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ABSTRACT: Temperature control algorithms in molecular

dynamics (MD) simulations are necessary to study isothermal = Mg

-~ T =—s Berendsen
systems. However, these thermostatting algorithms alter the o8 - |+—= tangevin dyn.
velocities of the particles and thus modify the dynamics of the 06| O
system with respect to the microcanonical ensemble, which , ’
could potentially lead to thermostat-dependent dynamical 5 02 \-\ .
artifacts. In this study, we investigate how six well-established ol Negs % A

thermostat algorithms applied with different coupling strengths
and to different degrees of freedom affect the dynamics of
various molecular systems. We consider dynamic processes
occurring on different times scales by measuring translational and rotational self-diffusion as well as the shear viscosity of water,
diffusion of a small molecule solvated in water, and diffusion and the dynamic structure factor of a polymer chain in water. All of
these properties are significantly dampened by thermostat algorithms which randomize particle velocities, such as the Andersen
thermostat and Langevin dynamics, when strong coupling is used. For the solvated small molecule and polymer, these
dampening effects are reduced somewhat if the thermostats are applied to the solvent alone, such that the solute’s temperature is
maintained only through thermal contact with solvent particles. Algorithms which operate by scaling the velocities, such as the
Berendsen thermostat, the stochastic velocity rescaling approach of Bussi and co-workers, and the Nosé-Hoover thermostat, yield
transport properties that are statistically indistinguishable from those of the microcanonical ensemble, provided they are applied
globally, i.e. coupled to the system’s kinetic energy. When coupled to local kinetic energies, a velocity scaling thermostat can have
dampening effects comparable to a velocity randomizing method, as we observe when a massive Nose-Hoover coupling scheme
is used to simulate water. Correct dynamical properties, at least those studied in this paper, are obtained with the Berendsen

thermostat applied globally, despite the fact that it yields the wrong kinetic energy distribution.

1. INTRODUCTION

Temperature control algorithms are an important component
of many molecular dynamics simulations. Using a method to
enforce constant temperature is necessary to compare
simulation results with laboratory experiments conducted at
constant temperature and either constant pressure or
volume.' ™ Precise control of the temperature is necessary
when studying temperature-dependent properties and phenom-
ena, ™ as a constant energy simulation may not have either the
correct average kinetic energy or correct distribution of kinetic
energies. Controlling the temperature can prevent the system
from heating significantly over long time scales (though good
integration algorithms should already minimize this drift) and
can improve the efliciency of conformational sampling in some
cases.®

A molecular dynamics thermostat couples a fictitious heat
bath to the system or some portion of the system, such that the
time-averaged instantaneous kinetic energy of the coupled
degrees of freedom corresponds to a target temperature. This
coupling is commonly achieved by altering Newton’s equations
of motion or the particle velocities themselves during the
simulation, so that the kinetic energy is steered toward its
target. For a thermostat to be entirely consistent with the
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canonical ensemble, it should generate total energies according
to the Boltzmann distribution for that system and generate
kinetic energies consistent with the Maxwell-Boltzmann
distribution. Additionally, the dynamics should be ergodic,
meaning all states with the same energy are visited with equal
probability in the long time limit. However, this thermody-
namic specification of the correct distribution of energies for
the NVT ensemble does not define what the dynamics of the
system should be. There are many different equations of
motion to choose from for a classical molecular system that
result in the same correct thermodynamics.

If an accurate representation of transport properties or other
dynamical quantities is required, then the thermostat should,
besides just maintaining the correct kinetic energy distribution,
operate in such a way that minimally disturbs the Newtonian
dynamics. Since the equations of motion are altered when using
a thermostat, some disturbance of the dynamics must occur,
though the extent of such a disturbance is in general not
known.
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However, some common algorithms are known to cause
significant dampening of the energy fluctuations or dynamics of
the system. As the first problem of obtaining7 the correct energy
fluctuations is generally well understood,” this study deals
primarily with the latter problem. Specifically, we investigate
the effects of different temperature control schemes on basic
dynamical properties relevant to experiments by studying three
test systems: a pure solvent, a solvated small molecule, and a
solvated polymer chain. These properties illustrate the effects
on dynamic processes that occur over different time scales. The
tested temperature control schemes include different thermo-
stats, coupling strengths, and degrees of freedom to which the
thermostat is applied.

Section II of this paper briefly reviews the different
thermostat algorithms we consider as well as related research
on how temperature control influences dynamics. In Section III
we describe the details of the simulations and the transport
properties calculated. In Sections IV and V we discuss the
effects of the various temperature coupling schemes, partic-
ularly with regard to the dynamics, and consider implications of
these findings.

2. BACKGROUND

2.1. Thermostat Algorithms. A variety of methods have
been developed to perform isothermal MD simulations. Here
we briefly describe the thermostat algorithms tested in this
study and particular aspects of their implementation in the
GROMACS simulation package used throughout the work.®
Conceptually, the use of any thermostat is analogous to
coupling a fictitious heat bath to the system in order to
maintain the average temperature T at some target T, This
heat bath is applied to a given particle i, either by directly
altering the particle’s velocity or by modifying Newton’s
equation of motion:

2
d’r, — E(r)

e (1)

In the absence of temperature control, the system evolves
classically according to eq 1 and has the microcanonical (NVE)
distribution of energies. This ensemble provides the “true”
dynamics, ie. classical Newtonian dynamics for a system
described by a given force field, at the accuracy level
determined by the force calculations and integration algorithm
used. In this study we therefore compare dynamical properties
obtained from Newtonian (constant energy) dynamics with
those from NVT simulations with different types of temper-
ature control.

The coupling strength 7 determines how strongly the heat
bath is applied to the system or how quickly deviations in T are
“pulled back” to T,. While the physical meaning of 7, varies
depending on the algorithm, in general T is more tightly
controlled as 7 — 0 and less tightly controlled as 7 increases,
with the system approaching the NVE ensemble in the limit 7,
— oo. If an algorithm implements the canonical distribution
correctly, 7p will not affect the distribution of kinetic energies
sampled, only the rate of change of the instantaneous kinetic
energy.

Among the six thermostat algorithms that we test are
methods which randomize particle velocities in order to control
the temperature. In the Andersen thermostat, at each time step
in the simulation a subset of atoms are randomly selected and
reassigned new velocities chosen from the Maxwell—-Boltzmann
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distribution corresponding to the target temperature.” Each
particle experiences stochastic collisions which occur on
average every 7 and evolves according to Newton’s equation
of motion in between collisions. At/z; (where At is the time
step) is the probability that any given particle is selected for
velocity reassignment at a given time step or, effectively, the
size of the subset of particles to be randomized at a given step.
Tighter temperature control is obtained when the chance for a
particle’s velocity to be randomized is large, corresponding to
low values of 7. We also test a “massive Andersen” thermostat
in which the velocities of all particles are randomized at
intervals of 7;. Both Andersen schemes generate energy
distributions consistent with the canonical ensemble”'® and
require no direct modification of the integration equations
themselves.

Another stochastic approach to temperature control uses the
Langevin equation of motion to describe the evolution of the
system8

d’r, dr; E(e) +
Mgy T Mg TRW (2)
where ¢; is a friction constant, typically though not necessarily
the same for all particles, and #; is a stochastic noise term
proportional to &; and the target T, Here 7 is inversely
proportional to the friction constant. Thus, as 7 — 0 the
temperature is more tightly controlled due to both greater
friction (removing more energy) and stochastic noise (adding
more energy) in the system. With a carefully chosen coupling
strength, Langevin dynamics may be used to approximate
solvent interactions in an implicit solvent environment, as the
stochastic forces on the molecules simulated in vacuum
represent the friction and random thermal noise of collisions
with an explicitly represented solvent.® Langevin dynamics has
been shown to be ergodic for a wide range of systems.""

In contrast to approaches that randomize the velocities, the
temperature may be controlled by scaling the velocities at
regular intervals. Here the equation of motion is

d’r

. dr
m—
"de?

1

= —my it + E(r) 3)
which is of a similar form as eq 2, only with no stochastic noise
term, and a term y that is not restricted to positive values (as is
the friction constant in eq 2) and is usually the same for all
degrees of freedom. ¥ as well as the velocity scaling factor, 4, are
both functions of 77'; therefore, the velocities are scaled more
significantly to achieve tighter temperature control when 7, —
0. The magnitude of the velocity scaling is generally low,
however, because 7 typically describes the time constant for
relaxation of the ensemble-averaged temperature (or kinetic
energy) of the entire system to the target. With a sufficiently
large number of degrees of freedom added together, the
temperature varies slowly, and therefore the required velocity
scalings are small.

The original “weak coupling” scaling algorithm devised by
Berendsen uses an exponential decay of the temperature'>

aT

dt 4)

where the time constant 7 = 2Cy7y/(Njkg), with Cy
representing the constant volume heat capacity, ky representing
Boltzmann’s constant, and N representing the number of
degrees of freedom of the system. However, this approach

[T, - T(t)]
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yields an energy distribution with lower variance than the
distribution of the true canonical ensemble, because it
disproportionally samples kinetic energies closer to T, than
would be observed in the Maxwell—Boltzmann distribution.”
Bussi and co-workers developed an extension to the method
which addresses this distribution problem.'> We refer to this
method as a “stochastic rescaling” thermostat to distinguish it
from the other velocity scaling algorithms, as it not only
rescales the velocities similarly to Berendsen but also includes a
stochastic term in the equation describing the decay of the
kinetic energy K

K, dw
Ny J7r (s)

where Kj is the kinetic energy corresponding to the target
temperature T, such that K, = (N/ksT,)/2, the instantaneous
temperature T is related to the instantaneous K by the same
relationship, Ny is again the number of degrees of freedom, and
dW is a Wiener process noise term. Including this stochastic
noise yields the correct energy fluctuations for the canonical
ensemble.

The widely used Nosé-Hoover and Nosé-Hoover-chains
thermostats utilize an extended system to relax the temperature
to T, in an oscillatory manner."*”'® The Nosé-Hoover method
is also a scaling thermostat, as the velocities are scaled by a
variable p, = Qds/dt describing the momentum of a heat bath 7
coupled to particle i and the instantaneous temperature of the
system, in the following coupled equations of motion for r and

n

K = (K, - )% 12
Tr

', _ E(r) Bdr

> om Qadt

&y _ T-T,

dt* Q (6)

where Q is the equivalent of the mass of the heat bath. The
equations give the correct kinetic energy distribution for any
arbitrary choice of Q, though lighter masses lead to faster
oscillatory behavior. In the GROMACS implementation, Q =
(t3ToN))/(47"), where N;is the number of degrees of freedom
to which the thermostat is applied, and the coupling strength 7
describes the period of oscillations of kinetic energy transferred
between the system and the heat bath. With Nosé-Hoover
integration the conserved quantity can be obtained from an
extended Lagrangian and is a function of 7, p,, and Q.

The Nosé-Hoover thermostat has a drawback in that it is
provably nonergodic and therefore does not sample the
canonical ensemble for certain systems,'® though it appears
to be statistically indistinguishable from the canonical
distribution for molecular systems when particle number is in
the hundreds or larger.” Martyna et al. proposed an extension,
known as the Nosé-Hoover-chains method, in which the heat
bath 7, in contact with the system is itself in contact with a
chain of N additional heat baths."® The equations of motion
are therefore coupled to a chain of N additional bath variables
increasing the computation time and complexity but increasing
the ergodicity of the dynamics by increasing the available phase
space of the dynamics.

Thermostats (like Berendsen, Nosé-Hoover, and Bussi’s
algorithm) which scale the velocities based on a single bath
variable shared between all degrees of freedom can leak kinetic

2889

energy from high frequency modes into lower frequency
modes, especially the translational or rotational degrees of
freedom which are decoupled from the rest of the system. This
is another possible way that the ergodic assumption can break
down when dynamics are modified by thermostats. This
problem most egregiously manifests itself in the “flying ice
cube” problem,'” where all the kinetic energy available to the
system moves into translation and rotational motion. The
general solution is to subtract out the kinetic energy of these
degrees of freedom. There is some evidence that kinetic energy
may accumulate in other low frequency vibrational modes,'”"®
but the general scope of the problem appears not to have been
studied significantly since then, remaining an open question.
Bussi et al. did find that using their algorithm, the phonon
distribution of ice remained the same between NVE and NVT
simulations," indicating that at least in standard usage, this
problem may not be significant for stochastic velocity rescaling.

2.2. Thermostats and Dynamics. As described above,
different thermostat algorithms have various influences on the
classical equations of motion. These influences lead to different
effects on the dynamics of a simulation, which we aim to
quantify in this study. The dampening of dynamical processes
such as diffusion can be attributed to disturbances of the natural
time correlations of a particle’s velocity, which can be identified
by calculating the velocity autocorrelation function (ACF).
While any algorithm which alters the classical equations of
motion will have some effect on velocity time correlations and
thus dynamical properties, these effects can be negligible
depending on the algorithm and the coupling strength at which
the thermostat is applied. Observed dampening in an ensemble-
or time-averaged transport property is indicative of consistent
rapid decorrelation of velocities, throughout the system or over
the course of the simulation.

Thermostats which operate by randomizing velocities, such
as the Andersen and Langevin dynamics methods, significantly
disturb velocity time correlations if the coupling is sufficiently
strong. The decorrelation of velocities is an obvious
consequence of velocity randomization, whether by randomly
reassigning velocities in the case of Andersen or by imposing
stochastic forces on the particles in the case of Langevin
dynamics. While in the limit of weak coupling (large 77), the
Andersen thermostat is expected to have a small effect on
system dynamics, it has still been advised not to use such a
stochastic method when studying dynamical properties.'’

We hypothesize that typical implementations of velocity
scaling thermostats generally preserve the correct velocity time
correlations, which should be reflected in the dynamical
properties we measure. This assumes the scaling algorithm is
implemented “globally”, i.e., by coupling the scaling factor or
heat bath variable for each particle to the system’s overall
kinetic energy (or temperature). As previously mentioned, the
overall kinetic energy typically exhibits relatively slow
fluctuations at equilibrium, and therefore only small changes
to the velocities should be necessary to relax this quantity to its
target. However, coupling a more rapidly fluctuating energy
(e.g, an individual particle’s energy) to the scaling factor or
heat bath variable of a given particle could lead to larger
changes in the velocity, which could in turn affect the velocity
time correlations.

This sort of coupling is used in “local” implementations of a
thermostat, which apply independent thermostats to individual
molecules or atoms that respond to the kinetic energies of the
individual particles, not the total kinetic energy. They can even
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be applied to individual degrees of freedom,'? although single
atoms are the smallest units that can be acted upon individually
in GROMACS. The independent coupling of all atoms or
degrees of freedom individually is often referred to as a massive
thermostat scheme. This use of “massive” is different than for
the previously mentioned massive Andersen algorithm, which
stochastically randomizes all velocities simultaneously, inde-
pendently of the kinetic energies of both individual particles
and the overall system. Similarly, the conventional Andersen
thermostat is not local by this definition because alterations of
particle velocities are again independent of the kinetic energy.
Langevin dynamics is also not local in the same way as the
scaling-based methods; although the frictional term is propor-
tional to the particle velocity, the random term is not, and the
friction term can never increase the velocity. Massive Nosé-
Hoover coupling is sometimes used in practice, particularly for
ab initio molecular dynamics, as it can be an effective approach
for equilibrating a simulation and improving ergodicity.'”*°
Finally, we note that using an extremely strong coupling for a
global velocity scaling thermostat (corresponding to shorter
time scales than examined in this paper) could possibly cause
rapid velocity decorrelation as well, if imposing an overly fast
relaxation of the system’s kinetic energy to the target led to
sufficiently large changes in the velocities.

We have thus identified two different factors which could
rapidly decorrelate velocities and lead to dampened dynamics:
the direct randomization of velocities and the scaling of
velocities if implemented in a local coupling scheme or with
very strong coupling, such that velocities change rapidly when
the kinetic energy deviates from its target. These factors will be
further discussed in light of simulation results obtained using
various thermostat schemes.

2.3. Thermostat Schemes which Treat Separate
Groups of Atoms Differently. In addition to the effects of
the thermostat algorithm, we are also interested in how a
solvated molecule’s dynamics may be affected if temperature
coupling is applied only to the solvent. This scheme may be
viewed equivalently as using separate thermostats for the solute
and solvent, with infinite and finite coupling strengths,
respectively. Lingenheil and co-workers have termed this the
“noninvasive” coupling scheme and have also considered a
minimally invasive scheme in which 7 applied to the solute is
much larger than the time constant describing the relaxation of
the separately coupled solute’s T to its steady state, as measured
from simulation.”’ Note that these schemes could be
implemented either “globally” or “locally”, in the sense that
the terms are used above; the separate temperature control
applied to the solvent or any subsystem may involve a single
thermostat for each particle in the subsystem or alternatively
independent thermostats for each particle.

The non- and minimally invasive schemes as well as a
commonly used approach in which separate thermostats are
applied with a small 77 for both subsystems**~>* are well suited
for systems with inhomogeneous rates of heating. In these
cases, applying a single thermostat to the entire system can give
rise to nonuniform temperature distributions, otherwise known
as the “hot solvent-cold solute” problem, due to the fact that
kinetic energy can flow between the different degrees of
freedom through the heat bath variables and create a steady
state distribution inhomogeneous in temperature. Using a non-
or minimally invasive coupling scheme can circumvent this
problem and avoid artifacts in the solute dynamics associated
with the inhomogeneous heating, as long as the heat transfer
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rate due to molecular collisions between solvent and solute is
non-negligible.

In principle, the most physically realistic way to control a
system’s temperature is to do so exclusively through thermal
contact with the surroundings, using the unaltered Newton’s
equation of motion. If the system is sufficiently large, the
solvent will act as a perfect heat bath for the solute, and the
solute must therefore have a canonical distribution of
energy.”"** This type of temperature control would be difficult
to achieve with current MD simulations, however. A non-
periodic box whose edges were in physical contact with walls of
a fixed temperature would represent a truly physical thermal
bath, but in most cases the number of solvent particles required
to prevent the edges from influencing the solute would be
prohibitively large. Alternatively, a thermostat might be applied
only to molecules at the edges of a periodic box, but again very
large system sizes would be required to prevent solutes from
being directly affected by the thermostatted regions, particularly
if multiple solutes are included. This scenario also would
introduce nonphysical, anisotropic heat source/sink terms into
the system.

The noninvasive coupling scheme in which only the solvent
is thermostatted can be seen as the next best approach if the
integration is sufficiently accurate that the solute’s energy does
not drift significantly in the absence of direct temperature
control. A solute with unaltered dynamics is coupled to a heat
bath (in this case, the bulk solvent) through molecular
collisions, not through a extradimensional variable (velocity
scaling methods), through collisions with phantom particles
(the Andersen variants), or through both (Langevin dynamics).
By thermalizing only the solvent, we are closer to the “natural”
dynamics of a solute in contact with a solvent, which is itself in
contact with the heat reservoir. If heat is produced as a result of
molecular motion, it may lead to spatially inhomogeneous
temperature transients through the system; but of course this is
closer to “natural” heating behavior of the system. In this study
we test the extent to which removing temperature coupling of
the solute can also reduce artifacts in its dynamics due to the
thermostat algorithm.

2.4. Previous Findings. This paper aims to draw consistent
comparisons between the effects of different temperature
coupling schemes on common dynamical properties. Bussi
and co-workers have considered the dynamics of homogeneous
systems using their stochastic velocity rescaling thermostat used
for temperature control. They found that the diffusion of
TIP4P water using this thermostat with a range of coupling
strengths agreed with the result of an NVE simulation. The
thermostat also yielded the correct features of the vibrational
spectrum of hydrogen atoms in ice.”” In simulations of a
Lennard-Jones fluid it was also found that diffusion was
independent of 7; using stochastic velocity rescaling but
dampened with Langevin dynamics at low 77."" We expect to
see similar trends for pure fluid self-diffusion and solute
diffusion in our study and hypothesize that other dynamical
properties will be affected similarly.

Another study assessed the “efficiency” of different thermo-
stats by comparing the error in the dynamics resulting from the
thermostat to the characteristic time for equilibration of the
kinetic energy.”® In simulations of a homogeneous system,
stochastic velocity rescaling and a modified Nosé-Hoover
approach that included stochastic influences were both found
to be more efficient thermostats than Langevin dynamics, and
they perturbed the dynamics to a lesser extent. The dynamics of
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a pure SPC/E water system were considered in another study,
which measured the power spectra of fluctuating energies."® It
was found that weak (77 > 1 ps) Berendsen coupling yielded
power spectra of potential energy fluctuations which matched
those from the NVE ensemble, while strong Berendsen
coupling led to significant deviations at low frequencies.
Another study considered protein dynamics through the
power spectra of the velocity ACFs of @ — C atoms and the
ACFs of dihedral fluctuations, using different temperature
control methods: Langevin dynamics, a global Nosé-Hoover
thermostat, and global as well as local Nosé-Hoover-chains
algorithms.'® The various Nosé-Hoover and Nosé-Hoover-
chains methods yielded ACFs with the same qualitative features
as the NVE results (though peak intensities varied), but these
dynamical features were not preserved using Langevin
dynamics.

Dissipative particle dynamics (DPD) is another common
simulation approach.”” As with Langevin dynamics, it includes
friction and noise terms that when properly balanced provide a
means for temperature control. However, with DPD these
forces are applied to particle pairs rather than to individual
particles, thus preserving the total linear momentum of each
pair. Goga and co-workers recently applied the thermostat
component of DPD to various molecular systems using an
implementation in which the system is evolved classically for
one step, followed by an impulsive application of friction and
noise.”® They compared how diffusion was affected by Langevin
dynamics versus this DPD thermostat approach, with the
pairwise forces applied isotropically, or perpendicular or parallel
to the direction of the velocity difference of a given particle pair.
In each of these three cases, diffusion using DPD was strongly
dependent on the effective friction rate (related to our coupling
strength 7;), despite the modification of the equations of
motion to conserve pairwise linear momentum. Lowe also
showed that the DPD approach enhances the shear viscosity,
which is useful when applying DPD with smoothed potentials
with artificially low viscosity to make such simulations more
physical, but in our context, is more problematic—DPD
modifies and slows the underlying Newtonian dynamics.””
Existing results for DPD are not entirely unambiguous; in one
study of polymer brushes under fluid flow, the correct dynamic
fluctuations of the polymers were obtained with DPD
temperature control but not with Langevin dynamics,
reportedly because of the momentum conservation of the
former.>® However, it is clear that DPD thermostats do not
inherently preserve transport properties.

A thermostat’s impact on the thermodynamic ensemble can
also be important in order to efficiently sample complex
systems and obtain the correct distribution of conformations. It
has been rigorously shown that the Berendsen thermostat does
not generate the true canonical ensemble, with too narrow a
distribution of kinetic, potential, and total energies.7 An
incorrect ensemble of energies can lead to systems being
trapped in local energy minima, as seen in one study which
found the time required for a protein to fold increased with
strong Berendsen coupling.®' In replica exchange molecular
dynamics simulations, the Berendsen thermostat has been
shown to alter the distribution of folded and unfolded
conformations of different peptides at low temperatures.>>*>
Kinetic processes which depend on the thermodynamics of the
system can be similarly affected. Lingenheil and co-workers
simulated a peptide with separate strongly coupled thermostats
for the solute and solvent as well as with their minimally
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invasive scheme in which the solute coupling is relaxed.”" Using
the Berendsen thermostat for the solute, the peptide backbone
exhibited dampened dynamics (as seen in a lower flip rate of
the torsional angles) with strong coupling, relative to the
minimally invasive scheme. No dampening was observed with
the Nosé-Hoover thermostat applied in the same manner,
suggesting that the correct energy fluctuations (which are
suppressed by the Berendsen method) are necessary to allow
the energy barrier crossings associated with certain kinetic
processes.

These studies illustrate that the appropriate temperature
control scheme largely depends on the processes or
phenomena of interest. In this study, we test the commonly
used thermostats and coupling strategies described above, in
order to provide a consistent comparison of how various
thermostatting schemes affect transport properties and the
thermodynamic ensemble, which can in turn affect kinetics.
Understanding the extent to which thermostats may alter these
aspects of a simulation should help improve the analysis of MD
studies at constant temperature.

3. METHODS

3.1. Simulation Details. We simulate three test systems, a
pure solvent, a solvated small molecule, and a solvated
uncharged polymer chain with a variety of temperature control
schemes. Water was used as the solvent in each system. The
small molecule system includes a single united-atom (UA)
methane, while the polymer system includes a single coarse-
grained chain comprised of N = 100 united atom monomers.
Table 1 provides additional details on the systems, which are

Table 1. Simulation Details for Test Systems

box length ~ number of  length (ns) of
system Niotent (A) sim. sim.
pure solvent 895 3.0258 1 10
solvated UA- 893 2.9996 1 200
methane
solvated polymer 10192 6.7500 15 1

chain

studied in a cubic box with periodic boundary conditions, and
the number and length of simulations. The GROMACS
molecular dynamics package (a prerelease version of
GROMACS 4.6) is used for these studies.® We use the
standard 6-12 Lennard-Jones potential to describe all van der
Waals interactions and the TIP3P water model for the solvent,
with water model constraints maintained using the SHAKE
algorithm.***> The Lennard-Jones radius and well depth for the
UA-methane are obtained from the OPLS force field.*® For the
polymer chain, these parameters are obtained from the TraPPE
united atom force field for hydrocarbons.>” For the middle and
terminal monomers we use the parameters for united-atom
CH, and CHj; in an alkane, respectively. While the TraPPe
force field treats bonds with fixed lengths and bending and
torsional potentials, we use only a harmonic potential to
describe the bonds, with an equilibrium distance and spring
constant corresponding to aliphatic sp*> hybrid carbons.>® This
simplified model leads to a very flexible chain which does not
accurately describe a real alkane but serves as a simple model
for measuring the effects of thermostats on collective polymer
dynamics.

For all systems and integrators the simulation time step is 2
fs. The Particle-mesh Ewald (PME) method is used to calculate
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Coulombic forces, along with a switch potential with 7, =
0.89 nm and ¢, = 0.9 nm. van der Waals forces are also
treated with a switch potential with 7,4, i, = 0.8 nm and 7,4,
= 0.9 nm, and the neighbor list cutoff is r,; = 1.1 nm. We use
the velocity Verlet integration scheme® for all simulations
except when Langevin dynamics provides the temperature
control, where the leapfrog integration scheme® is used.

We simulate each system with six different thermostats with
target temperature T, = 300 K as well as the NVE ensemble (or
coupling with 7; — o). For each thermostat we test the
coupling strengths 7 = 0.1, 1.0, and 10.0 ps, values which were
kept constant for the sake of consistency, despite the somewhat
different physical meaning of 71 for the various algorithms. In
the small molecule and polymer systems, for each thermostat
and 7 we consider the two coupling schemes described
previously, in which the thermostat either is applied to the
entire system or applied only to the solvent particles, as
proposed in the “noninvasive” scheme of Lingenheil and co-
workers.

The tested thermostats include three “velocity randomizing”
algorithms: the Andersen thermostat, a massive Andersen
thermostat which randomizes the velocities of all particles, and
Langevin dynamics. We also test three “velocity scaling”
algorithms: the Berendsen thermostat, Bussi and co-workers’
stochastic rescaling thermostat, and the Nosé-Hoover thermo-
stat. For the simulations of the pure solvent, we also evaluated
the Nosé-Hoover chains approach with No = S50 chains.
However, the results are statistically indistinguishable from
those obtained using only a single bath variable, and therefore
we report only the Nosé-Hoover results here.

For every system, the initial configurations were obtained by
running an energy minimization followed by MD simulation for
1 ns with constant temperature and pressure (stochastic
velocity rescaling thermostat with 7 = 0.1 ps and T, = 300 K;
Berendsen barostat with 7, = 0.5 ps and P,,; = 1 bar). For the
NVE simulations, initial kinetic energies were chosen so that
the steady state average kinetic energy was within 1% of the
target NVT kinetic energy. For the pure solvent and small
molecule systems, all simulations are started from the same
initial configuration, followed by a 100 ps equilibration period,
long enough for the chosen thermostat to determine the
dynamics.

As shown in Table 1, a single extended simulation is used to
calculate the pure solvent and small molecule transport
properties. Consecutive sections of the trajectories are analyzed
because the properties are not significantly correlated from one
section to another. Because the dynamics of the polymer chain
evolve more slowly, however, we analyze 15 independent 1 ns
simulations to avoid biased estimates of means and
uncertainties due to correlated samples. Prior to collecting
data for each independent polymer simulation, we ran for 200
ps with stochastic velocity rescaling (77 = 0.1 ps) to obtain a
polymer configuration uncorrelated with the previous structure,
as measured by the root mean squared deviation (RMSD) of
the configuration relative to an initial structure. This was
followed by 100 ps of equilibration with the desired
temperature coupling scheme, to allow its effects on the
dynamics to become dominant.

3.2. Dynamical Properties. We measure a number of
different transport properties to investigate how dynamics
occurring over different time scales are affected by temperature
control. The translational diffusion constant of a given molecule
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i is calculated from its average mean square displacement
(MSD) using the following Einstein relation:*!

1 2
2tD = 3(Iri(t) r,(0)I%) )
We evaluate the MSD of the molecule’s center of mass,
averaged over time for all systems as well as over the ensemble
of molecules for the pure water system. For the pure water and
small molecule, D is measured from the slope of the MSD
between t = 4 and 20 ps, a region which avoids the ballistic
regime at short times and noise due to insufficient sampling at
long times.*” We average the diffusivities measured from
consecutive 100 ps sections of the 10 ns trajectory to obtain our
overall estimate of D and estimate the standard error by
bootstrapping the standard deviation of the mean (using 1000
bootstrap samples).

For polymer diffusion, to avoid correlated samples we
calculate only one MSD for each independent 1 ns trajectory
and average the diffusivities from these 15 sections to obtain D.
Error estimates for the polymer diffusivities are comparable
with those of the other systems despite the smaller number of
samples, because analyzing longer trajectories reduces the
uncertainty in each MSD curve.

For the pure solvent, we also calculate the rotational
correlation time, 7,, describing the time required for a water
molecule to rotate about a given axis a. Here we consider
rotation about the axis normal to the plane spanned by the two
O—H bonds. The correlation time is estimated by integrating
the following rotational correlation function, calculated from
consecutive 100 ps sections of the trajectory

C/'(t) = (B(e"(£)-¢"(0))) (8)

where P, is a first order Legendre polynomial, and e is the unit
vector along the « axis. Because the tail of this autocorrelation
function converges slowly, we estimate the area from t =0 to §
ps by direct integration of eq 8, and from ¢t = 5 to 20 ps by
integrating the following exponential fit to the data:*’

CH(t) = exp™/™ ©)

As before, we estimate 7, by taking the mean of the correlation
times from the 100 ps subsections of the trajectory and its
associated error by bootstrapping the standard deviation of the
mean (1000 bootstrap samples).

The shear viscosity of the pure fluid is calculated using the
Green-Kubo relation**

Vv o
n= kB—T »/o- <Pa/3(to + t)Pa/i(to»todt o

where T is the average instantaneous temperature, and Py are
the off-diagonal elements of the pressure tensor, and the
integrand is averaged over multiple reference times t,. The ACF
of Py is calculated from ¢ = 0 to 1.8 ps. To integrate this slowly
converging function, we estimate the area under the curve
directly from t = 0 to 0.4 ps, and the area under an exponential
fit to the data from t = 0.4 to 1.8 ps. We evaluate eq 10 for each
of the three off-diagonal elements of the pressure tensor, for the
four consecutive 2500 ps sections of the trajectory, and estimate
n and the associated error by averaging these 12 data points and
bootstrapping the standard deviation of the mean (1000
bootstrap samples). Error estimates did not vary significantly
with the length of the trajectory used to calculate the ACF;
however, a slight minimum in the standard error was obtained
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Figure 1. Self-diffusivity (a), rotational correlation time (b), and shear viscosity (c) of pure TIP3P water system with various types of temperature
control. Velocity randomizing thermostats (upper figures) with strong coupling slow the diffusion and increase the correlation time and viscosity,
while the velocity scaling algorithms do not affect the kinetic properties.

using 2500 ps sections. It should be noted that while
nonequilibrium methods are often used to compute the shear
viscosity with good accuracy," the Green-Kubo relation is
more appropriate for studying how the viscosity at equilibrium
is affected by a thermostat.

For the polymer chain, we also calculate the dynamic
structure factor S(kt), which in physical systems can be
measured by dynamic light scattering experiments*’

sk, t)=%z

sin[kl(t, + £) — r;(to)!]
Kl (ty + ) — xi(to)!

(11)

where N is the monomer-length of the chain, k is the
magnitude of the scattering vector (with units of nm™ here),
and r,(t) is the position of monomer i. The magnitude of the
scattering vector as well as the molecule’s radius of gyration R,
determines the types of motion that may be detected, with
translational motion dominating when kR, < 1 and internal
modes of motion becoming important for kR, > 1. Given our
objective of studying the internal dynamics of the polymer and
the R, ~ 0.7 nm observed for our model polymer, we use a
scattering vector k = 2.06~", which corresponds to the desired
kR, > 1 regime. Additionally, inspection of the log—log plot of
the static structure factor S(k,t = 0) vs k revealed that k = 2.06™"
was in the linear region corresponding to the dynamic scaling
regime.

We calculate S(k,t) from ¢t = 0 to 1000 ps, which for our
model polymer is sufficient time for the function to decay to 0
under any type of temperature control. This decay occurs over
much longer time scales in other dilute polymer systems.*® The
rapid decorrelation observed here may be attributed to the high
flexibility of our model polymer, which as mentioned does not
include bending or torsional terms.

We aim to quantify the rate of decorrelation to compare the
effects of the various thermostats. It has been found
previously,*® and we also observed here that S(k,t) in the kR,
> 1 regime cannot be accurately described by a single
exponential function but that a stretched exponential is often
appropriate. We therefore fit the data with a stretched
exponential function of the form y = A exp(—(t/73)¢) and
measure a characteristic decorrelation rate as 73'. For a given
thermostat, we determine the mean S(kt) by averaging the
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functions of the 15 independent simulations and the overall
decorrelation rate by fitting the resulting function. The
associated errors were estimated by bootstrapping the standard
deviation of the mean function and its associated decorrelation
rate, again with 1000 bootstrap samples.

4. RESULTS AND DISCUSSION

4.1. Bulk Water Dynamics. Throughout this section we
refer to the Andersen thermostat, the massive Andersen variant,
and Langevin dynamics as “velocity randomizing” algorithms
and classify the Berendsen thermostat, Bussi and co-workers’
stochastic velocity rescaling thermostat, and the Nosé-Hoover
thermostat as “velocity scaling” algorithms. We first consider
how the dynamics of the pure water system are affected by
these six thermostats as well as by other schemes which
illustrate different factors that can dampen dynamics in general.
With this system we investigate dynamic processes that occur
on relatively short time scales, by considering the self-
diftusivity, rotational correlation time, and shear viscosity of
water.

Figure 1 shows these transport properties obtained from
NVT simulations using various thermostats and coupling
strengths 7. It is clearly evident that the velocity randomizing
thermostats significantly dampen the dynamics of the fluid as
compared to the NVE results, particularly with strong coupling.
As previously mentioned, the NVE simulation is used as a
benchmark for comparing the various thermostats, because in
the NVE ensemble a system evolves according to the “true”
Newtonian equations of motion. With the massive Andersen
algorithm coupled with 71 = 0.1 ps, the self-diffusion of water is
slower by approximately a factor of 4, and the characteristic
time for rotation and shear viscosity are increased by factors of
2. With the traditional Andersen thermostat and Langevin
dynamics, the dampening effects are less severe but still
significant. These effects diminish as the coupling strength of
the velocity randomizing thermostat weakens, and at 77 = 10 ps
the properties agree, within error, with those of the NVE
simulation. It is interesting to note that with both the
conventional and massive implementation of the Andersen
algorithm, each particle’s velocity is randomized on average at
the same frequency, yet the massive Andersen method leads to
greater dampening of the dynamics for TIP3P water and for the
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Figure 2. Self-diffusivity (a), rotational correlation time (b), and shear viscosity (c) of pure TIP3P water using massive Nosé-Hoover coupling and
Langevin dynamics temperature control with various coupling strengths: 7 = 0.1 ps (no lines), 77 = 1 ps (slanted lines, thin space), 77 = 10 ps
(slanted lines, thinner space), and 7 = 100 ps (slanted lines, thinnest space). Both thermostat algorithms significantly dampen the dynamics when

applied with strong coupling.

other systems as well. This may be because 7 represents the
average time between randomizations, and thus with the
conventional method there are a large number of particles that
continue uninterrupted trajectories for longer than 7.

On the other hand, the velocity scaling algorithms--
Berendsen, stochastic rescaling, and Nosé-Hoover--yield
properties that agree with the NVE values, regardless of 7,
down to 0.1 ps. This is true even with stochastic velocity
rescaling, as has been shown previously for other systems.'’
The thermostat’s stochastic component does not influence
particle velocities directly, and their natural time correlations
are generally preserved. Our results using the velocity scaling
thermostats and NVE are consistent with previous studies of
pure water systems.43”47’48

As previously mentioned, dampened dynamical properties
are evidence of disruptions to the time correlations of velocities
throughout the system and/or over an extended time. The
above results for the Andersen methods and Langevin dynamics
agree with many previous observations that randomization of
velocities leads to dampened dynamics."”"" Velocity rescaling
algorithms also may affect velocity time correlations, and
therefore dynamical properties, if they lead to large changes in
the velocities at each step. As mentioned, this is a possibility
using a massive temperature coupling scheme in which each
particle is independently coupled to its own thermostat, which
is in turn coupled to the rapidly fluctuating kinetic energy of
that same particle.

To determine if such a scheme could appreciably affect
velocities, such that ensemble-averaged dynamics are damp-
ened, we ran additional simulations of the pure water system
subjected to massive Nosé-Hoover coupling. An independent
Nosé-Hoover thermostat (with a single Nosé-Hoover chain)
was applied to each particle using the same 71 and T, = 300 K
for each thermostat. The Nosé-Hoover masses were chosen to
be proportional to the number of degrees of freedom that they
couple to (in this case Ny = 3), as suggested by Martyna et al.'®
Harmonic bonds with a time step of 0.5 fs were required to
implement this scheme for TIP3P water in GROMACS, in
contrast to the explicit constraints and 2 fs time step used for
the other simulations, because holonoic constraints are not
preserved when different atoms in the constraint system are
scaled by different amounts. This treatment of bonds changes
slightly the magnitude of the transport properties, and therefore
we normalize the massive Nosé-Hoover results by the
properties obtained from NVE simulations with harmonic
bonds and compare to the NVE-normalized results obtained
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using the thermostats with constraints. Deviations from unity
reflect the extent to which a given thermostat dampens a
property relative to the NVE dynamics.

Figure 2 shows the normalized transport properties using the
massive Nosé-Hoover scheme as well as Langevin dynamics, a
thermostat which we found significantly affects the dynamics.
As shown, the massive Nosé-Hoover with strong coupling does
indeed dampen the dynamics, slowing diffusion by nearly a
factor of 2 when 7 = 0.1 ps. This shows that dampening due to
a massive implementation of a velocity scaling algorithm can be
comparable to that of a velocity randomizing thermostat. The
difference between the massive and global Nosé-Hoover
schemes is significant, though it is not clear exactly to what
extent this is because individual kinetic energies fluctuate more
than the global kinetic energy or because the thermostat masses
Q; are smaller in the massive scheme. It is possible that similar
effects would be observed with massively coupled Berendsen
and stochastic rescaling thermostats, though implementation
issues in GROMACS prevent directly testing this hypothesis at
this time.

For massive Nosé-Hoover and Langevin dynamics, we
conducted additional simulations with 7 = 100 ps to determine
how the dynamics are affected with very weak temperature
coupling. In this limit, both schemes yield dynamical properties
that converge to within 2% of the NVE results. At this 7 the
thermostats also maintain the average instantaneous temper-
ature at the target T, = 300 K (within statistical error) as
effectively as they do with stronger coupling. Therefore, even
algorithms known to dampen dynamics with strong coupling
can be used in constant temperature simulations in which
relatively short time scale dynamics are important, if one uses a
sufficiently weak 7, that only neglibibly impacts the velocity
time correlations. However, it is possible that dynamical
processes occurring in more complex systems and/or on longer
time scales would be more sensitive to velocity randomization
or massive velocity rescaling, even when weakly coupled. We
note that with the Nosé-Hoover approach, the value of 7
depends on exactly how the heat bath variable Q is defined.
Different multiplicative factors of the product 73T, are
sometimes used,”'® which affects the fictitious mass coupled
to a given particle and therefore the magnitude of changes
made to the particle’s velocities. We can, however, say that as
the coupling becomes stronger, the dynamics will begin to
diverge from the NVE dynamics.

The consistent dampening effects of the Andersen, massive
Andersen, and Langevin dynamics algorithms clearly show that
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Figure 4. Diffusivities of solvated united-atom methane (a) and solvated polymer chain (b) with thermostats applied to either the entire system
(Sys) or to only the solvent (Solv). Velocity randomizing thermostats (upper figures) with strong coupling (z; = 0.1 ps) increase the self-diffusivity
of water and the diffusivities of both solutes tested, with a larger effect observed for the polymer. The noninvasive scheme of coupling only the

solvent slightly reduces the dampening of diffusion.

the reassignment of particle velocities disturbs their time
correlations. “Randomness” per se is not required, as shown in
Figure 3. Here we plot normalized properties from simulations
conducted in the NVE ensemble, in which the velocities of half
the molecules in the system are swapped with the velocities of
the other half of the molecules (the same ones each time) at
regular intervals specified by 7;. This “NVE velocity-swap”
scheme does not control the temperature at all but serves as a
deterministic velocity randomization scheme, as the velocity
reassigned to a given particle comes from another particle
within the system. Figure 3 shows that this scheme leads to a
dampening of dynamics comparable to that of its stochastic
analog, the massive Andersen thermostat. It is the reassignment
of the particles with velocities uncorrelated to their previous
velocities that leads to the slowed dynamical properties, not
“randomization” per se.

These simulations of a pure fluid system illustrate various
properties of a thermostat which can lead to artifacts in the
dynamics. Direct alteration of velocities, whether by stochastic
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or deterministic reassignment or by the use of stochastic forces,
significantly dampens dynamical processes occurring on short
time scales. Comparable effects are observed with velocity
scaling algorithms if implemented locally, such that individual
particles’ velocities change rapidly as a function of time. The
effects of both of these factors diminish in the limit of weak
coupling, which corresponds to infrequent randomizations or
slow relaxation of the kinetic energy to its target, for velocity
randomizing or rescaling algorithms, respectively.

4.2. Solute Dynamics. We restrict the following study of
solute dynamics to the six standard thermostats listed above,
with the velocity rescaling algorithms applied globally. While
the thermostats are classified as either velocity randomizing or
rescaling algorithms, we emphasize that these classes do not
necessarily lead to dampended and correct dynamics,
respectively, but that the effects of a given algorithm will
depend on the way in which it is applied.

Figure 4 shows the translational diffusivities for the solvated
UA-methane and polymer chain using various types of
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temperature control. With these systems we also compare the
“system-wide” scheme of applying a single thermostat
uniformly to the entire system versus the noninvasive approach
of applying the thermostat only to the solvent. Similar to our
results for the self-diffusion of water, we see that, in general,
solute diffusion is slowed by the velocity randomizing
thermostats with strong coupling as compared to the NVE
results but is unaffected by the velocity scaling methods
regardless of the coupling strength. The strategy of coupling
only the solvent particles slightly mitigates the dampening of
diffusion observed with velocity randomizing algorithms. For
example, using Langevin dynamics and 7y = 0.1 ps, the
noninvasive scheme increases the diftusivities of UA-methane
and the polymer by 25% and 90% as compared to the system-
wide scheme, though even with this increase the diffusivities are
well below the NVE results. This suggests that velocity
randomization of the solvent particles dampens not only the
solvent dynamics but also the dynamics of the solute in thermal
contact with the thermostatted solvent. Therefore, regardless of
which degrees of freedom are coupled, when such an algorithm
is used it is important to choose an appropriately weak 77 if the
correct solute dynamics are to be preserved.

We also observe that the dampening of UA-methane’s
diffusion is comparable to the dampening of the self-diffusion of
water, while diffusion of the larger polymer molecule is
dampened more significantly. Using Langevin dynamics applied
to the entire system with 7 = 0.1 ps, the polymer’s diffusivity is
lower than the NVE result by approximately 90%, while the
diffusivities of both pure TIP3P water and UA-methane are
lower than their respective NVE results by approximately 60%.
Using system-wide Langevin dynamics and weak coupling of 7
= 10 ps, the polymer’s diffusivity is still approximately 15%
lower than the NVE value, though it approaches to the NVE
result (within error) when coupling is applied only to the
solvent. This suggests there is a relationship between a
molecule’s size and the extent to which velocity randomization
affects its translational diffusion. Therefore, when using a
velocity randomizing algorithm to simulate a large solute at
constant temperature, very weak coupling and possibly relaxing
or removing temperature coupling to the solvent may be
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necessary to obtain the correct translational diffusion. It is
possible that the sensitivity of other dynamical properties to
velocity randomization also depends on the solute size.

The polymer dynamic structure factor S(kt) describes a
dynamic process which occurs on longer time scales, the
fluctuations of the chain’s structure. Figure Sa shows
representative S(k,t) functions for NVE and NVT simulations,
the latter with various thermostats applied to the entire system
with 77 = 0.1 ps. The scattering vector k = 2.06"" is appropriate
for detecting internal motions of the chain, as kR, > 1. As
shown, the rate of decay of S(k,t) is much slower with velocity
randomizing thermostats than with velocity scaling thermostats
or NVE. The former methods slow down the natural
configurational fluctuations in the chain, leading to structures
that remain correlated over times of up to 1 ns. As previously
discussed, these time scales are much less than those observed
in other polymer simulations and in experiments, due to the
high flexibility of our model chain. As a check we calculated
another dynamic property of the polymer, the autocorrelation
function of the end-to-end distance of the chain, and found that
it decays on time scales of the same order of magnitude as
S(k,t). Despite the generally rapid fluctuations of our model
chain, the impact of velocity randomizing thermostats on the
collective internal dynamics of a polymer is evident with this
simplified model. We note that there is good agreement in our
results obtained using the Berendsen and Nosé-Hoover
thermostats, whereas Lingenheil and co-workers observe
dampened peptide dihedral transitions under Berendsen
control.*' One possible interpretation is that the conforma-
tional fluctuations of our model polymer chain involved barriers
that are low enough to be crossed with the kinetic energy
fluctuations observed using Berendsen temperature control,
while the dihedral barriers observed by Lingenheil et al. were
not, but resolving that question is beyond the scope of the
current study.

Upon fitting S(k,t) with the stretched exponential y = A
exp(—(t/75)¢) we find that the parameters A and C vary little
(<10%) with respect to the type of thermostat, but there are
significant deviations in the time constant 7. Using 73’ to
quantify the rate at which the chain’s structure decorrelates, we
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Figure 6. Distribution of the polymer chain’s instantaneous temperature with (a) temperature coupling applied to the whole system and (b)
coupling applied to only the solvent. A canonical kinetic energy distribution for the polymer can be obtained even with NVE if the solvent bath is
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is important.

compare the dynamics with various temperature coupling
schemes in Figure Sb. Again we observe a dampening effect of
slower decorrelation rates due to velocity randomizing
thermostats, which is mitigated somewhat by using weaker
coupling and coupling only the solvent. Decorrelation rates
obtained using the global velocity scaling algorithms agree with
the NVE result, within error. The corresponding characteristic
decorrelation time 7y varies from 10 ps with velocity scaling
temperature control and NVE, to approximately 80 and 140 ps
with strongly coupled Langevin dynamics and the massive
Andersen thermostat, respectively.

It is possible that the dynamics of different modes of motion
could exhibit varying sensitivities to a thermostat which disrupts
velocity time correlations, though the differences we observe for
our model polymer chain may be of limited practical
significance. Whereas the polymer’s translational diffusion
using Langevin dynamics and 77 = 1 ps is approximately 50%
slower than with NVE, its structure factor decorrelation rate,
which reflects higher order modes of motion, is only 15% lower
than the NVE result. In principle, this suggests that when using
a thermostat that can potentially decorrelate velocities, the
appropriate coupling strength depends on the time scale of the
dynamic process of interest. However, differences between the
77 values needed to obtain accurate results for one dynamic
process versus another might be too small to justify careful
study of these parameters for various systems, in which case the
conservative choice of a weak coupling strength would ensure
that all dynamics are relatively well-preserved.

4.3. Temperatures and Energy Distributions. Because
the thermodynamics of a system are important in and of
themselves and can influence kinetic processes as well, we
measure the effects of the various thermostats on the average
and distribution of the polymer chain’s instantaneous temper-
ature. The average temperature of the polymer is maintained at
or near the target T = 300 K by all the thermostats tested, for
both the approaches of coupling the entire system and coupling
only the solvent. The Andersen thermostats with strong
coupling and the Nosé-Hoover thermostat with any 7 provide
the most precise and accurate temperature control, with
deviations from T, of less than 0.1 + 0.01 K. Precise control
is also obtained with the Berendsen thermostat, stochastic
velocity rescaling, and Langevin dynamics when strongly
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coupled; however, deviations of up to 1 + 0.1 K are observed
using Berendsen and stochastic velocity rescaling with 7, = 10
ps. These small but statistically significant deviations may be a
result of artifacts observed by Lingenheil et al.*' and may point
to issues using thermostats with a single bath. With coupling
applied only to the solvent, larger deviations of up to 2 + 1 K
are observed with some algorithms; however, as seen in Figures
4b and S5b, these variations are not statistically significant
enough to appreciably affect the polymer dynamics tested here.
Average temperatures for the pure solvent and solvated small
molecule systems are similarly well-controlled.

As previously mentioned, an incorrect energy distribution
can impact certain dynamic processes. We therefore compare
the distributions of the polymer’s instantaneous temperature
from our simulations to the predicted distribution for the true
canonical ensemble. To calculate this prediction, we first note
that for a system with kinetic energy (3N)/(2kzT), the
associated variance is ok = kzT>Cy. If one considers only the
kinetic energy, the ideal gas heat capacity may be used for Cy,
which yields a kinetic energy variance of o3 = (3N)/(2(ksT)?).
We find the temperature corresponding to this oy by noting
that, on average, KE = (3/2)Nk;T. Finally, because N of our
polymer chain is sufficiently large, we approximate the
Maxwell—Boltzmann distribution as a Gaussian with mean T
= 300 K and standard deviation oy = (20;)/(3Nkj).

In Figure 6 we compare this analytic distribution to those
obtained from the simulations with system-wide and solvent-
only temperature coupling, respectively. We also include the
NVE distribution. Figure 6a shows that when the Berendsen
thermostat is applied to the entire system with strong coupling,
the polymer chain samples an overly narrow distribution of
temperatures (and therefore kinetic energies). In more complex
systems, this could be reflected in dampened kinetics for
processes that depend on large energy fluctuations.”’ On the
other hand, Langevin dynamics and stochastic velocity rescaling
yield distributions that reflect the true canonical ensemble, and
the NVE simulation deviates only slightly from the canonical
prediction.

Figure 6b shows the polymer temperature distributions when
only the solvent is thermostatted. Slight deviations in the peak
locations reflect the previously discussed variations in the mean.
In general, the results match the Maxwell-Boltzmann

dx.doi.org/10.1021/ct400109a | J. Chem. Theory Comput. 2013, 9, 2887—2899


http://pubs.acs.org/action/showImage?doi=10.1021/ct400109a&iName=master.img-006.jpg&w=398&h=163

Journal of Chemical Theory and Computation

distribution for all NVT simulations as well as for NVE.
Agreement with the canonical distribution even in the absence
of direct thermostatting supports previous findings that a
solvent may effectively control a solute’s temperature by virtue
of its thermal contact with the molecule, acting as a heat bath.*!
This is true even for the Berendsen thermostat, which does not
give the proper distribution when applied to the entire system.
However, in the standard derivation of the canonical
distribution, all that is required of the heat bath is that it be
much larger than the system and that its temperature is fixed,
conditions that are met with Berendsen coupled to the solvent
and also with no coupling (NVE) if the solvent bath is
sufficiently large. In some cases an explicit thermostat, rather
than just a large solvent bath at NVE, might be necessary to
avoid significant drift in the solute temperature over long times,
though if the integration is sufficiently accurate, the solute
heating time scale should be much longer than the time scale of
heat transport between the solute and solvent.

5. CONCLUSIONS

A variety of methods have been developed to run isothermal
molecular dynamics simulations. These algorithms modify
either the equations of motion or the particle velocities directly
and therefore can have unintended effects on the system’s
dynamics and thermodynamics. We have compared how six
different thermostats and various coupling schemes influence
these aspects of a simulation, particularly the dynamics as
measured by fundamental transport properties.

The dampening of dynamical properties reflects systemic
decorrelation of particle velocities due to factors external to the
molecular description itself, in this case a thermostat algorithm.
As one would expect, velocity time correlations are disrupted by
thermostats that randomize velocities. These include the
Andersen thermostat, which stochastically reassigns velocities
at regular intervals, and Langevin dynamics, which includes
additional terms for stochastic noise and friction in the
equations of motion. When these algorithms are applied with
strong coupling, we find the dynamics are significantly
dampened relative to the NVE results, which provide a
measure of the true dynamics obtained with the unaltered
equations of motion. The dampening effects are observed in
dynamics measured over various time scales, including shear
viscosities (10°— 0' ps time scale), translational and rotational
diffusion (10°—10" ps), and the dynamic structure factor of the
polymer (10°—10° ps for our model). We find that a massive
Andersen approach generally leads to greater dampening of
dynamics than the conventional Andersen thermostat, despite
reassigning velocities at the same rate, and that a deterministic
reassignment strategy leads to similar effects as those observed
with Andersen, which uses stochastic reassignment.

For solvated molecules, the dampening of dynamics is only
somewhat mitigated by the noninvasive strategy of applying the
thermostat to the solvent only. This suggests that a solute’s
diffusion and higher-order dynamics can be slowed just by
virtue of its thermal contact with a solvent subjected to velocity
randomization. In general, the effects of a velocity randomizing
thermostat diminish as the coupling strength weakens,
approaching the Newtonian dynamics limit if coupling times
are on the order of 10 ps for these systems. We also observe
that the extent to which these methods slow a solute’s diffusion
increases with the size of the molecule and that the extent to
which they dampen a given transport property depends on the
time scale of the dynamical process. Translational diffusion of
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our model polymer was slowed more significantly by velocity
randomization than was the decorrelation rate of the polymer’s
dynamic structure factor.

Algorithms which operate by scaling particle velocities
include the Berendsen thermostat and Bussi and co-workers’
stochastic velocity rescaling thermostat, which adjust velocities
so that the temperature relaxes exponentially to its target at a
specified rate, and the Nosé-Hoover thermostat, which adjusts
velocities by coupling the equations of motion to extended
dynamical variables and gives an oscillatory relaxation to the
target. When applied globally to the system using any coupling
strength, these thermostats yield transport properties that are
statistically indistinguishable from the NVE results. However, a
massive implementation of the Nosé-Hoover thermostat, in
which each particle is coupled independently to its own
thermostat, leads to dampening on the same order as that
observed using Langevin dynamics. This illustrates that even a
velocity scaling algorithm can significantly disturb velocity time
correlations if the scalings are sufficiently large, for instance if
particles are coupled to their own rapidly fluctuating kinetic
energies with light masses.

It appears that the well-documented problem of the
Berendsen thermostat providing an incorrect distribution of
instantaneous temperature may be largely mitigated by applying
the thermostat to only the solvent, as long as one is only
concerned with the dynamics of the solvated system. In more
complex systems with kinetic processes that depend on energy
fluctuations, this approach could possibly preserve the correct
dynamics. However the same results might be obtained with
stochastic velocity rescaling or the Nosé-Hoover thermostat,
without the need to remove the coupling of the solute.

These findings suggest that velocity scaling methods are most
appropriate for simulations that require both constant temper-
ature and realistic dynamics. When applied globally, as is
typically done, these thermostats yield correct transport
properties which describe processes that occur on relatively
short time scales. However, these algorithms do not intrinsically
preserve the correct dynamics; if applied to local kinetic
energies they can lead to dampening effects comparable to
those caused by velocity randomizing thermostats, unless the
coupling is sufficiently weak.

We find that the globally applied stochastic rescaling and
Nosé-Hoover thermostats are particularly effective in preserv-
ing the correct transport properties and thermodynamic
distributions. Velocity randomizing algorithms should be used
with caution when accurate representations of dynamical
processes are important; even if the dynamics are not
important, they will slow down the rate of sampling for the
system. However, their dampening effects may be reduced by
using a sufficiently weak coupling strength or a noninvasive
coupling strategy, provided the temperature is adequately
controlled. Even when the dynamics of a system are important,
these methods might be useful depending on the objective. For
example, in an implicit solvent simulation, stochastic velocity
randomization serves to model the thermal collisions of the
omitted solvent molecules, and the coupling strength can be
tuned to yield a desired solute diffusivity.

It is important to note that this study only examined
subnanosecond kinetics. It remains an open question if lessons
learned here also extend to longer time scale collective
dynamics. It could be that over the nanosecond or microsecond
time scales important in protein folding, velocity scaling
algorithms will also have dampening effects that cannot be
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detected in the simulations performed here, or alternatively that
the distortions of the fast kinetics are unimportant to much
longer dynamical processes that simply require sufficiently large
fluctuations in the local kinetic energy to activate. However,
given the absence of any statistically noticeable effect of these
algorithms on short time scale kinetics, it is likely worth testing
the hypothesis that these integrators do not significantly affect
dynamics on longer time scales.

In summary, we have shown how the fundamental molecular
dynamics practice of controlling the temperature can modify
the dynamics and transport properties in simulations of simple
test systems. Improving our understanding of these effects,
particularly for more complex systems, is an important step
toward correctly choosing thermostats in order to obtain the
best estimates of the properties desired from the simulation.

B ASSOCIATED CONTENT
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Tables S1—S3 give the results for the self-diftusivity, rotational
correlation time, and shear viscosity of the pure TIP3P water
system shown in Figure 1. Tables S4 and SS give the
translational diffusion results for the UA methane and polymer
chain systems, shown in Figure 4. Table S6 gives the results for
the decorrelation rate of the dynamic structure factor of the
polymer chain shown in Figure Sb. This material is available
free of charge via the Internet at http://pubs.acs.org.
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