedure outlined by Flory 1,5-hexadiene cisgis o+ 2+ 2y 21 16
et al34 in the development of the statistical weight matrices 1.5-hexadiene  cisg'cis ot 2ty 16 16
described below. In addition, it is worth noting ttég-3-hexene a Third-order representation.
sta conformer energies are quite similar to those for the
correspondingx conformation ofcis-2-pentene. introduced into the model to account for the conformer
The second-order statistical weight matrices fis-1,4- population near 189 the partition function as given by the

polybutadiene andrans-1,4-polybutadiene, based on the RIS quantum chemistry conformational energies shown in Figure 2
analysis of the model compounds given above, are given inyields a preexponential factor of approximately 0.7 for the
Table 4. The energy and geometry parameters, based on thestatistical weight of this state. For all other states, a preexpo-
guantum chemistry calculations on model compounds, are givennential factor of unity was employed. Using standard matrix
in Table 5. Also shown for comparison are the values from multiplication method$® we have calculated the characteristic
the model of Flory et a}* For the trans state of the bond, ratio and its temperature dependencecisfl,4-polybutadiene,
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TABLE 4: Second-Order Statistical Weight Matrixes for
1,4-Polybutadiene
€= cfjc—c—c=c-

cis s t s
i Y1 0, 0 1,1,0,0 0,0,0,0 1,1,0,0
cis 0,0, %c, Xe 0,0,1,1 1,T,0,0 0,0,1,1
= c—cfic—c= c-
. t g g
cis LLL1 oy, oy, oy, oy oW, oY, oy, oY
s 1,1, 1,1 G,0,0,0 5,0,0,0
t 0,0,1, 1 0,0,0,0 0,0,6,0
s 1,1,1,1 0,6,0,0 0,0,0,0
-c= c—c—cfic= ¢
cis s t s
t A Xe X1 Xe L1t 0,T,0,T 1,1,1,1
g AW gy xw ey | LL L1 0,1,0,T L11,1
g AT, AW, X1V, e L1L1 0,T.0,T L1141
<= c—c—c—chc
t c
cis 1,0,1,0 0,1,0,1
s 1,0,1,0 0,1,0,1
t 0,0,0,0 0,T,0,T
5 1,0,1,0 0,1,0,1

a Statistical weights for the trandrans, transcis, cis-trans and
cis—cis dyads.

TABLE 5: RIS Energy and Geometry Parameters for
1,4-Polybutadiene

value (kcal/mol, A, or deg)

parameter this work Flory et al. (ref 34)

E, 0.1 0.0
Esr 0.5 0.3
E.c 4.0 infinity
Er? 1.0(0.7) 0.7 (0.3)
E, 2.0

Bond Lengths
CH=CH 1.34 1.34
CH—CH, 151 151
CH,—CH; 1.54 1.53

Bond Angles
CH—CH,—CH; 112.0 112.0
CH=CH-CH_ tran® 124.7 125
CH=CH—CH, cig 126.7 125

Dihedrals

CH,—CH=CH—CHg trans 180 180
CH,—CH=CH—-CH cis 0 0
o (t,cis,s) 180, 0,£115 180, 04120
B (g 180,+60 180,£60

aNumber in parentheses is the preexponential weighting factor.
b Indicates conformation of the double bond.

trans-1,4-polybutadiene, and a random copolymer of cis and
trans units. The characteristic ratio is given by

RO
Ci=—% 1)
nl
and its temperature dependence by
d InR°0
A= 1000d—T (2)

Smith and Paul

TABLE 6: Characteristic Ratio for 1,4-Polybutadienes from
RIS Model Predictions and Experiment

sensitivitied
source Cn (323 K) At (K™Y As Ag
cis-1,4-Polybutadiene
RIS 4.65 +0.29
RIS modified 471 +0.27 0.155 0.009
Flory et al® 5.08 +0.16
exptP 4.9 (&0.2) +0.4
trans-1,4-Polybutadiene
RIS 5.24 —0.52
RIS modified 5.65 —0.69 0.0521 0.010
Flory et al? 6.20 -0.11
exptF 5.8 (*0.2) —0.65
Poly(Cisy +-r-trans ¢-butadiene)
RIS modified 5.2
Flory et al® 5.4
exptP 5.6

a Sensitivity of the characteristic ratio to changes in temperature,
the skew dihedral angle, and the gauche dihedral angle (see’tRe.
34. ¢ Ref 37.9 At 298 K. € For a 50/40/10 trans/cis/vinyl copolymer at
298 K, ref 38.

performed for chains of 1000 repeat units. These values, along
with experimental estimates, are given in Table 6.

Comparison of RIS predictions with experiment in Table 6
indicates reasonable to good agreemenidoand its temper-
ature dependence. No adjustments have been made to the
energy or geometry parameters obtained from quantum chem-
istry. For thetrans-1,4-polybutadiene, a third-order model that
allows for more accurate representation of the“asgyconform-
ers results in a 1% reduction in the characteristic ratio and almost
no effect on the temperature dependence thereof. Therefore,
we will not further consider the third-order model.

The RIS prediction forC, of trans1,4-polybutadiene is
somewhat lower than the experimental value determined from
corrected good solvent measuremetitsThe dimensions of
trans-1,4-polybutadiene are most sensitiveEg while those
of cis-1,4-polybutadiene are most sensitive to the valug&of
Therefore, it should be possible to improve agreement with
experiment fotrans-1,4-polybutadiene by modifying,. This
change will have little influence on the characteristic ratio of
cis-1,4-polybutadiene, where good agreement with experiment
is already found. The agreement between RIS predictions and
experiment for the characteristic ratio of Irdns-polybutadiene
and its temperature dependence can be improved if we make
E, = 0.2 kcal/mol, an increase of only 0.1 kcal/mol above the
qguantum chemistry based energy. From our experience with
n-alkanes, we can estimate that the uncertainty in the conformer
energies from quantum chemistry calculations at the level of
theory employed in this study for the chemically similar alkenes
is around+0.2 kcal/mol. The RIS predictions with the increased
value ofE, are given in Table 6 as the modified RIS model.
As expected, this change has little influence on the predictions
for cis-1,4-polybutadiene.

The RIS chain dimensions are particularly sensitive to the
value used for the skew dihedral angtasof the o bonds. As
shown in Table 645 = dC,/d¢s), an increase of°lin this angle
results in a 3% increase in tl@& for the cis-1,4-polybutadiene
and a 1% increase fdC, in trans-1,4-polybutadiene. Chain
dimensions are relatively insensitive to the value for the gauche
dihedral anglesXq = dCy/d¢g) for the § bonds. The temper-
ature dependence of the chain dimensions is insensitive to

Here, IR?0is the mean-square end-to-end distance of the changes in the geometry parameters. In examining the con-
polymer, anchl? represents the sum of the squared bond lengths formational geometries given in Table 1, it is clear that there is

over all backbone bonds of the chain. Calculations were

strong coupling between the value of the skew dihedral angle
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TABLE 7: RIS Bond Populations in Polybutadienes Table 6, it can be seen that the predicted characteristic ratio for
population (323 K) cis-1,4-polybutadiene using our model is somewhat less than
. = that for the model of Flory et a4 despite the higher fraction
sequence this work® Flory et al of a dihedrals in the trans state predicted by our model. This
cis-1,4-Polybutadiene difference can be attributed completely to the difference in the
:tgj %%15 %%10 skew dihedral angle, as discussed above. Because of the higher
st 0.08 0.06 value ofEr, our model predicts a slightly greater temperature
stt 0.05 0.03 dependence of the characteristic ratiodisr1,4-polybutadiene,
trans 1,4-Polybutadiene in better agreement with experiment.
sgs 0.44 0.53 Fortrans-1,4-polybutadiene, our model predicts a somewhat
sts 0.30 0.26 higher cis population for the bond than the model of Flory et
cists 0.14 0.17 al34 despite our higher value d,r, due to the very strong
g::?c?s 8'82 8'8§ second-order coupling in3¢) g*cis conformers in the latter

model. Unlike the other parameters employed in the model of
X “ncludes alloffo sequences with populations greater than 1%. Flory et al.34 their high value oE, leads to conformer energies
+US+'”+9 tfef']Od'f'ed RIS modet.Includes all like sequences, e.9.,  for 1 5-hexadiene compounds that are well outside of the
sgshsgs. uncertainties in the quantum chemistry energies. The combined
higher cis population of the bond and smaller skew dihedral
angles in our model yield a lower value for the characteristic
ratio oftrans-1,4-polybutadiene than the model of Flory ef4l.
Our lower value for thefa) g*cis second-order coupling energy

and the conformation of neighboring bonds. Because of the
sensitivity of the predicted characteristic ratio to the skew
dihedral angle, this coupling, a feature that is not reproduced

n tdhe .RIS T‘;]de"h'“.crz?‘ses 'ghe uncertainty in the model E, allows an appreciable increase in the population of these
predictions of the chain dimensions. conformations with increasing temperature, resulting in a fairly

We also compared RIS predictions with experimental data large negative temperature dependence of the characteristic ratio,
from SANS measurements on melts of a random 50/40/10 trans/;

S . in much better agreement with experiment than that obtained
cis/vinyl copolymer?® We have not parametrized a model for ¢ the model of Flory et a4
the vinyl units, so we treat these as trans units in our calculations.
Because there is no coupling of conformations across the doybleForce Field Parametrization
bonds, as demonstrated by our quantum chemistry calculations
on 3-hexene, it is a simple matter to apply the RIS models to We have parametrized a united atom force field for use in
random copolymers of trans and cis urfitsThe additional molecular dynamics simulations of bulk 1,4-polybutadiene. The
statistical weight matrices for the ei¢rans and trans-cis dyads  primary advantage of united atom force fields over explicit atom
are given in Table 4. Our (modified) RIS model predicts a force fields that include hydrogen atoms is readily apparent:
characteristic ratio somewhat smaller than that seen in the SANSan approximate order of magnitude reduction in the computa-
experiments. The difference however is on the order of 10%, tional effort required to generate a trajectory of a given length.
which, given the unknown influence of the 10% vinyl units and Because of our intention to simulate bulk polybutadiene over a
the sensitivity of the characteristic ratio to the skew dihedral wide temperature range for several microstructures, such
angles, reflects reasonable agreement. computational considerations are paramount.

Before proceeding to the force field parametrization, we  The question remains as to whether a united atom model can
compare our quantum chemistry based values for the RIS accurately represent conformational energetics and intermo-
energies, geometries, and conformer populations with those oflecular interactions that fundamentally determine the static and
the empirical model of Flory et &f. This model is in most  dynamic properties of a polymer melt. In previous work, we
respects similar to the earlier models of M&#K! In Table 5, have clearly demonstrated the ability of a united atom force
the RIS energy and geometry parameters can be compared, whilgield for polyethylene to accurately reproduce a wide variety
in Table 6 the RIS predictions for chain dimensions and their of static and dynamic properties of this polyni&rl” On the
temperature dependence are shown. Finally, in Table 7, thegther hand, we have shown that for poly(ethylene oxitiah
probabilities of the different intradyad,Sa. sequences are  all atom model is required in order to reproduce the conforma-

presented. tions of the polymer and important short-range intermolecular
Comparing the RIS energy parameters, we find that our valuesinteractions. The primary difference in these systems lies in
are quite similar to those of Flory et #except forEr andE,,. the fact that important specific nonbonded, primarily electro-

For the former, the different preexponential factors employed static, interactions in poly(ethylene oxide) between hydrogen
result in similar statistical weights for the trans state. The  atoms and oxygen atoms strongly influence the structure and
difference for the latter energy is discussed below. For the the conformational energies. Such is not the case in polyeth-
geometry parameters, the important difference is for the skew ylene. Hydrocarbons, such as polyethylene or 1,4-polybutadi-
dihedral angles. Flory et &.used “standard” values af120. ene, are essentially nonpolar; therefore, we do not expect
Quantum chemistry calculations support values of arehbtls® important, specific intermolecular interactions to be manifest
(see Table 1). We can therefore expect the model of Flory et in either polymer which would be subsequently lost in a united
al34to yield 5%/15% larger characteristic ratios than our model atom representation, nor have we seen evidence of this in the
for trang/cis-1,4-polybutadiene when conformer populations are case of polyethylene. However, from the RIS analysis given
comparable. above it is clear that second-order, or intramolecular nonbonded,
Comparing the bond populations fois-1,4-polybutadiene effects are manifest in important conformations of polybutadi-
as given in Table 7, both models predict that an appreciable ene. This is in contrast to polyethylene, where the only second-
population of theaw bonds will be in the trans state. This is order effect of consequence involves the high-energg g
required if the RIS predictions of the characteristic ratio and its sequences. The fact that the polyethylene united atom model
temperature dependence are to agree with experifaeftom we employed does a relatively poor job in reproducing this effect



1206 J. Phys. Chem. A, Vol. 102, No. 7, 1998 Smith and Paul

TABLE 8: Force Field Parameters for 1,4-Polybutadiene

stretch E = (1/2)k(r — r°)? k (kcal/(mol A2)) ro(A)
CH,—CH; constrained 1.53
CH—-CH constrained 1.34
CH,—CH constrained 1.50
bend,E = (1/2)k(6 — 6°)? k (kcal/mol) 6° (rad)
CH,—CH,—CH 115 1.9487
CH,—CH—-CH 89.4 2.1973
torsion,E = (1/2)3 ky(1 — cosng) kq ko ks Ka ks ks
CH,—CH—CH—CH, 24.2
a (cis) 1.033 —0.472 0.554 0.263 0.346 0.164
o (trans) —0.240 —0.730 1.978 0.082 0.091 —0.056
—0.888 —0.619 —3.639 —0.066 —0.247 —0.190
nonbondedE = € [(min/r)*2 — 2(rmin/r)] € (kcal/mol) Frin (A)
CH;—CH; 0.0936 4.500
CH-CH 0.1000 3.800
CH,—CH 0.1015 4.257
has no important consequences on static or dynamic properties ~ 30
because of the low population of the conformers affected. The g .
same serendipity does not hold for 1,4-polybutadiene, and our 3 40 { ® quantum chemistry
united atom model must accurately reproduce the second-order é ®  quantum chemistry
effects given byE, in the RIS representation. % force field .
&’ 30 1 .
Q
Bonded Parameters E»
<
We employed constrained bond lengths and harmonic valence ‘S
angle bending functions to describe two- and three-center &
bonded interactions. The force constants and geometry param- g
eters for these functions are given in Table 8. The force &
constants were taken from the force field of Gee and BSyd. 3

The geometry parameters were chosen so that the equilibrium
bond lengths and bond angles of the model compounds best
reproduced the values obtained from the quantum chemistry double bond dihedral angle
calculations. Figure 5. Conformational energy in 2-butene as a function of the
Bonded four-center interactions, or torsions, were representeddouble-bond dihedral angle. Only the points given by large circles were
by a six-term cosine series (see Table 8). For the double bond,used in parametrization of the 2-fold cosine torsional potential.
we initially employed parameters taken from the united atom
force field of Gee and Boy# However, the barrier for rotation ~ standard nonlinear least-squares procedure, we determined the
of 14.0 kcal/mol yielded by this model is insufficient to preclude © bond torsional potential which best reproduced the energies
cis/trans isomerization at higher melt temperatures. Therefore,and stationary point geometries for the conformations of
we performed SCF/6-311G**//SCF/6-311G** level calculations 2-pentene as determined from quantum chemistry. The resulting
on 2-butene to obtain a reasonable estimate of the energy oftorsional parameters are given in Table 8. Agreement between
rotation about the double bond. The resulting energies, and fit the force field and quantum chemistry is excellent, as illustrated
of a 2-fold cosine function, are shown in Figure 5. The barrier in Figures 2 and 3. Also shown in Figures 2 and 3 are the
of 24.2 kcal/mol is sufficient to preclude cis/trans isomerization, conformational energies of 2-pentene yielded by the force fields
and the function describes the shape of the torsional wells Used in previous simulations of 1,4-polybutadiene. While
reasonably well up to quite high energies. qualitatively in agreement with the quantum chemistry results,
The torsional potentials for the. and g dihedral were  these force fields show important quantitative variations between

parametrized so as to best reproduce the conformational energiefemselves and are in quite poor agreement quantitatively with
of cis-2-pentenetrans2-pentene, and 1,5-hexadiene as obtained guantum chemistry. These discrepancies clearly illustrate the
from quantum chemistry, as illustrated in Figures22 The ~ need for a new potential for use in simulations of 1,4-
conformational energies are a function of the bond stretching, Polybutadiene if we desire to make quantitative comparisons
bond bending, and nonbonded potentials, in addition to the With experiment.

torsional potentials. The bending potentials and double-bond The energies and geometries of th@s™ conformations of
torsional potentials as given in Table 8 were employed. As we 1,5-hexadiene allow us to parametrize the torsional potential
consider intramolecular nonbonded interactions only between for the 5 bond. While these conformational energies, plotted
centers separated by four or more bonds, the only nonbondedn Figure 4, do depend upon the €#€H nonbonded potential,
interaction involved in the 2-pentene compounds is that betweenthe geometry of these conformations is such that the dependence
the end methyl groups. In a polymer, these will be methylene is fairly weak. As an initial guess we used the £HCH,
groups and are represented as such in our united atom modehonbonded potential and then parametrized ghéorsional

for 2-pentene. The CH-CH, nonbonded potential given in  potential to best match quantum chemistry energies and
Table 8 is taken from our model for polyethylele .Using a geometries.
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Figure 6. Density of 1,4-polybutadiene as a function of temperature.
Simulation (corrected) values include a 1% increase in density over
the simulation densities in order to account for molecular weight effects.

As mentioned above, th@) g*cis conformations include
important second-order effects, representecEbyin the RIS
model. The ability of our force field to reproduce these effects
is reflected in its ability to reproduce the energies of thg's
cis and $g-cis conformers of 1,5-hexadiene, which are given
in Table 2. In reality interactions in these conformers involve
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densities are shown in Figure 6 as a function of temperature.
The simulation values are in good agreement with those obtained
for the 50/40/10 trans/cis/vinyl random copolymer from SANS
measurement®. If a 1% increase is made to values obtained
from simulations in order to account for the low molecular
weight of the simulation chains (based on the molecular weight
dependence of density faralkanes and poly(ethylene)), the
values are in good agreement with experimental measurements
for cis-1,4-polybutadiené® The thermal expansion coefficient
from simulation for the random copolymer appears to be slightly
larger than the experimental value fois-1,4-polybutadien®
given by the temperature dependence of the solid line in Figure
6.

Finally, on the basis of our experiences in parametrizing the
torsional potential for the allyl bond icis-2-pentene anttans
2-pentene, a comment on the transferability of the force field
is in order. Previous efforts to parametrize force fields for the
allyl bond based on quantum chemistry calculations have
employed relatively low level quantum chemistry calculations
on 1-butené®27 For these force fields, and for those employed
previously in simulations of polybutadieA2?2 the same
torsional potential is employed for allyl bonds adjacent to cis
double bonds as is used to describe allyl bonds adjacent to trans
double bonds. Our quantum chemistry calculations show that
the energies of thettcis conformer of 1,5-hexadiene and the
cis conformer of 1-butene are nearly the same as that for the

steric interference between hydrogen atoms, and the conformercis conformer otrans-2-pentene, indicating that the former two

geometries reflect distortions of the dihedral so as to minimize
these interactions. However, by adjusting the-8EH non-

molecules are reasonable model compounds for the allyl bond
adjacent to a trans double bond. However, examination of Table

bonded potential, we can do a credible job in reproducing theseg indicates that the parametrized torsional potential for the allyl

effects in a united atom representation. The resulting-CH
nonbonded potential is given in Table 8, as are the torsional
parameters for th8 bond now determined with this nonbonded

bond in cis-2-pentene is significantly different from that for
trans-2-pentene. Hence, for the united atom model, a torsional
potential parametrized for an allyl bond based tans2-

potential. Figure 4 shows good agreement between the quantunpentene (or 1-buteneannotbe used to describe an allyl bond

chemistry and force field conformational energies's. The

adjacent to a cis double bond. In parametrization of an explicit

quantum chemistry and force field energies for all calculated atom force field for these model compounds, we find that the
stationary points can be compared in Table 2. For thigas same effects are manifest. Hence, our conclusion is that the
and g cis conformers, and to a lesser extent thg*'s* and torsional characteristics of the allyl bond are fundamentally
s'g~s* conformers, the force field energies are somewhat higher different depending on whether the adjacent double bond is trans
than those yielded by quantum chemistry. However, the or cis. This difference cannot be represented simply through
difference is within the uncertainties in the quantum chemistry (ifferences in the intramolecular nonbonded interactions, as is

energies and in the direction of the modifications made in the
RIS model, where the energy of tfieggauche states was raised
by 0.1 kcal/mol to improve agreement of the characteristic ratio

assumed implicitly in the other force fields discussed here.
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experiment. Finally, we find that the energy of the 1,5-
hexadiene cisgcis conformer is significantly greater than that
from quantum chemistry. In fact, it is comparable to that
predicted by the second-order RIS model in Table 3. As
discussed previously, this conformer has little influence on chain
dimensions.

Finally, we parametrized the GHCH nonbonded potential
so as to reproduce the density of a melt of 1,4-polybutadiene
as a function of temperature. For this purpose, molecular
dynamics simulations were performed on a melt of poly(gis
r-trangs-butadiene). The melt contained 40 such chains of 25

repeat units, generated randomly using Markovian statistics. We

performed NPT molecular dynamics simulations on the system
at 298, 373, and 413 K. The system was initially equilibrated
for 1 ns. Equilibration runs of 200 ps and sampling runs of

400 ps were performed for each change in the nonbonded

parameters. Runs of 1 ns were performed for the final

parameters, corresponding to the results shown in Figure 6.

Additional details on the molecular dynamics simulations will
be published elsewhere. Experimefitd? and simulation
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