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1. Introduction

While atomistic-scale simulation tools have proven to be
greatly useful in understanding and developing new materials,
a choice is often required to be made on the simulation method
to be used based on the required chemical accuracy and com-
putational speed [1]. Ab initio methods such as Density Func-
tional Theory (DFT) and the semi-empirical Tight-Binding
DFT (DFTB) rely on obtaining the interaction potentials
between the atoms using approximations to the equations of
motion derived from Quantum Mechanics (QM). The evalu-
ation of the partial or full electronic structure of each atom
allows these methods to be the closest in obtaining chemical
accuracy; but the requirement to re-evaluate the potentials at
every timestep for dynamics makes the associated dynamical
method, termed Ab initio Molecular Dynamics (AIMD),
often too computationally expensive for practical applications.
Classical non-reactive molecular dynamics is a method capable
of simulating several thousand atoms efficiently. This is because
the dynamics is obtained using Newton’s laws of motion and
the interatomic potentials are evaluated using efficient empiri-
cally optimised functions. However, the inability to form or
break bonds prevent the method from being useful in simulat-
ing a reactive environment. A bridge between the two classes of
methods is provided by reactive MD tools, such as ReaxFF [2],
COMB [3], AIREBO [4], and MEAM [5]. Though these
methods retain several similarities to nonreactive MD in
using the classical equations of motion, the interaction poten-
tials between the atoms are designed to allow bond breakage
and bond formation by including parameters such as the
bond order. These interactions are often trained against QM-
data, or experiments when available, so that they can mimic
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the results of QM-based methods at a fraction of the cost
while being only about 2 orders of magnitude more expensive
than non-reactive MD for dynamics. Using the correct training
set for the given system, these methods can reach very close to
the chemical accuracy that can be obtained through DFT.
Therefore, reactive MD can be used for efficiently capturing
both dynamic and chemical events for large systems at an
acceptable efficiency. However, there is one limitation that is
shared by all the above-mentioned methods that prevent long
simulations - the largest time step to retain stability of the
scheme. This issue arises from the requirement to resolve the
vibrational modes of bonds between atoms. Typical time
steps in ReaxFF are less than a femtosecond to ensure conver-
gence of energy and prevent unphysical de/bonding inter-
actions. Although higher order time stepping methods, such
as Runge-Kutta (RK4), would generally help increase the
time step while retaining stability, the short timescales in the
vibrational modes prevent it from providing a practical advan-
tage [6].

Figure 1 shows the acceleration methods currently
implemented in ReaxFF, that help resolve the issue of
extended residence time in a potential basin. GPU-enabled
algorithms [7,8] attempt to improve the per-timestep simu-
lation time by utilising the massively parallel architecture of
GPUs, providing a 6x to 16x speedup compared to CPU-
based algorithms. Although this does not tackle the time
step issue, it enables ReaxFF simulations to perform at
close-to non-reactive MD speeds. Parallel Replica Dynamics
(PRD) [9-12] is another method that takes advantage of the
parallelism. Instead of running a single simulation over mul-
tiple processors, the system is replicated over each processor
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Figure 1. (Colour online) Various acceleration methods available in the ReaxFF reactive molecular dynamics environment.

such that each trajectory samples the potential basin until one
observes a transition, providing a speedup directly pro-
portional to the number of replicas used. Other methods
rely on modifying the dynamics of the system to obtain the
acceleration. In Temperature Accelerated Dynamics (TAD)
the simulation is performed at an elevated temperature to
allow quick escape of the system from the potential basin,
and the correct transitions corresponding to the lower
temperature are picked [13]. As at higher temperatures, entro-
pically favoured reactions dominate over the reaction path-
ways corresponding to lower temperatures, caution must be
exercised in ensuring only the feasible paths are picked.
Methods such as Hyperdynamics [14], Metadynamics [15]
and Collective-Variable Hyperdynamics (CVHD) [16], mod-
ify the free energy landscape by providing a bias potential,
which fills the energy minima and decreases the energy
barrier for the transitions. Force Biased Monte Carlo [17]
and Grand Canonical Monte Carlo (GCMC/MD) [18] use
Monte Carlo techniques to enable the system to reach a global
minima faster. However, these methods may not capture the
correct dynamics associated with transition. Other methods
include Bond Boost [19], where a potential bias, and Tracking
[20], where an additional force, is added to the bonds of
labelled atoms to accelerate the dynamics.

In this work, we explore the combination of PRD and
CVHD due to the mutual exclusivity in the acceleration
method and generalisability to any reactive system. A descrip-
tive introduction to the two methods and their combination is

provided in the subsequent section, followed by the perform-
ance comparison against standard MD for n-dodecane

pyrolysis.

2. Methods used
2.1. Parallel replica dynamics (PRD)

PRD takes advantage of the assumed ergodicity of the molecu-
lar dynamics process and the availability of several computer
cores. For an ergodic process, the time average of the process
in the simulation is the same as the ensemble average. There-
fore, averaging over a large time domain is replaced by time
averaging over multiple short simulations with different initial
conditions. When the system is replicated amongst M replicas,
it enables the overall simulation to sample M different escape
routes out of the potential basin, c.f. Figure 2. As a consequence,
the trajectory that leads the system out of the potential basin
can be identified in a shorter wall-time. The simulation pro-
cedure for PRD are as follows [9,21]:

(1) Broadcast the configuration and minimise it over M
replicas

Initialise each replica with a unique random velocity distri-
bution corresponding to the temperature

Ensure each trajectory corresponds to a quasi-stationary
state (dephase)

MD run and check for any transitions

(2)
3)
(4)
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Figure 2 (Colour online) Schematic of the implementation of PRD coupled with CVHD under a representative free energy surface (FES). The arrows indicate the direction

the system is moving towards, over the FES.

(5) Decorrelate the trajectory with respect to the transition
state
(6) Purge all replicas and go to step 1

A trajectory is considered to contain a ‘successful event’
when it has crossed the chosen potential barrier. In a reactive
environment, any dominant reaction leading to a change in
bonds can be considered as a successful event [10]. In some
cases, the first crossing of the potential barrier may lead to a
series of secondary reactions. These secondary events must
not be considered as an independent successful event due to
their underlying correlation to the primary event.

The checks for correlation (step 5) and dephasing (step 3) are
included to ensure no error is introduced by PRD and that the
mutual independence of the replicas is maintained. To broadcast
the configuration with the successful event to another set of
replicas and initialise with a different set of random velocities,
it is required that the configuration is not correlated to its earlier
transition state and any correlated secondary event must be com-
pleted. For all MD simulations, two trajectories with a small
difference in initial conditions become uncorrelated after a cer-
tain period of simulated time due to the Lyapunov instability
[6]. Let 7o correspond to the time for which the system con-
tinues to be correlated to the state that crossed the potential
barrier and Atyp corr be the MD time after the potential barrier
has been crossed. Ensuring that Atypcor > Teor guarantees
that the reinitialisation of the configuration with a different set
of velocities will not be correlated to the earlier transition state.
Although 7, is system dependent, it is generally ~1 ps or a
few Einstein vibrational periods [9]. Another criterion is that
we sample only the quasi-stationary distribution during PRD.
Therefore, the trajectories that leave the potential basin at time
t < Tdephase are purged and then re-initialised with different ran-
dom velocities. The time of the purged simulations is not added
to the effective PRD time. The mathematical formulation of
PRD, including the restrictions imposed by the dephasing and
correlation criteria, can be found in references [11,12].

The total simulated time is a sum of the individual time
simulated by each replica, i.e.

M
ttotal = Z ti
i

(1)

where t; is the time simulated by the ith replica. This is used
instead of t.& = Mt; to account for performance differences
between the processors. The acceleration over standard MD
is given by [21]:

Nprp = M((1 + fo)(1 4 2MkgTeorr)) " (2)

Here, fq is the cost associated with checking for a successful
event, per time step, and k, is the transition rate for the
observed reaction. The inverse relation to k, indicates that
the most acceleration is obtained only for rare events, i.e.
kg — 0. Although it is not a requirement of the method, the
largest acceleration from PRD can be obtained when each
replica is run on a single processor. Therefore, standard PRD
quickly loses its effectiveness to methods that vary the potential
energy surface, such as hyperdynamics, when using methods
like AIMD or reactive MD simulations on very large systems
(Natoms > 103)

2.2. Collective variable hyperdynamics (CVHD)

Collective variable hyperdynamics is a combination of conven-
tional metadynamics and hyperdynamics. Metadynamics [15]
is a technique that is capable of calculating free-energy land-
scapes by using a history-dependent bias potential. The bias
potential is dependent on a small number of collective variables
(CVs) that describe the system. The bias potential is applied to
the potential energy surface, which fills the energy minima and
consequently lowers the reaction energy barrier and thus,
shortens the waiting time between reactions. On the other
hand, hyperdynamics is an accelerated MD technique which
is similar to metadynamics in the sense that it is also based
on the application of a bias potential but in hyperdynamics
this bias potential is removed on-the-fly during the transition
state. The free energy information is lost by the unbiasing but
the hypertime can be recovered from the simulation. The
hypertime is the time required to get to a similar state in an
unbiased simulation. The collective variable-driven hyperdy-
namics (CVHD) method [16] is a self-learning variant of the
hyperdynamics algorithm that combines the hyperdynamics
with CV-based feature of metadynamics in which an appropri-
ate history-dependent bias potential can slowly be grown on the
fly during the simulation to track the long time-scale evolution
of the system.



4 (& K GANESHANETAL.

The choice of an appropriate collective variable (CV) is essen-
tial for a CVHD simulation. The CV is based on a set of local
system properties or degrees of freedom (s, ... , sn), which col-
lects all the relevant degrees of freedom of the full slow system
dynamics. Following the description from Bal and Neyts [16],
for each local property s; a local distortion (y;=yx(s;) is
defined and can have a value between 0 and 1, the value of 1
being at the transition state. The global distortion is defined as

1
X\
Xi = (Z xf> (3)
i=1
in which p > 1. The CV 7 is defined as

n= %(1 — cos (77Xf)), ify, <1 (4a)

n=1, ify, >1 (4b)

For reaction events involving bond breaking, the property s
is considered as the stretch of a bond. For every bond pair i with
length r;, there are distances r™"and r™®, which mark the start
and end point of possible reactive events. If r; < r™", the bond
is not likely to dissociate soon, and is not biased. Whereas, if

rp=r"*, the bond is about to dissociate. For
rit <, < 1" the local distortion is defined as
o Ti— rinin
Xi = pmax __ r;nin (5)

i
The bias potential AV which is deposited at intervals 75 is

defined as a function of the CV # as a Gaussian shaped hill
with width § and height wy as follows

[_ (n- ”fl(ch))Z}

AV(n) = Z Wi exp o5

k<ng

(6)

The bias potential being dependent on the CV makes it his-
tory dependent. Gaussian shaped hills are added until a tran-
sition state is reached. Similar to the choice of the CV,
choosing a suitable bias is hard and error-prone.

Using a bond length based CV, Bal and Neyts [22] applied the
CVHD method in the pyrolysis and oxidation of n-dodecane at
low temperatures and reached time scales which are unattainable
by conventional molecular dynamics simulations.

2.3. CVHD coupled with PRD

The standard MD in each PRD replica can be replaced with an
individually accelerated MD, such as CVHD or hyperdynamics,
to obtain additional speedup per timestep. Such a combination
of PRD and Hyperdynamics has been evaluated by Voter and
Germann for epitaxial growth of Ag layer [23]. The combi-
nation multiplies the effective increase in time of PRD to that
of hyperdynamics, as described in the following equation
[24], borrowing the definition of the bias potential from
Equation (6).

M N

M
g = )t =), ) AupexplAV(i(t) ko T].  (7)
i J

i

It must be noted that the inclusion of hyperdynamics
increases the rate of reaction observed in PRD, i.e. k; has to
be replaced by mypk, where myp, is the boost provided by
hyperdynamics. This increased rate of reaction diminishes
the acceleration provided by PRD because of its inverse relation
to kg, as implied by Equation (2). Therefore, the bias potential
must be appropriately matched to maintain reasonable benefits
in using the coupling to PRD.

Here, we explore the combination of PRD with CVHD to
eliminate the requirement to have a predefined boost potential.
While both the methods reset after a transition has occurred, it
is not required that the same transition is targeted. Therefore, a
transition with a higher barrier can be targeted by PRD while
CVHD is permitted to reset after transitions that occur at
lower barriers. To provide an example, a large barrier transition
could be a chemical reaction and a small barrier transition
could be one associated with an internal rotational barrier for
a partially conjugated hydrocarbon (e.g. butadiene). With this
separation of event checks, we can utilise a lower CVHD
boost potential to ensure that the smaller barriers are not
bypassed while maintaining reasonable effectiveness of PRD.
Figure 2 shows a schematic of a PRD + CVHD simulation
under a representative free energy surface.

At this juncture, it is important to recognise the key differ-
ence between the two acceleration techniques. By imposing a
physically consistent bias potential formulation, CVHD
directly alters the interatomic interactions of the system when
compared to standard MD. Whereas, PRD must be perceived
more as a sampling technique rather than a hyperdynamics-
like acceleration tool. Each replica is an independent MD simu-
lation with a small change in initial condition and is imposed
with no additional constraints. The dephasing step ensures
that the initial condition is not a transition state. Hence, the
physics within each replica would be consistent with standard
MD and parameters such as initiation time of a reaction, reac-
tion rates, stabilisation of reaction products, etc. remain unal-
tered. The acceleration in PRD, however, is the effective
decrease in the waiting time required to observe the successful
transition. The probability of waiting time for the primary tran-
sition is given by [23]

p(ttota.l) = gexp(_kgttotal)’ (8)

where toa is evaluated using Equation (1) and kg is the effective
rate constant of the primary reaction. With the increase in the
number of replicas, the probability of waiting time p(fiotal)
decreases exponentially, providing a sense of acceleration.
Therefore, the acceleration in PRD works by sampling the
phase space and targeting the trajectory that completes a tran-
sition first. Similarly, in CVHD coupled with PRD (PRD +
CVHD), each replica must be treated as an independent
CVHD simulation with k, being replaced with the CVHD-
accelerated rate constant ke, and fia replaced with e
from Equation (7). While the physics simulated in PRD +
CVHD would be similar to a CVHD-only simulation, there is
an acceleration obtained in adding PRD to CVHD because
the sampling of the phase space is performed after each rare
event. As we know the reactions predicted by CVHD is consist-
ent with standard MD [22], we can conclude that the reaction



products obtained between standard MD, PRD, CVHD and
PRD + CVHD would be consistent.

While both the methods contribute towards the acceleration
of the primary reaction, the behaviour is altered when dealing
with secondary reactions and becomes highly dependent on
how the PRD event checks are performed. In CVHD, the bias
potential is reset after the primary reaction is complete, and
the collective variables are slowly deposited again without stop-
ping the MD simulation. This sudden drop in acceleration
often translates to a disparity between the CPU time taken
and the simulated MD time when comparing primary and sec-
ondary reactions. For example, in the pyrolysis simulation pre-
sented in the subsequent section, the primary reaction takes
only 8 times the CPU time taken by the secondary reactions
although the physical time (or hypertime) required for the pri-
mary reaction is longer by 3 orders of magnitude. In PRD, the
acceleration is provided only until the targeted reaction is com-
plete. This limitation arises from the requirement that the tra-
jectory must be made uncorrelated to its history before
broadcasting it to another set of replicas, while the replicas
that did not observe a successful reaction are purged. Therefore,
if the secondary reactions are not targeted in the event check, the
PRD component of the simulation drops to a single replica that
provides no further acceleration to the secondary reactions for a
period of 7¢o (note that the time scales of the secondary reac-
tions must be lesser than 7). Consequently, in the method
of PRD + CVHD, the acceleration experienced by the primary
and secondary reactions is governed by the individual behaviour
of PRD and CVHD, although both the reactions experience an
acceleration over standard MD. In most cases, the secondary
reactions are several in number and/or are unknown while
taking place at time scales several orders of magnitude lower
than the primary reactions. Thus, in the subsequent implemen-
tation and examples of its use, the PRD event check is targeted
only at the primary reaction that has a high barrier.

3. Simulation setup

The pyrolysis of n-dodecane was considered to study the effec-
tiveness of PRD + CVHD in comparison to standard CVHD, as
the process follows first order kinetics [10] and a reference
CVHD parameters can be obtained from Bal and Neyts [22].
Here, 24 n-dodecane molecules were considered in a 50 A x
50 A x50 A periodic box, at a simulation temperature of
1200 and 1500 K, with a density of 0.054 kg dm™. The par-
ameters for CVHD from [22] were retained - a Gaussian height
of 0.25 kcal mol™" was used with the gaussian half width of
0.025. The frequency of deposition of 0.2 ps and a 1 ps waiting
period to check for an event was used. A local bond-breaking
event check was implemented, based on which the boosted
potential in Equation (6) is altered. To maintain similarities
with the reference [22], the ReaxFF force field parameters for
C/H/O described by Chenoweth et al. [2] was used. A monitoring
script was written in Bash to implement PRD by initiating and
terminating replica MD runs based on event detection. The
trajectory where one dodecane molecule completes a reaction is
considered to contain the successful event for PRD. A sample
pyrolysis reaction is shown in Figure 3, where one of the 24 n-
dodecane molecules decomposes into C4Hy and CgH); radicals.
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Figure 3. (Colour online) One of the 24 n-dodecane molecules decomposing into
C4H9 and C8H17 radicals.

The check for the transition is made by setting a bond order
cutoff of 0.3 and counting the number of dodecane molecules
based on the connectivity of each atom. Based on the analysis
of the velocity autocorrelation of heptane [10], a 7¢orr of 10 ps
and Tgephase Of 5 ps was chosen. A higher 7., was opted to
allow sufficient time for the secondary reactions to complete.
The PRD algorithm mentioned in section 2.1 was slightly
modified - the minimisation of the system before checking
for a transition was replaced by a primary check for the event
followed by a confirmation check after Atyp = Tpyfrer. This
eliminates any false positives generated by quickly reversible
reactions without the requirement of pausing the MD run.
Therefore, the PRD script does not interfere with the MD
run until the reaction is complete, confirmed and passed the
correlation time. Here, a Tyyfrer Of 2 ps is considered. As the
event detection is computationally cheap, a moderately fre-
quent event check is carried out at every 0.1 ps to prevent
extended runtimes after a successful transition is made. The
PRD implementation, including the event checks, are external
to the CVHD/MD run; which eliminates any additional com-
putational overhead experienced by the simulation. However,
there is a caveat — one additional processor that cannot be
involved in the MD simulation is required to run the PRD
monitoring and event check programmes. As the process is
serial and generally not computationally taxing, it can be
accommodated on a local machine that is capable of initiating
MD runs on another batch of processors. All MD/CVHD simu-
lations were performed in ReaxFF within the ADF suite, dis-
tributed by SCM (see www.scm.com). ADF version later than
2017-r60492 is required to ensure each replica is initiated
with a different random velocity.

4, Results and discussion

Figure 4(a,b) shows the difference in the time simulated by
standard MD, PRD, CVHD and PRD + CVHD. Here, the
initial stage of n-dodecane pyrolysis simulated by a 4-replica
CVHD simulation is considered for illustrative purposes. Simi-
lar to the observation made by Voter and Germann [23], we see
that over a relatively large number of steps, CVHD outperforms
MD and standard PRD by simulating a time scale that is several
orders of magnitude longer. As the acceleration provided by
CVHD slowly builds up with time, a larger speedup is obtained
using PRD during very early stages of the simulation, as indi-
cated by Figure 4(b). It must be noted that in this work, we
use dynamically biased CVHD instead of statically biased
CVHD. In the case with statically biased CVHD we would
expect a constant boost for every timestep, providing a linear
increase in  simulated time, similar to  PRD.
However, dynamic biasing of the system allows the desirable
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Figure 4. (Colour online) The total simulated time vs wallclock time for different methods. (a) Time simulated at a later stage in simulation, where CVHD >> PRD (b)

During the initial phase of the simulation, where PRD > CVHD.

self-learning mechanism of biasing based on the requirements
of the system.

Although the above analysis would indicate that using more
replicas would proportionally increase efficiency, it is impor-
tant to recall Equation (2). The inverse relation to M and k,
suggests that there is depreciating gains for large number of
replicas, for long simulations that involve several transitions.
To evaluate the performance, a PRD + CVHD simulation was
set up with 10, 20, 40, 70 and 100 replicas, with the results aver-
aged over 3 sample runs. Each replica simulation was per-
formed on a single Intel Xeon E5 2.5 GHz processor. A
standard CVHD simulation was performed to serve as a
point of reference, with the time averaged over 10 samples.
Figure 5(a,b) shows the speedup obtained by the inclusion of
PRD over standard CVHD, evaluated by using the relation

walltime for 1 replica

= . 9
Tt = Yalltime for M replicas ©)
10 FUNEN NN SR (NN VRN SN TN (NN SHNN SN SN NN SUN ST TR N SN S SR N S
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X
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The theoretical estimate of speedup over CVHD is obtained
by following relation.

1+ 2kg,eff Teorr
1+ 2I\/Ikg,eff Tcorr

_ TIPRD+CVHD _ (10)

ltt Ncvap
Here, kg f is the effective reaction rate observed by PRD due to
the acceleration provided by CVHD. From the analysis con-
ducted by Chowdhury et al. for n-Dodecane pyrolysis [25],
the expected rate constant for the reaction at 1200 K is =
6.1E+04s 'and kgTeorr ~ 6.1E-07. However, due to the accel-
eration provided by CVHD, a value of kg eff Teorr = 0.075 was
used for the evaluation of the estimated speedup at 1200 K.
We can immediately see that PRD doesn’t scale linearly with
the number of replicas; as a direct consequence of the inverse
relation to MKk, predicted by Equation (2). Therefore, only
an incremental speedup can be expected when larger number
of replicas are used. When conducting a similar experiment
at 1500 K, we observe that the speedup obtained by PRD is
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Figure 5. (Colour online) The speedup in simulation obtained by the combination of PRD and CVHD, compared against standard CVHD. (a) Simulation temperature of

1200 K (b) Simulation temperature of 1500 K.



Table 1. Comparison of effective simulated time and hypertime of the trajectory
with a successful transition across different number of replicas.

Number of replicas  Average simulated time Successful trajectory

used (seconds) hypertime (seconds)
1 1.71e-5 1.71e-5
10 2.27e-5 2.59%-6
20 2.55e-6 9.55e-8
40 7.582e-6 2.49e-7
70 1.36e-5 2.03e-7
100 3.33e-5 3.98e-7

larger at 1500 K than at 1200 K, as indicated by Figure 5(b).
We believe this could be attributed again to the boost pro-
vided by CVHD. As the reaction rate is inherently higher
at 1500 K, the assistance required from CVHD is lowered.
Therefore, the effective rate of the reaction is lower than
that of the boosted 1200 K simulation. The perceived lower
reaction rate at 1500 K contributes to the increased effective-
ness of PRD. It is important to note that the data presented
in Figure 5(a,b) correspond to the speedup obtained by using
PRD in comparison to standard CVHD. Caution must be
exercised when following this trend for different tempera-
tures, especially lower temperatures such as 1000 K and
700 K. The effective increase in the rate of the reaction by
CVHD is governed by the bias potential properties set a
priori by the user. Hence, even at lower temperatures, the
effectiveness of the combination of PRD and CVHD can be
significant if the bias potential applied is moderated. There-
fore, the trend of the effectiveness of the combination of
the two methods must be perceived as a function of the effec-
tive rate of reaction of the system, rather than a function a
particular system property. The total time required to com-
plete the decomposition of three n-dodecane molecules is
of the order of 2 ws. Hence, in non-accelerated MD, 2 x
10" steps or 72 thousand hours would be required. Due to
the randomness of the initialised velocity distribution in
each system, there will be statistical noise in the results
obtained for performance comparison. However, many
more samples can be used to obtain a more accurate rep-
resentation of the average performance.

Table 1 shows the cumulative net simulated time across the
3 stages of the PRD simulation. We see that the effective simu-
lated time across multiple number of replicas mostly remains
within the same order of magnitude as that of a single
CVHD simulation. Comparing the values to the hypertime
observed by the successful trajectory in PRD, we can see that
the successful trajectory experiences a lower hypertime corre-
sponding to the speedup provided by PRD. Therefore, it can
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Figure 7. (Colour online) Number of reactive transitions observed in the system vs.
wall-clock time.

be inferred that the acceleration provided by CVHD is lowered
with coupled with PRD; and the rate of reaction captured is
independent of the number of replicas, provided a reasonable
boost potential is used in CVHD.

In addition to the pyrolysis of n-dodecane, eReaxFF MD
[26] was used to perform a comparative study between MD,
PRD and PRD + CVHD for the ring opening reaction of ethyl-
ene-carbonate (EC)/Li system. A system comprising of 201 EC
molecules with 15 Li*/explicit-electron pairs in a periodic cube
of dimension 40 A at density of 0.46 g cm™ was simulated at
300 K using the NVT ensemble with Berendsen thermostat
under a damping frequency of 100 fs. 10 replicas were used
in both PRD and PRD + CVHD simulations and CVHD par-
ameters — gaussian height of 0.5 kcal mol™ with a half-width
of 0.025 at a deposition frequency of 0.5 ps were considered
for CVHD and PRD + CHD. For the comparison of accelera-
tions, a complete ring opening reaction of the EC molecule
was considered as a successful transition. Figure 6 illustrates
the simulated ring opening reaction of the EC/Li system. Simi-
lar behaviour, as that of n-dodecane pyrolysis, is seen when
comparing the performance between the different acceleration
tools. Although the EC/Li system is more reactive (key barrier
around 10 kcal mol™") in comparison to dodecane pyrolysis
(key barrier around 60 kcal mol™" in the presence of radicals;
around 80 kcal mol™! for homolytic scission), the results
shown in Figure 7 provide evidence to generalise that the
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Figure 6. (Colour online) Ring opening reaction of ethylene carbonate induced by Li.
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acceleration provided by the combination of PRD and CVHD
is greater than the methods considered independently.

5. Conclusion

We have analysed the performance of the combination of PRD
and CVHD for the pyrolysis of n-dodecane. Although the com-
bination of the two provides a method capable of simulating
milliseconds to seconds time period in a reasonable wall-
clock time, there is a decrease in the speedup obtained in
PRD as the rate of reaction increases, especially because of
the boost provided by CVHD. The effective simulated time
across different combinations of PRD added to CVHD lies
within the same order of magnitude. This indicates that the
observed reaction mechanism is independent of the number
of replicas chosen and using larger number of replicas only
save wall-clock time required. Similar speedup obtained for
the system of ethylene carbonate/Li indicates that the combined
method can be advantageous even for a moderately more reac-
tive system.
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