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Abstract

We have made detailed comparison of the local and chain dynamics of a melt of 1,4-polybutadiene
(PBD) as determined from experiment and molecular dynamics simulation at 353 K. The PBD was found to
have a random microstructure consisting of 40% cis, 50% trans and 10% 1,2-vinyl units with a number average
degree of polymerization <X> = 25.4. Local (conformational) dynamics were studied via measurements of the
3C NMR spin-lattice relaxation time T, and the nuclear Overhauser enhancement (NOE) at a proton resonance
of 300 MHz for 12 distinguishable nuclei. Chain dynamics were studied on time scales up to 22 ns via neutron-
spin echo (NSE) spectroscopy with momentum transfers ranging from g = 0.05 A™* to 0.30 A*. Molecular
dynamics simulations of a 100 carbon (X, = 25) PBD random copolymer of 50% trans and 50% cis units
employing a quantum chemistry based united atom potential function were performed at 353 K. The T, and
NOE values obtained from simulation, as well as the center of mass diffusion coefficient and dynamic structure
factor, were found to be in qualitative agreement with experiment. However, comparison of T, and NOE values
for the various distinguishable resonances revealed that the local dynamics of the simulated chains were

systematically too fast, while comparison of the center of mass diffusion coefficient revealed a similar trend in



the chain dynamics. In order to improve agreement with experiment (1) the chain length was increased to match
the experimental M, (2) vinyl units groups were included in the chain microstructure, and (3) rotational energy
barriers were increased by 0.4 kcal/mol in order to reduce the rate of conformational transitions. With these
changes dynamic properties from simulation were found to differ 20-30% or less from experiment, comparable

to the agreement seen in previous simulations of polyethylene using a quantum chemistry based united atom

potential.



I. Introduction

Coordinated simulation and experimental studies, when performed on the same material under the same
thermodynamic conditions, congtitute a powerful method for gleaning molecular level mechanistic detail of
polymer dynamics. We have demonstrated the utility of this approach in our investigations of polyethylene (PE)
and poly(ethylene oxide) (PEO) melts. In one study, the local conformational dynamics of n-CyHgg melts were
studied via *C NMR spin-lattice relaxation techniques and compared with results of molecular dynamics
simulations.? The T, spin-lattice relaxation times and nuclear Overhauser enhancement (NOE) values for n-
CuHgo from simulation were in excellent agreement with experiment, demonstrating that the molecular
dynamics simulations employing explicit (all atom) and united atom potentials based upon quantum chemistry
can reproduce local dynamics in the PE melt with high accuracy. More recently, we have studied n-CyooH:02
melts using a combination of molecular dynamics and neutron scattering methods.>*® Comparison of the
coherent single chain dynamic structure factor obtained from simulations with neutron spin-echo (NSE)
measurements yielded good agreement over the entire momentum transfer and time ranges studied for quantum
chemistry based explicit atom and united atom potentials. All atom simulations of PEO melts using a quantum
chemistry based potential function also yielded excellent agreement with experiment for *C NMR T, and NOE
values as well as for the dielectric relaxation spectra® These comparisons of experiment and simulation have
led to important insights into the dynamics of polymer melts. For example, we were able to conclude that
contributions of dow (compared to conformational dynamics) non-local chain motions are responsible for the
deviation of the experimentally observed NOE values from extreme narrowing behavior for these unentangled
melts.

Our studies of PE and PEO have been concerned primarily with melt dynamics. In the temperature
range we have considered, chain relaxations are due to a combined a-b process. Of particular interest in
polymer dynamics is the nature of the underlying molecular motions leading to the primary a and secondary b
processes observed in glassy polymers,” and the relationship between these relaxations and the combined, high

temperature process. Despite extensive experimental and theoretical efforts, a fundamental mechanistic



understanding of polymer relaxations lags far behind the phenomenological picture. It is the purpose of this
work to begin to address these fundamental questions through a combined molecular dynamics simulation and
experimental study of polybutadiene (PBD). Because of its simple chemical structure, wide range of
microstructures, tightly controllable molecular weight distribution and lack of crystalinity (for random
copolymers, in contrast to PE and PEO which readily crystallize) the dynamics of PBD have become the subject
of extensive experimental study in recent years. The simple chemical structure and large body of experimental
data make PBD an attractive candidate for atomistic simulations.

In previous work we presented a quantum chemistry based united atom force field for 1,4-
polybutadiene.® In this work, we compare local and chain dynamics obtained from experiment and simulation
of alow molecular weight PBD melt using this potential. One purpose of this comparison is to test the accuracy
of the force field. Based upon comparison of experiment and simulations we have made modifications to the
potential that are described below. The modified potential function, aong with the quantum chemistry
calculations on model compounds used in augmenting the potential to include vinyl groups, are presented here.
Comparisons of experiment with simulations using the new potential function are presented. We have begun
simulations of PBD at lower temperatures with the intent of gaining a molecular level understanding of
relaxation mechanisms in this representative glass-forming polymer, with particular emphasis on the dynamic

region where the a and b relaxations split. Because of the decreased rate of local and chain dynamics at these

lower temperatures, nmsec and longer trajectories will be required.

1. Experiment

Microstructure and Static Properties. Hydrogenated and deuterated PBD were synthesized by
anionic polymerization of protonated and perdeuterated butadiene under identical conditions a room
temperature. The initiator was tertbutyllithium at a concentration of 8 X 10 mol/L for both polymerizations.
The microstructure, determined by *H and ** NMR measurements of the protonated material, was found to be

40% cis, 50% trans and 10% 1,2-vinyl units. The NMR measurements were also used to determine the number



average degree of polymerization, <X,>, which was found to be 25.4. Including the initiator group, the
resulting M, is 1426 Da. Size exclusion chromatography (SEC) was performed on the two polymers with
tetrahydrofuran as the elution solvent. Five m styragel columns were used covering a porosity range of 10° A —
500 A. Both materials revealed identical elution volumes indicating the same degree of polymerization. Based
upon polystyrene calibration of the SEC data the polydispersity, M,/M,, was determined to be 1.06 for both
materials. Assuming a Poisson molecular weight distribution, M,/M,, = 1.12, yielding Mz = 1600 Da. The z-
average chain microstructure is therefore well represented by a chain of 30 repeat unit, three of which are 1,2-
vinyl, with a molecular weight of 1622 Da. This average chain has 114 backbone carbon atoms and 113
backbone bonds. Asit is the z-average chain length that should be considered in analysis of neutron scattering
data,” this average microstructure is considered in the analysis of the static and dynamic scattering data
presented below. The single chain static structure factor determined from SANS iswell represented by a Debye
function with an RMS radius of gyration of Ry = 15.4 A. The density of the protonated material was found to be
0.843 g/lcm® at 353 K.

Local Dynamics. *C NMR spin-lattice relaxation studies were performed at a 300 MHz proton
Larmor frequency over a temperature range of 303 K to 357 K. NOE values were also obtained over the same
temperature range. Twelve separate resonances, assigned asillustrated in Figure 1, were considered. Since only
3C-'H dipolar relaxation is significant, the spin-lattice relaxation time T; and NOE vaue obtained from the °C

are related to the molecular dynamics of the polymer through the relationship™
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where n is the number of attached protons, wy and wc are the resonance (angular) frequencies of the **C and *H

nuclei, respectively, while g and g- are the corresponding gyromagnetic ratios. The constant K is given by™°
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where my is the permittivity of free space and rcy is the carbon-hydrogen bond length. K assumes values of 2.29

X 10° s? and 2.42 X 10° s% for sp* and sp? nuclei, respectively.’® The spectral density function Jw) is given as™

¥
Jw) = % g P, (e dt (4)
¥
where
P =3 { 3<[eci(i0® ecn(i.01Z> - 1 ©)

Here, eqy is a unit vector along a particular C-H bond, and the index i denotes differentiable resonances due to

local environment (see Figure 1). As discussed previously,">***

simulations have revealed that the decay of the
C-H vector autocorrelation function (eq 5) in polymer melts occurs primarily, but not entirely, as the result of
local conformational changes. Consequently, *C NMR spin-lattice relaxation times and NOE values are
predominantly dependent upon local dynamics.

The measured T, and NOE values for PBD at 353 K, given in Table 1, are qualitatively consistent with
previous work on high molecular weight PBD.* The C-H vector correlation time, defined as the time integral

of eq 5, can be estimated using the relationship®

1
te=ToknT, 6

This relationship assumes extreme narrowing behavior (NOE » 3). Hence, the correlation times given in Table
1, obtained by applying eq 6 to the experimental data, give a qualitative measure of the relaxation time for C-H
vectors associated with the various nuclei. The longest (apparent) relaxation times are seen for the sp® nuclei
near the vinyl side groups, while the shortest is seen for the sp® nuclei in acis unit (not neighboring aviny! unit).
NOE values for the sp? carbons in trans units (trans-trans and trans-cis environments) as well as for the vinyl-1
sp? carbon are significantly reduced from 3, indicating that non-local contributions to the decay of the C-H

vector P, autocorrelation function may be important for these nuclei.



Chain Dynamics. Single chain dynamics were investigated by neutron spin-echo (NSE)
spectroscopy. A liquid mixture of 10% or 15% hydrogenated PBD in a 90% or 85% deuterated PBD at 80 °C
was used as the sample, with pure deuterated PBD serving as a background. The samples were contained in
niobium cuevettes providing a sample area of 30 mm x 30 mm with a thickness of 4 mm. The NSE experiments

were performed at the new NSE-FRJ2 spectrometer in Julich®® using a neutron wavelength band centered at | =

8 A with awidth of 10% FWHM. Relaxation functions §(q,t) = 5(q,t)/S(q,0) were sampled at 14 time values of

0.1ns £t £22ns. Datawere taken at seven different scattering angle settings corresponding to g = 0.05 A™
(4.1h),0.08 A" (46h),010A* (5.1 h),0.14 A* (5.7 h), 020 A (6.7 h), 0.24 A* (7.8 h) and 0.3 A™* (7.8 h),
the numbers in brackets denoting the measuring times. A completely analogous set of data has been taken for
the background sample which was subtracted from the sample data according to the procedure described
previously.®® Instrumental resolution effects have been accounted for using reference scans from purely elastic
scatterers (MgO powder for g = 0.05 A™* and microcrystalline carbon (Carbopack) for the higher q values). Due
to the use of alarge area detector data were collected over range of up to five q values between q - 0.023 A™ and
q + 0.023 A* simultaneously and were averaged in order to obtain better statistical accuracy. This data is
compared with predictions of simulation and theory determined without averaging.

The normalized single chain intermediate coherent dynamic structure factor is defined as

St} = &expliarry(0] /& explia: 1,0 0
I

i
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where g is the scattering vector and rj(t) = ri(t) —r;(0) is the vector between scattering centers (hydrogen atoms)
iandj attimet and O, respectively, with i and j belonging to the same chain. For an isotropic (melt) sampleeq 7
reduces to
S(a) = & sinlar (®)/ar; (t) /& sin[ar;(0)1/ar;(0) ®
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where r(t) is the magnitude of r(t).



§(q,t) from NSE measurements are shown in Figure 2. When g? <RZ> << 1, one can observe only the

overdl diffusion of the chain molecules, and

S(a.t) = exp(-0°Dyset) 9)
where Dyge IS the (apparent) center of mass self-diffusion coefficient for the chains. Dyse is equal to the true
center of mass diffusion coefficient only when q is sufficiently small such that contributions from interna
modes can be neglected. The contributions of smaller wavelength (internal) modes of the polymer to the decay
of the structure factor can be approximated by assuming that the Rouse model** describes motions in our

unentangled melt. In this case, the dynamic structure factor is given by*
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where Ny is the number of statistical segmentsin the chains, s is the statistical segment length, Dr is the center
of mass diffusion coefficient and tr is the Rouse time.  Since Negs” = 6<R,™> and assuming Ngs = L., where
L. is the contour length of the chain, we obtain Ney = N/Cy =20 and s = 8.4 A for the PBD chains. Since

<Rgz> is known for our chains, the only adjustable parameter in eq 10 is Dg, as the Rouse time is given by**

) _2<R> 1)
R— pZDR

The best fit of the Rouse model (eq 10) to experiment is shown in Figure 2, where a value of Dg = 2.3 X 107
cm?/sec has been used, yielding a Rouse time of tg = 21 ns. The fit somewhat underestimates the decay for

small g in order to compensate for the too fast decay of the Rouse model at larger g. Using eq 9 to determine



the diffusion coefficient at q = 0.05 A™ results in a value of Dy = 2.8 X 107 cm?/sec and a Rouse time of tg =
17 ns. Aseq 9 neglects all contributions of internal modes, this value can be considered an upper limit for the
diffusion coefficient. For the larger momentum transfers investigated the contribution of the internal modes is

particularly important. In these cases, the Rouse model, as was found previoudy for an unentangled

polyethylene melt,* fails to reproduce the experimentally observed §(q,t), as shown in Figure 2.

It has been claimed that a semiflexible chain model*® that accounts for the effects of chain stiffness on

scales comparable to the persistence length does a much better job in reproducing experimental §(q,t) at short
times and large momentum transfers than the Rouse model. In addition to the center of mass diffusion
coefficient, this model has two additional adjustable parameter; the contour length L. and the persistence length

Lp. The contour length appropriate for random walk chai ns'®is L= N/, where N is the number of backbone

bonds and ¢ is the average bond length. Using quantum chemistry values for the bond lengths? L. = 167 A for
the 1600 Da PBD chains. The semiflexible chain model predicts the mean-square end-to-end distance and
mean-square radius of gyration as'™>*°

<RZ> = 2L L, — 2L A[1-exp(-LdLp)] (12)
and

<Ry> = LeLy/3—L,2 + 2L L + 2L, YL [ 1-exp(-L /L )] (13)

as a function of the parameters L. and L,. Our simulations, for which §(q,t) is in good agreement with
experiment (see below), yield <R:Z>/<R/> = 1445 A? /229 A*> = 6.3. Using L. = 167 A, avaueof L, = 456 A

yields <R;>/<Ry> = 1481 A% /234 A*> = 6.3, in good agreement with the real (simulation) chains. (Note that

the experimental value is <R/> = 234 A%) The resulting S(q,t) for the semiflexible chain®® using these
parameters, which provide an accurate representation of the chain conformations on length scales larger than the
persistence length, is shown in Figure 2 (dashed lines). The values are nearly indistinguishable from the Rouse

predictions.



In order to improve agreement between the semiflexible chain predictions and experiment at large g, it
is necessary to “dtiffen” the chains by increasing the persistence length. In order to retain an accurate value for

<Rgz>, which is known experimentally, the contour length must be simultaneoudly reduced (via eq 13). For
example, a much improved representation of §(q,t) is obtained with L, = 9.3 A and L. =845A. (Note that

even stiffer chains can provide further improvement in §(q,t)). For these parameters, <Rez>/<Rgz> = 1414 A?

/194 A? = 7.3. Hence, while, the “real” chains are nearly Gaussian the semiflexible chains that yield a

reasonable representation of the experimental §(q,t) for larger q values are too short and stiff to be Gaussian.
The resulting parameters (contour and persistence length) provide an inaccurate description of chain

conformations on length scales longer than the persistence length.

1. Molecular Dynamics Simulations

Microstructure, Methodology and Static Properties. We have performed simulations of a PBD melt
using the quantum-chemistry based united atom potential described elsewhere® For these simulations (which
preceded the synthesis of the PBD) we made the assumption that the chains to be synthesized would be 100
backbone carbons in length (Mw = 1350) with a microstructure of 50% trans and 50% cis units. The
microstructure of the 40 chains (4000 total united atoms) was generated using a Monte Carlo procedure that
assumed Bernoulli chain statistics. The overal system had a trans fraction of 50.7%, exactly matched the
expected dyad (trans-trans, trans-cis, etc) fractions and matched the expected triad fractions within 1% for each
triad. The chains were initialy placed on a low density lattice with periodic boundary conditions at 1000 K.
After 100 ps, the temperature was reduced to 500 K. The system was run 2 ns while the volume was decreased
to yield an average pressure of 1 atm. The temperature was reduced to 353 K and the density at one atmosphere
was determined through a series of NPT runs performed over 2 ns. The density was found to be 0.865 g/cm?®
with a corresponding periodic box size of 47.02 A. This is good agreement with the experimental value of

0.843 g/lcm®. To some extent, the slightly lower density of the experimental system may be due to the large
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tertbutyl initiator groups. The system was further equilibrated at this volume for 5 ns. A 16 ns trgjectory was
subsequently computed. During the ssimulations, bond lengths were constrained and a time step of 1 fs was
employed. We obtained an RMS radius of gyration of 13.2 A and an RMS end-to-end distance of R, = 32.3 A
for the M,, = 1350 Dachains. The radius of gyration is significantly less than the value of R, = 15.4 A obtained
experimentally, reflecting the fact that the simulated chains are shorter than the z-averaged chain length (M, =
1600 Da, approximately 114 backbone carbons), obtained from the scattering experiments.

Local Dynamics. The C-H vector P,(t) autocorrelation functions for the six nuclei illustrated in Figure
1 not involving the vinyl side groups were determined from the simulation trgjectories. In order to accomplish
this it was necessary to calculate the positions of the hydrogen atoms from the stored united atom (carbon)
positions. To best represent the molecular geometries obtained from quantum chemistry calculations, the
hydrogen atoms attached to sp? carbons where placed along the bisector of the alkene and alyl bonds. The
hydrogen atoms attached to sp* carbons were placed such that the bisector of the H-C-H valence angle (107° for
trans units and 106.6° for cis units) was in the C-C-C plane. It should be noted that the calculated P, functions
are somewhat sensitive to the placement of the hydrogen atoms and care must be taken to place them accurately.
Asin our previous work™® we represented the C-H vector P,(t) functions obtained form simulations as a sum of
a stretched exponentia term (KWW eguation) associated with local (conformational) contributions to the
relaxation and a single, long-relaxation time exponential previoudy associated with motions of the chain
backbone.*? Hence,

P,"(t) = Aexp[-(t/t kww)"] + (1-A)exp(-t/t 1) (14)

Parameters for the empirical fits as well as the correlation time t (time integral of the correlation function from
the fit of eq 14) are given in Table 2. From the fits, the spectral density is easily calculated using eq 4, and
subsequently egs 1 and 2 can be used to calculate the T, and NOE values. The T, and NOE values obtained
from simulation are compared with experimental valuesin Table 1. Values from simulation are systematically
larger than those observed experimentally, indicating that the C-H vector P,(t) autocorrelation functions for all

C-H vectors decay too rapidly in the simulated system compared with the expected behavior. This trend can

1



also be seen by comparing the t values from simulations (Table 2) with the apparent values from experiment
(Table 1).

We can directly monitor conformational dynamics through the dihedral autocorrelation function,
defined as

<cosf (t)cosf (0)> - <cosf (0)>2
<cosf (0)cosf (0)> - <cosf (0)>?

P = (15)

wheref isthe dihedral angle. The varioustypes of dihedrals areillustrated in Figure 3. The P(t) autocorrelation
function for trans and cis allyl dihedrals as well asfor the b dihedral are shown in Figure 4. The time integral of
eq 15 yields the torsional autocorrelation times, which are approximately 3 ps, 6 ps and 40 ps, for the alyl trans,
allyl cis, and b bonds, respectively. The torsional autocorrelation time for the allyl trans dihedral is relatively
short, consistent with the low (2 to 2.5 kcal/mol) rotational energy barriers for this bond.® The torsional
autocorrelation function for the allyl cis dihedral initially decays more rapidly than that of the alyl trans bond
due to the low s s energy (slightly greater than 1 kcal/mol,® see footnotes to Table 3 for definitions of
rotational states) and more slowly at longer times due to the high energy of the cis conformation of the allyl cis
dihedral. The correlation time for the b dihedral is about an order of magnitude greater than that for the alyl
bonds, consistent with the higher rotational energy barriers (3.5 to 4.5 kca/mol)® for this bond. The
autocorrelation times for the C-H vectors given in Table 2 lie between those for the alyl and b dihedrals. The
correspondence of the correlation times for the C-H vector P,(t) and torsional autocorrelation functions indicates
that the poor agreement between simulation and experiment for T, and NOE can be associated to a large degree

with atoo fast rate of conformational transitionsin the simulated system.

Chain Dynamics. The §(q,t) data from MD simulations for g = 0.05, 0.08 and 0.10 A™ can be well
represented by eq 10 with Dg = 5.6 X 107 cm?sec, in good agreement with the center of mass diffusion
coefficient of Dy = 5.8 X 107 cm?/sec obtained directly from simulation employing the relationship

Den= lim <Ry2>/6t 16
ey (16)
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where <R.,2> is the mean-square center of mass displacement of a chain. These values are significantly larger
than the value of Dg= 2.3 X 10" cm?/sec obtained from fitting the low q experimental §(q,t) with eq 10 or Dyse

= 2.8 X 107 cm?sec from eq 9. By plotting §(q,t) from experiment and simulation as a function of Dgt,
differences in the center of mass diffusion coefficient can be scaled out. This has been done in Figure 5.

Agreement between simulation and experiment is better than was found for the Rouse model (Figure 1) for the

larger q values. In our previous comparison of §(q,t) for n-CigoHz0, Melts* somewhat better agreement
between experiment was simulation was seen at short times and large g values, where the smaller wavelength
modes make a more important contribution. It is simple to show that in scaled time units, the Rouse model

yields'*
= (17)

where here t is the relaxation time (in scaled time units) for any mode p > O, N is the number of statistical
segments, and the subscript i denotes a chain of length N; statistical segments.  Hence, we expect tgm < tegp
simply because the simulation chains are too short, consistent with the behavior observed in Figure 5 for short
times and large g values.

We can aso examine chain dynamics by investigating the relaxation time for the end-to-end vector of
the chain. For Rouse chains, the Py(t) autocorrelation function for the end-to-end vector (normalized to P,(0) =

1) is given by**

O 8
PO= @ 2 &Pt (18)
p=135...

where tg isthe Rouse time given by eq 11. The simulation end-to-end Py(t) is fit very well by eq 18 withtg =5
ns, as demonstrated in Figure 6. Eq 11 yields a value of tgr = 6 ns for the smulation chains. These times are

much shorter than the Rouse time of tg = 17-21 ns obtained from the experimental data.
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V. Modified Force Field

Based upon the comparison between simulations and experiment for Ry, 3C T, and NOE values, and

§(q,t), we conclude that (1) the simulation chains are too short and (2) the rate of conformational transitionsin
the simulation melt is too high. The appropriate chain length for reproducing neutron scattering measurements
is the z-average chain length, which, as described above, can be represented as a chain with 114 backbone

carbons as opposed to the 100 carbons used in the initial ssimulations. By increasing the length of the chains to

match that of the experimental chains, we can expect to improve agreement with experimental §(q,t) on ascaled
time basis and to reduce Dg,. However, increasing chain length will have little influence on the rate of
conformational transitions. Therefore, in order to improve agreement with experiment for T, and NOE, it is
necessary to modify the potential in order to increase rotational energy barriers. In comparison of united atom
and explicit atom simulations of polyethylene using potentials that reproduce the conformational energetics in
butane as determined from high level quantum chemistry calculations, it was found that the rate of
conformational transitions was significantly greater in the united atom simulations.? When the barrier for trans
to gauche transitions was increased by 0.3 kcal/mol over the value obtained for quantum chemistry studies a
good representation of local conformational (and chain) dynamics was obtained using the united atom model. It
is worth noting that the explicit atom potentia reproduced experimental data well without modification. Hence,
the too-fast rate of conformational transitions (the need for increased rotational energy barriers) appears to be an
artifact of the united atom representation and not a deficiency in the quantum chemistry energies. The slowing
down of conformational dynamics resulting from increased rotational energy barriers will also influence chain

dynamics by decreasing D¢, through an increase in the monomer friction coefficient. This should improve

agreement between simulation and experiment for §(q,t), and the combination of longer chains and decreased
Dem Will improve agreement for the Rouse time.
In addition to chain length, our simulated chains differ from the experimental chains in microstructure,

specificaly, we have not included vinyl units in the simulated chains. At low vinyl content, the influence of
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vinyl units on dynamics is unknown. However, a study of the glass transition temperature as a function of
microstructure (vinyl content) revealed a strong dependence for higher vinyl content microstructures, with the
glass transition temperature increasing dramatically with increasing vinyl content.’” In order to include 1,2-vinyl
units in the simulations it is necessary to accurately reproduce conformational energetics for the torsions shown
for the model compound 3-ethyl-1,5-hexadiene (EHD), illustrated in Figure 3, in addition to those previously
parametrized. (We neglect vinyl-vinyl dyads due to the low frequency of these groups in the random
copolymer). For this purpose we have performed quantum chemistry calculations on EHD using the quantum
chemistry package Gaussian 98.* Asin our previous study of PBD model compounds, we performed geometry
optimization at the SCF/6-311G** level with subsequent single point energy calculations at the MP2/6-311G**
level. The relative energies and geometries of the most important conformers and rotational energy barriersin
EHD are given in Table 3. As was seen previously for other PBD model compounds? electron correlation
significantly influences the relative conformer energies in EHD. Employing previously developed nonbonded
and valence potentials,® the torsional parameters for the new dihedrals were adjusted to give optimal agreement
between quantum chemistry and force field predictions for conformational energies and rotational energy
barriers for the model compounds. The ability of the force field to reproduce the quantum chemistry
conformational energies and rotational energy barriersis demonstrated in Table 3. The agreement with quantum
chemistry isreasonable. Table 4 gives the corresponding force field parameters.

The final modification to the system involves reduction of the rates of torsional transitions for the alyl
and b dihedrals in the united atom PBD (see discussion above). In order to accomplish this, we increased the
barriers (3-fold dihedral parameters) for all transitions of the allyl trans and b dihedrals by 0.4 kcal/mal. For the
alyl cis bond, we additionally modified the potential so as to minimize the impact of an increased s”_s energy
(see Table 3 for definition of conformational states), or trans barrier, on the conformational population in the

vicinity of the trans angle. The modified torsional potential for these dihedralsis also givenin Table 4.

ar



V. Simulations-M odified Potential

We generated a new random copolymer system of 40 chains each comprised of 30 units with a
microstructure of 40/50/10 cis/trans/vinyl without vinyl-vinyl dyads. Hence, each chain contains three vinyl
units and 114 backbone carbons. These chains have a molecular weight of 1622 Da, in agreement with the M,
= 1600 Da of the synthesized chains. The systems were generated and equilibrated according to the procedure
described in section 1. Following 10 ns of equilibration, a 30 ns constant volume trajectory was generated.

Thermodynamic and Static Properties. Molecular dynamics simulations analogous to those
performed for the origina force field were performed using the modified potential and the 40/50/10
cigtrans/vinyl chains system described above. For these simulations, a reversible multiple-time step algorithm
was employed.’® Constant pressure simulations yielded a density of 0.880 g/cm® at 353 K. This density is
dightly higher than that obtained for the chains without vinyl groups. In order to obtain a reasonable
representation of the conformational energies and rotational energy barriers in EHD, we found it necessary to
use the nonbonded potentia for the smaller C(sp?)H- group to represent the C(sp?)H,- group (center “f” in
Figure 3). As a conseguence, the vinyl group is effectively too small in terms of intermolecular nonbonded
interactions, accounting, we believe, for the higher density of the chains 40/50/10 chains compared to the 50/50
chainsinitially smulated. An RMS radius of gyration of Ry = 15.1 A was obtained for the 1622 Da chains, in
much better agreement with the experimental value of 15.4 A.

Local Dynamics. The *C NMR T, spin-lattice relaxation times and NOE values were determined by
applying eq 4 to the fit of the C-H vector P,(t) autocorrelation functions obtained from eq 14 for the various
carbons. The T, and NOE values are given in Table 1, while the fit parameters and correlation times are given
in Table 2. Unlike simulations with the original force field and shorter chains, the T, and NOE values are in
excellent agreement with experiment for the various carbons, indicating that the force field is faithfully
reproducing local dynamicsin PBD. The exception to this agreement is for the vinyl-1 and vinyl-2 sp® nuclei.
The T, and NOE values for these carbons are strongly influenced by rotation of the vinyl side group. For the

values reported in Table 1, we have not increased the rotational energy barrier for the vinyl group from that
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obtained from fitting the quantum chemistry as was done for the backbone dihedrals. Increasing the barrier by
0.4 kcal/mol yields nT; = 1.6 sec and NOE = 2.8 for vinyl-2, in reasonable agreement with experiment.
However, the values of nT; = 3.6 sec and NOE = 2.9 for vinyl-1, while improved, remain in poor agreement
with experiment. The apparent too fast rate of rotation for the vinyl side group, even after increasing the
rotational energy barriers, may be a consequence of the small size of the C(sp®)H,- group as represented in the
united atom force field. The correlation times for the C-H vectors are about a factor of two longer for the
modified force field compared to the original force field, reflecting the increased rotational energy barriers. It
can be seen that for the nuclei with NOE values significantly reduced from 3, i.e,, the trans sp® nuclei and the
backbone nuclei near the vinyl side group, the long-time tail makes a significant contribution to the C-H P;(t),
indicating an important contribution of non-local motions to the decay of the magnetization for these nuclei.
Note that in agreement with experiment, the T, values for the trans sp” nuclei are quite similar to those for the
cis sp? nuclel despite the quite different NOE values, indicating that local motions occur at about the same rate.
The torsional autocorrelation functions for the various bonds are shown in Figure 4. In addition to the
cis and trans alyl dihedrals and the b dihedrals, we also show the autocorrelation functions for the vinyl and a
dihedrals (see Figure 3 for labeling). The dihedral autocorrelation times for the alyl trans and the b dihedrals
for the modified force field are approximately twice as long as for the origina force field, again reflecting
increased rotational energy barriers. For the alyl cis dihedral, a smaller difference is seen, probably as a result
of efforts to minimize differences in populations for the modified potential. The vinyl dihedral (without
increased rotational barrier) shows behavior qualitatively similar to that for the alyl cis dihedral. The a
dihedrals, i.e., the backbone bonds neighboring the vinyl side group, exhibit behavior qualitatively similar to
that of the much slower b dihedrals. Since the T, and NOE values for the branch (vg) and a carbon nuclei are
accurately reproduced (see Table 2), we conclude that the smulations accurately reproduce the rate of
conformational dynamicsfor the a dihedrals. Therefore, we conclude that one important impact of vinyl groups
on the local dynamics is an increase in the b-like character of the backbone; each vinyl group contributes two

slow b- like dihedrals to the backbone and no fast alyl dihedrals.
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Chain Dynamics. From S(q,t) a self-diffusion coefficient Dg = 3.4 X 107 cm?/sec is obtained (eq 10),
in much better agreement with the value determined from NSE measurements than was obtained in the original
simulations. From the chain center of mass displacement (eq 16), a value of 3.2 X 10" cm?/sec is obtained.
These values are 20-30% greater than Dyse obtained from NSE measurements.  1n our united atom polyethylene

simulations, a center of mass salf diffusion coefficient 40-45% larger than experiment was obtained for n-

CusHoo,? while the value was approximately 30% larger than experiment for n-CyooH202.* A comparison of §(q,t)
from the modified potential with experiment as a function of scaled time is shown in Figure 5. Agreement with
experiment is somewhat improved at shorter times for the larger q values, and is similar in quality to that
obtained for PE.* The end-to-end vector autocorrelation function, illustrated in Figure 6, yields a Rouse time of
tr = 16 ns through application of eq 18, while application of eq 11 yieldstg = 15 ns. These values are in good

agreement with the value of tg = 17-21 ns obtained from applying eq 11 to the experimental data.

VI. Conclusions

In this work we have performed a detailed comparison between simulations and experiment of the local
and chain dynamics of a melt of 1,4-polybutadiene. Quantitative reproduction of the experimental results
required a careful matching of the relevant average experimental chain length and architecture in the simulated
model. Our quantum chemistry based force field reproduces the measured melt density reasonably well. Chain
conformations, as determined through the radius of gyration, are in excellent agreement with the experimental
results. Using a united atom representation of the quantum chemically determined conformational energetics,
however, resulted in atoo fast rate of conformational transitions as demonstrated through a comparison of spin
lattice relaxation times, as determined from NMR, with those determined from simulation. In the case of PBD,
we can resolve 12 different local environments in the chain and therefore have detailed information about the
local torsional dynamics. We found similar behavior in an earlier comparative study of an all atom and a united

atom representation of alkane chains. To compensate for this shortcoming of the united atom representation we
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increased the torsiona barriers by 0.4 kcal/mole, after which we were able to reproduce all but one vinyl spin
| attice relaxation time to within 20%.

The chain dynamics in the melt were measured via neutron spin echo experiments for a range of length
scales covering the internal random walk structure of the chains. Determining the center of mass diffusion
coefficient from the scattering curves at small momentum transfers, we again observe a discrepancy of about
30% between experiment and simulation, consistent with the accuracy with which the local dynamics are
reproduced in the simulation. The small angle scattering can be reasonably described with the Rouse model
prediction. At larger momentum transfers, however, the Rouse model prediction systematically deviates from
the experimental as well as the simulated scattering curves. It had been argued that this deviation is due to the
neglect of local stiffness effects in the Rouse model.>® Using the prediction of a semiflexible chain model and
the contour length and persistence length as they can be determined from the simulation, however, showed that
our chains are so flexible that there is only small difference between the Rouse prediction and the prediction
from the semiflexible chain model. Both show the same deviation from the observed scattering. One can match
the observed scattering curves with the prediction from the semiflexible chain model by artificialy increasing
the chain stiffness, but the parameters are then in strong disagreement with the observed chain structure
determined for simulation.

To conclude we can say that we have validated our improved force field for 1,4-polybutadiene through
careful comparison with NMR and NSE experiments on the local and chain dynamics of this polymer in the
melt. From this starting point we will now look at the temperature dependence of the dynamics in this glass-
forming polymer with the long-term aim of gleaning mechanistic information on the molecular motions giving

rise to the different relaxation processes at lower temperatures.
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Tablel. T;and NOE Valuesfor Various Nucle at 353 K

Nuclei® te (ps)° nT; (seconds)® NOE
Exp Exp FF FF-mod Exp FF FF-mod

tcig[sp’] 23 | 18005 33 1.9 24+0.1 2.8 25
tt[sp?] 26 | 16005 32 1.8 24+01 2.8 25
ciscis [59] 24 | 1.7+x005 33 1.7 28+0.1 3.0 2.9
cist [sp?] 30 | 14+005 30 15 28+0.1 3.0 2.9
t [sp°] 26 | 1.7+x005 36 1.8 26+0.1 29 2.8
cis [ 19 | 232005 44 22 28+0.1 29 2.8
vg (branch) [sp’] a4 1.0+0.1 1.2 2.8+0.2 2.8
trans-ag [sp°] 44 1.0+0.1 1.2 27+02 2.7
ag [p°] 34 1.3+0.1 1.4 28+0.2 2.7
vinyl-1[sp?] 23 | 18+01 - 4.4 25+02 3.0
vinyl-2 [sp7] 32 1.3+0.1 1.8 27+02 2.8
cis-vinyl [sp?] 28 15+0.1 1.3 27+02 2.7

®See Figure 1 for assignments. °Assumes extreme narrowing behavior (eq 6). °Here n is the number of
attached hydrogen atoms. FF denotes the original potential function of ref [8], while FF-mod denotes the

modified potential function of this work.
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Table 2. Fit Parametersand Correlations Timesfor the Various C-H Vector P2(t) Autocorreation Functionsat 353 K

Nuclei FF? FF-modified”
t b A { tail te t b A { tail te
(ps) (ps) (ps) (ps) (ps) (ps)
tcis [sp7] 1.7 0.378 0.976 330 14 2.9 0.377 0.970 570 30
tt[sp? 2.2 0.383 0.981 370 15 3.7 0.378 0.974 640 31
ciscis[sp?] 5.3 0.458 1.00 13 10.3 0.450 1.00 26
cist{sp?] 6.1 0.467 1.00 14 11.5 0.450 1.00 28
t[sp?] 31 0.386 0.992 100 12 6.4 0.386 0.989 170 25
cigsp?] 26 0.375 0.996 80 1 5.1 0.372 0.996 250 22
vg (branch) [sp’] 16.2 0.453 1.00 40
trans-ar [sp°] 11.9 0.419 0.98 800 50
as [507] 10.7 0.424 0.99 1250 43
vinyl-1 [sp?] 0.7 0.431 0.88 70 10
vinyl-2 [sp%] 4.9 0.349 0.98 70 26
cis-vinyl [sp?] 9.4 0.410 0.98 590 40

®Original potential function of ref [8]. "Modified potential function of this work.
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Table 3. Geometries and Energies of Low Energy Conformersand Rotational Energy Barriersin 3-ethyl-1,5-hexadiene (EHD)

conformer?® geometry® energy (kcal/mol)°*
alyl ar ag vinyl SCF MP2 FF
(h-a-b-c) (a-b-c-d) (b-c-d-g) (b-c-e-f)
low energy conformers
sfts” 126.7 173.4 -171.5 1205 0.00 0.00 0.0
sgts -64.1 -169.0 108.8 0.60 0.16 0.1
s'gts’ 112.3 64.6 -173.9 114.9 0.41 0.43 0.5
s'tgs’ 126.9 175.8 -64.7 1234 0.80 0.90 0.7
s'g gs' 122.1 -61.1 -61.6 110.3 1.16 0.68 10
s'ggs 126.9 -60.0 -60.7 -123.1 1.66 0.90 13
s'tg s 125.7 168.0 63.4 126.9 134 125 0.8
s'gts 123.2 -61.1 -161.1 -1145 2.02 135 13
s'gg s 112.1 57.1 59.4 120.3 1.62 1.36 14
s'gg cis 111.6 57.3 59.9 -4.6 2.19 154 2.3
s'tts 1224 170.0 -165.2 -108.9 2.01 1.70 17
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s'g gcis
s'tgs
s'tg cis
s'gtcis
s'tg s

s'gts

129.3

1225

136.6

111.6

123.2

-54.9

168.6

161.6

64.9

161.8

68.2

-60.4

-66.9

61.9

-174.3

56.3

-166.1

7.2

-119.7

-14.2

-140.3

-108.1

26

261

194

2.66

241

2.77

2.50

1.72

175

213

213

2.27

2.30

22

12

21

2.3

22
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ar rotationa barriers

Sg_t]ts" 119.6 116.3 -172.8 114.7 2.96 3.13 3.2
STt g s 121.0 -123.2 -172.0 116.9 4.74 4.18 4.1
S'[g_g Jts 120.7 -3.7 -169.6 113.6 5.49 5.05 5.0

vinyl rotational barriers

s'g g[s”_s] 128.0 -58.3 -60.4 179.5 3.85 2.60 25
s'g dls’_dig] 126.2 -60.1 -60.2 45.3 3.37 3.03 26
s'g gls_dig] 120.2 -51.5 -61.7 -50.8 5.80 473 47

3g(skew)" = +120°, s(skew) = -120°, t(trans) = 180°, cis= 0°, g = gauche with respect to the backbone, trans with respect to the side group,

g = gauche with respect to the backbone and side group. "From MP2/6-311G** geometries. See Figure 1 for sequence definition.

‘Using a6-311G** basis set, relative to the s'tts” conformer.
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Table4. Torsional Parametersfor Polybutadiene

torsion sequence® par ameter s (kcal/mol)”
kq ks ks Ky Ks Ke
ar ab-c-d -0.95 -0.58 -2.01 0.23 0.43 -0.27
ar ab-c-e 0.49 0.08 -2.01 0.25 0.52 -0.27
ag b-c-d-g -2.60 -1.05 -2.27 -0.28 -0.12 -0.26
ag e-c-d-g -1.92 -1.07 -2.27 0.07 0.38 -0.26
vinyl f-e-c-b -1.92 0.32 0.75 -0.23 -0.08 -0.09
vinyl f-e-cd -1.52 0.72 0.75 -0.15 0.11 -0.09
cis (alyl) 0.86 -0.04 1.16 0.16 0.38 -0.12
trans (alyl) -0.24 -0.73 2.38 0.08 0.09 -0.06
b -0.99 -0.62 -4.04 -0.07 -0.25 -0.19
6

See Figure 3. "E= 0.5 & k,[1 - cosnf] .
n=1
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Figure Captions

Figure 1 Local environments (microstructures) for the polybutadiene chains distinguished in *C NMR
measurements. Filled circles denote sp? nuclei, while hatched circles denote sp® nuclei. Trans-ar
indicates that only corresponding resonances for vinyl groups preceded by atrans-1,4 unit are resolved,
while cis-vinyl indicates that only corresponding resonances for vinyl groups followed by a cis-1,4 unit

areresolved.

Figure 2. Single chain coherent intermediate dynamic structure factor for polybutadiene at 353 K.
Symbols (q = 0.05 (open circle), 0.08, 0.10, 0.14, 0.20, 0.24 and 0.30 (diamond) A™) are from NSE
measurements. Solid lines are predictions from the Rouse model, while the dashed lines are from a

worm-like chain model. For both models, D = 2.3 X 107 cm?/sec.

Figure 3. 3-ethyl-1,5-hexadiene, the model compound used in quantum chemistry calculations for
parametrizing vinyl torsions. Dihedrals and backbone atoms used in defining dihedral angles are

labeled.

Figure 4. Dihedral autocorrelation functions for the original potential function (normal lines) and the

modified potential function (heavy lines).

Figure 5. Single chain coherent intermediate dynamic structure factor for PBD at 353 K as a function
of scaled time. Symbols (q = 0.05 (filled circles), 0.08, 0.10, 0.14, 0.20, 0.24 and 0.30 (diamonds) A™)
are from NSE measurements and simulations. Dashed lines are from the origina force field, while

solid lines are from the modified force field.

Figure 6. End-to-end vector autocorrelation function for 1,4-polybutadiene from molecular dynamics
simulations for the original force field (thin line, fast relaxation) and the modified force field (thick
line, slow relaxation). The corresponding dashed lines are from fitting of the Rouse model. Rouse
times for both potentials as well as the upper and lower bounds for the Rouse time from experiment are

also indicated by the arrows.
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