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Parallel tempering molecular dynamics simulations have been performed for 1,4-polybutadiene
polymer melts in the 323 K-473 K temperature domain at atmospheric pressure. The parallel
tempering approach provides a vast improvement in the equilibration and sampling of

conformational phase space for the atomistic melt chains in comparison with conventional

molecular dynamics simulations even for molecular weights and temperatures considered to be
routinely accessible via the latter technique. 2001 American Institute of Physics.
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I. INTRODUCTION tempering allows prediction of phase equilibrium in a
coarse-grained polymer blend much faster and for a wider
Sampling of chain conformations in polymer melts andrange of thermodynamic conditions than conventional open-
solutions using molecular dynami¢8ID) and Monte Carlo  ensemble simulations. The question we wish to address in
(MC) simulations is a challenging problem. Well away from this work is the applicability of the extremely promising PT
the glass transition temperature, local conformational propmethod to realistic models of polymer melts well-removed
erties in these systems typically relax on times scales thgtom the glass transition temperature. For unentangled poly-
allow for accurate sampling from relatively short simulation mer melts, it has been widely assumed that conventional MD
trajectories. However, with increasing molecular weight,simulations can provide efficient equilibration and sufficient
sampling of chain conformations quickly becomes intrac-sampling of phase space in this temperature regime. We con-
table for conventional simulation techniques, even in syseentrate specifically on chain conformations of the polymer
tems without entanglements. Hence, despite tremendous iniising an atomistically detailed model, comparing PT results
provements in computational hardware that allow routinewith those obtained from conventional MD simulations.
performance of multi-nanosecond simulations of polymeric
systems; ® the mean-square radius of gyratiﬁhé and end-
to-end distanceR? obtained from these simulations often
have quite large error bars. Since many properties of polymei. MOLECULAR DYNAMICS SIMULATION
melts and solutions depend upon chain conformations, th®IETHODOLOGY
predictive capabilities of simulations for these systems can
be severely impacted by this limitation. The situation be- We conducted MD simulations of a 1,4-polybudadiene
comes even worse for systems with rough energy landscapeselt consisting of 40 chains of 30 repeat unit9% vinyl,
(e.g., melts near the glass transition temperature, heterogd0% cis, 50% trans? using a well-validatet¥'* quantum-
neous systemswhere systems can easily become locked inchemistry based atomistic potential described elsewtére.
one region of phase space during the entire length of a simBimulations were carried out over the temperature domain
lation. 323<T=473 K in 5 K increments. The glass transition tem-
In recent years, simulation techniques that involve experature of PBD is estimated to be around 18&*Kence,
panded ensembles have been developed to provide an effébe lowest melt temperature correspond3 te1.8T,. Simu-
tive way to overcome problems associated with sampling ofations performed using thBIPT and NVT MD simulation
properties in systems with intrinsically slow relaxations andmethodologies described in detail in our previous wirk.
highly heterogeneous phase space. Parallel temp@ifigs  The 31 PBD melt systems were initially equilibrated in the
one of these techniquég.Yamamoto and Kobfound that NPT ensemble for 4—10 ns to obtain equilibrium density at
PT simulations provide orders-of-magnitude faster samplingatmospheric pressure. In this work, we focus our attention on
of phase space in comparison with conventional MD simu+the analysis of chain conformations at 323 and 353 K, for
lations in applications to a super-cooled Lennard-Jones ligwhich extensive conventional MD simulations have been
uid. Yan and de Pabt8! have shown that the PT approach previously performed. For these systefd®T simulations
combined with open-ensemble simulatidfisyper-parallel”  were followed by NVT equilibration simulations
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of approximately a Rouse tim@0 and 15 ns, respectively 280
for 323 and 353 Kfollowed by NVT simulations of 90 and
45 ns, respectivel{14

IIl. PARALLEL TEMPERING METHODOLOGY

A comprehensive derivation of the statistical mechanical
foundation of the PT method can be found elsewH&ré.

Unlike previous applications of PT simulations to Lennard- 180 1 & Conventional MD

Jones liquid$!®and polymer mixturest where temperature ° PT

tempering was performed isochorically, we performed PT 160 . 1 1 t 1 L
simulations isobarically. For atomistically detailed systems 0 5 0 15 20 25 30
such as PBD, where comparison with experimental data or (a) Simulation time (ns)

prediction of properties is potentially of great interest, the
isobaric data generated for all 31 systems can be useful. Con-

stant pressure conditions for each replica can be maintained 2000

by either performing the simulations of each replica in the 1800 b ©  Conventional MD 0900
NPT ensemble or by employindlVT conditions with each T Rk
replica being simulated at the predetermined density that 1600 r

yields the desired pressure. We chose the latter approach us- A

ing densities obtained from the conventio®PT simula- ae” 1400 -

tions described previously. It is important to note that in this v

case the energy change associated with the volume change 1200

that occurs during a replica swapping attempistbe taken 1000 k

into account in determination of the acceptance criteria. The

acceptance probabilityp(.) for exchanging coordinates 800 - , , -

andx; that, prior to the attempt, were simulated at tempera- 180 200 220 240 260
turesT; andT; in simulation boxes of volume¥; andV;, <R >

respectively, is given by Eq1): (b) g

FIG. 1. Comparison of conformational space sampling obtained from PT
and conventional MD simulations at 353 K) Evolution of the( RS) as a

PaCC(XiHXj) =min
function of simulation time(b) (R%) vs (R?).

1exp{ﬂ«U(xi)Vi—jo)Vi)—]
B U00)Yi=U0eg)Y)

whereU(x)V is the potential energy corresponding to the setently scaled byV;.,/V; and V;/V;.,, respectively, and

of coordinates< in a volumeV, and g is the corresponding instantaneous velocities of atoms in systérasdi+1 were

Boltzmann factor@=1/KT. The additional energy calcula- scaled by T;.,/T,)Y? and (T;/T;.;)*? respectively. The

tions before each swapping attempt increase the computaverall acceptance probability for attempted exchanges was

tional costs of such isobaric simulations relative to isochoricapproximately 0.06, with values ranging from 0.08 at 473 K

PT, but because replica swapping is attempted only occasiofie 0.04 at 323 K. A PT simulation with approprialéVT

ally, this effect is minor. More important is the decrease inconditions for each replica was performed over 9.0 ns. It was

exchange probability that results from the energy differenc&onfirmed that during the PT simulation each system visited

due to volume changes. Fortunately, this effect is offset by @ach temperature many times. A comparison of the density of

greater increase in dynamics with increasing temperaturstates(potential energy distributionat 353 K from parallel

along the isobaric path compared to the isochoric path.  tempering with that obtained from the 45 N8/T conven-
The 31 PBD systems evenly distributed over the tem+ional MD simulation confirmed that phase space was cor-

perature domain 323KT<473 K providel a 5 K difference  rectly sampled in the PT simulation.

between neighboring thermodynamic states. After determina-

tion of density for each system from conventiohd? T simu-

lations, 2 ns PTNVT equilibration was carried out. The PT V. RESULTS AND DISCUSSION

simulations were performed on a parallel architecture, where In the discussion of PT simulation results, we will con-

each system was assigned to a single node, communicati@mentrate our attention on two temperatu(@23 and 353 K

between which was organized using standard MPI librariesfor which results from extensive conventional MD simula-

During the PT simulation, exchange of coordinates was attions are available for comparison.

tempted only between systemsTtand T;, ; alternatively T=353 K.We begin our analysis by comparing the evo-

fori=1,3,5...0ri=2,4,6... everyAt,,=0.4 ps. The coordi- lution of the average square radius of gyrati«éﬁ’é), ob-

nates of systems and i+1 were temporarily scaled by tained as the instantaneous average over all chains in the

Vi, 1/V; andV;/V;, 1, respectively, and the energies of the systems. In Fig. 1<R§) is shown as a function of simulation

systems were determined. If the exchange attempt was atime for PT and conventional MD simulations. For conven-

cepted, the coordinates of systeinandi+1 were perma- tional MD simulations long-time oscillations i(rRé) can be
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observed indicating that, in order to obtain an accurate over- 260
all average value o(_fRS), a_simulation much Ionge_r than_ the |8 N Conventional MD
Rouse time(15 ng is required. In contrast, PT simulations 240
provide a thorough sampling G(RS> over a much shorter —  ogEE Y
trajectory length. In Fig. (b), we compare the exploration of A 220
conformational phase space for the two methods by plotting N%w
the average square end-to-end distafiRg) versus(RS). V' 200
This figure illustrates that the methods exhibit a quite similar
sampling of conformational phase space. 180
The resulting overall average value(tﬁé},Rz, obtained
from the PT simulatiori216.8+3.6 A?) is in good agreement 160
with the value obtained from conventional MD simulations 0 20 40 60 80
(220.2+8.7 A%). The error bars were calculated as the vari- Simulation time (ns)
ance in Rg for individual chains. The uncertainty obtained
from the 45 ns conventional MD run is twice that obtained 2000
from the 9 ns PT simulation. A conventional MD simulation O Conventional MD
trajectory of approximately 275 ns would be needed in order 1800 ~
to provide the same accuracy as the 9 ns PT simulation for
chain conformations. This indicates that even if we are only 1600 -
interested in chain statistics for a single syst&83 K), we “ o 1400 b
save nothing by performing conventional MD simulation :\7
(275 ng at that temperature compared to the PT simulation 1200 =
(31 systemsx 9 ns=279 ng, which provides data for all 31
systems. Realizing that the relative efficiency of the PT ap- 1000 r
proach will likely be even greater at lower temperatures Lo
(slower dynamick the utility of the PT method in obtaining 800170 180 190 200 210 220 230 240 250 260
chain statistics in atomistic polymer melt simulations is clear. 5
T=323 K. Figure 2 shows plots equivalent to those in <Rg >

Fig. 1 but for the lowest temperature in the PT simulation

(323 K). The oscillations of(R%) from conventional MD F'i- 2. Compafils&nDOf_ COTfQVmaﬁon;zlsSrgcg S«’Tm_plingfort:tazigze)d from PT
: nd conventional simulations at volution of the as a
g
have a much larger period than at 353 K. It appears that th%nction of simulation time;(b) (R2) vs (RS). Dashed lines denote the

90 ns run, _more than_ 3 Rouse t'mes’ does not _prowde aCClrlégion of(Rg) and (R?) that has not been sampled in conventional MD
rate sampling of chain conformations. Compar(n‘@ﬁ} ob-  simulations.
tained from PT simulation with that from conventional MD

simulations further strengthens this suspicion. Figu@ 2 System relaxatiariThere are two effects responsible for
clearly illustrates that the much shorter PT simulation eX+the re|ative|y fast samp"ng of phase space in PT simulations
plores a much wider range ¢Rj) than conventional MD  compared to conventional MD simulatiorid) Each replica
simulations. Figure @) further illustrates the discrepancy in PT simulations is able to relax faster as a consequence of
between sampling of conformational phase space from PEpending time at higher temperatures during the simulation;
and conventional MD simulations. The valueRﬁ obtained and(2) The statistics at any particular temperature are im-
from conventional MD simulation is 200#%6.0 A2, Thisim-  proved by contributions from N uncorrelated systems. The
plies thatR_g changes by as much as 10% upon cooling fromimportance of the former effect is illustrated in Fig. 3
353 to 323 K, which is inconsistent with experimental values

and predictions of a rotational isomeric stdRIS) model 10g T T T T ' T
based upon the same quantum chemistry studies used in pa- -
rametrizing the PBD force fielt} where a change of less
than 1% in this temperature domain is observed. The rela-
tively small error bars of-6.0 A2 estimated fOIRS based on
deviation of individual chains properties from the ensemble
average are misleading in this case because the ensemble
average value itself was not sampled accurately during this
run. At this temperature, in conventional MD simulations the
system is locked in a particular region of phase space and did
not have a chance to explore other regions during the length
of the simulation. In contrast, the PT simulation was able to

2l Conventional MD
0.8 & o PT -

End-to-end vector
autocorrelation function

0 10 20 30 40 50 60

provide sampling over a significantly wider range(ﬁé) time (ns)
values and th_e resumr@g'_ 2:_[6'&3'8 A » is in much better FIG. 3. Chain end-to-end vector auto-correlation functions calculated from
agreement with RIS predictions. PT and MD simulations at 323 K.
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which shows the end-to-end vector auto-correlation functioradvantages for coarse-grained polymer systems, can enhance
for PBD chains at 323 K obtained from conventional MD simulations of atomistically detailed polymeric systems and
and PT simulations. For the PT simulation, this function wassubstantially expand the time and length scales accessible by
calculated as follows: When systenvisits 323 K(at some these simulations. Even for a polymer melt well above the
time ty) the clock starts. Upon return of that same system talass transition temperature and below the entanglement mo-
323 K, after visiting other temperaturéat some timet;), lecular weight, a system generally considered to be well-
the correlation between chain end-to-end vectors in this syssuited for conventional MD simulations, application of the
tem is calculated and attributed to statistics for the time inPT simulation method has clear advantages over conven-
terval At=t;—ty. Hence the auto-correlation function tional MD simulations. The PT method provides thorough
shown in Fig. 3 for the PT simulation does not reflect anysampling of conformational space more expediently than
reversible dynamical process, but simply quantifies howconventional MD simulations and significantly faster relax-
quickly the end-to-end vectors decorrelate. It is clear fromation of large length-scale correlations, resulting in much
the figure that the PT simulation provides significantly fasterfaster equilibration in comparison with conventional MD
relaxation of chain end-to-end vectors in comparison withsimulations.

conventional MD simulations. Figure 3 reveals that short PT
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