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ABSTRACT: We present a new method for computing chemical
potential differences of macroscopic systems by sampling fluctuations in
small systems. The small system method, presented by Schnell et al.
[Schnell et al,, J. Phys. Chem. B, 2011, 115, 10911], is used to create
small embedded systems from molecular dynamics simulations, in which
fluctuations of the number of particles are sampled. The sampled
fluctuations represent the Boltzmann distributed probability of the
number of particles. The overlapping region of two such distributions,
sampled from two different systems, is used to compute their chemical
potential difference. Since the thermodynamics of small systems is
known to deviate from the classical thermodynamic description, the
particle distributions will deviate from the macroscopic behavior as well.
We show how this can be utilized to calculate the size dependence of
chemical potential differences and eventually extract the chemical potential difference in the thermodynamic limit. The macroscopic
chemical potential difference is determined with a relative error of 3% in systems containing particles that interact through the
truncated and shifted Lennard-Jones potential. In addition to computing chemical potential differences in the macroscopic limit
directly from molecular dynamics simulation, the new method provides insights into the size dependency that is introduced to
intensive properties in small systems.

B INTRODUCTION The term ODM can be used to describe any method that
can extract thermodynamic properties from the overlap
between probability distributions of two different systems.”
The distributions represent the Boltzmann distribution of the
fluctuating properties of the system, which are ensemble-
dependent. In the canonical ensemble, where the number of
particles, volume, and temperature are constant, the energy will
fluctuate. In the isobaric—isothermal ensemble, where the
number of particles, pressure, and temperature are fixed, there
will be fluctuations in volume and energy. Grand canonical
systems, with constant chemical potential, volume, and
temperature will have fluctuations in energy and in the
number of particles. Naturally, the properties available from
the distributions will depend on the ensemble used in the
simulation.

For canonical systems, the Helmholtz energy difference is
accessible from the overlapping region of two energy
distributions. One version of the ODM that utilizes this is

Properties available from molecular simulations (MD) can be
sorted in two categories: mechanical properties and thermal
properties." The difference between these comes from how
they are connected to the partition function. Mechanical
properties are related to the derivative of the partition function,
while the thermal properties are functions of the partition
function itself." Examples of mechanical properties are
therefore the internal energy, pressure, and heat capacity,
while examples of thermal properties are Gibbs energy,
Helmholtz energy, and chemical potential.

The mechanical properties can be expressed as averages of
functions of phase space coordinates and can therefore be
calculated directly from the simulation trajectory.” The thermal
properties cannot be expressed as such averages. This is
because they are related to the complete volume of phase space
accessible to the system, which can normally not be sampled in
MD.” In order to calculate thermal properties, one must resort
to other alternatives than simply analyzing the simulation
trajectory. For the Gibbs energy or Helmholtz energy, there are Received: November 25, 2020
options such as thermodynamic integration*™® or umbrella Published: February 10, 2021
sampling,”’~"" while a common method for computation of
chemical potential is Widom’s particle insertion method.”'>"*

Another route to compute chemical potentials is found in the
overlapping distribution methods (ODMs).

© 2021 The Authors. Published b
American Chemical Societ; https://dx.doi.org/10.1021/acs.jcim.0c01367

W ACS Publications 840 J. Chem. Inf Model. 2021, 61, 840855


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vilde+Br%C3%A5ten"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="%C3%98ivind+Wilhelmsen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sondre+Kvalv%C3%A5g+Schnell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jcim.0c01367&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.0c01367?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.0c01367?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.0c01367?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.0c01367?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.0c01367?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jcisd8/61/2?ref=pdf
https://pubs.acs.org/toc/jcisd8/61/2?ref=pdf
https://pubs.acs.org/toc/jcisd8/61/2?ref=pdf
https://pubs.acs.org/toc/jcisd8/61/2?ref=pdf
pubs.acs.org/jcim?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jcim.0c01367?ref=pdf
https://pubs.acs.org/jcim?ref=pdf
https://pubs.acs.org/jcim?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
https://creativecommons.org/licenses/by/4.0/

Journal of Chemical Information and Modeling

pubs.acs.org/jcim

the acceptance ratio method presented by Bennett,"* who
presented strategies for estimating the difference in Helmholtz
energy between two canonical systems. Shirts et al."> later
showed that it was possible to derive the same expressions
from maximum likelihood arguments. Frenkel and Smit” also
illustrated how the method can be used to calculate excess
chemical potentials. This is achieved by considering two
canonical systems where the first contains N particles, and the
second contains N — 1 particles and one ideal gas particle. The
Helmholtz energy difference between these systems corre-
sponds to the change in Helmholtz energy in the first system
when one of its N particles is transformed to an ideal gas
particle. Hence, applying the ODM to the energy distributions
in these two systems returns the excess chemical potential of
the first system.

Even though the most frequent use of the method is
calculations of properties in the canonical ensemble,'®'” it is
not restricted to this. Bennett'* showed that it is possible to
develop analogous expressions for other ensembles. Recently,
Shirts'® introduced yet another convenient aspect of the
overlapping distributions by using them to determine whether
the desired thermodynamic ensemble is properly sampled in
the simulations. This ensemble consistency test can be applied
to molecular dynamics as well as Monte Carlo (MC)
simulations,'”*® and it can be used to evaluate simulations
performed in the canonical ensemble, isobaric—isothermal
ensemble, grand canonical ensemble, or the microcanonical
ensemble.

Whether the objective is to use the distributions to calculate
thermal properties or to test for ensemble consistency, the
starting point is the same: the statistical mechanical connection
that exists for every ensemble between its corresponding
energy state function and the partition function.

In this work, we will show how the ODM can be used to
extract the chemical potential difference of two small grand
canonical systems, directly from two MD simulations at
different densities. These small systems are generated by
placing subsystems at random locations inside the total
simulation boxes. The total simulation box can be canonical,
microcanonical, or isobaric—isothermal and works as a grand
canonical reservoir for the small embedded systems. Hence,
fluctuations in the number of particles that arise in the
subsystems will not depend on the ensemble of the MD
simulation box. These fluctuations represent the Boltzmann
distributions of the number of particles in small grand
canonical systems. The chemical potential difference between
two embedded systems is then available from the overlapping
region of two such distributions.

It is also possible to utilize the chemical potential differences
in the subsystems to obtain the chemical potential difference
for the total simulation boxes, that is, in the macroscopic limit.
When investigating these distributions, one must keep in mind
that they are calculated in small nonperiodic systems, which
means that their thermodynamic properties will deviate from
the classical macroscopic behavior. We will therefore use the
thermodynamics for small systems developed by Hill.*"**
Combined with the proper scaling laws, we are able to obtain
the chemical potential difference in the thermodynamic limit.

The idea of using finite-size scaling analysis to obtain
thermodynamic properties was explored already in the eighties
by Binder’s block analysis method.”> In his work, Binder
investigated how the probability distributions of the Ising
lattice model depend on system size, which in turn was utilized
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to calculate the magnetic susceptibility in the thermodynamic
limit.*>** Binder also extracted values of root-mean-square
magnetization and internal energy and explored the possibility
of identifying the critical temperature and the critical
exponents. This application was later investigated for the
two-dimensional Lennard-Jones (LJ) system for both one- and
two-phase systems.”> >’

The method used to create the subsystems in this work is
known as the small system method (SSM), developed by
Schnell et al,”® and it differs from Binder’s block analysis
method in the way the subsystems are created. Binder’s blocks
are created as cubic sections in a grid superimposed on the
simulation box, while the SSM creates subsystems by placing
them at random locations inside the simulation box. One
consequence of this difference is that the shape of the
subsystems is not restricted to being cubic.”

Binder focused largely on critical phenomena and the
method’s ability to extract properties in the critical point.
Lately, finite-size analysis of subsystems has received more
intention in the application to one-phase systems, further from
the critical point. It has been used to calculate enthal)pies and
the thermodynamic factor,”® partial molar properties,” and the
isothermal compressibility.”” For multicomponent systems, the
calculation of Kirkwood—Buff integrals®’ has received much
attention due to the connection these inte%rals have to a
number of thermodynamic properties.”> " One of the
properties available through the Kirkwood—Buff integrals is
the differential chemical potential, which upon numerical
integration can provide insights on how chemical potential
change with the density of the system.”*** For one-component
systems, this can be achieved by investigating the isothermal
compressibility.””** The method we propose in this work does
not rely on numerical integration since the chemical potential
difference is directly available from the two simulations.

To the best of our knowledge, this is the first time an ODM
has been used to extract the properties for small systems. We
therefore investigate how well it performs for small grand
canonical systems with a MC approach before applying it to
the systems generated by the SSM.

For macroscopic systems, the chemical potential is known as
an intensive property, meaning that it does not depend on the
system size. The newly presented method gives insights on
how the chemical potential deviates from this intensive
behavior when the system becomes small enough. For
calculation of chemical potential differences in macroscopic
systems, the method will be particularly useful at high
densities, where moves that include insertion and deletion of
particles become very inefficient."”**~*' Chemical potentials
calculated in finite periodic systems are also known to be rather
strongly dependent on size."”**** This problem is avoided in
the method presented here since the macroscopic chemical
potential differences are not calculated directly but instead
extrapolated to the thermodynamic limit by the use of scaling
laws.

B THEORY

In the following sections, we present the theoretical back-
ground needed for computation of chemical potential
differences from fluctuations in small grand canonical systems.
The treatment of the thermodynamics of small systems is
based on the formalism introduced by Hill.>' We will explain
how it can be used in combination with scaling laws to obtain
properties in the thermodynamic limit. We also explain how

https://dx.doi.org/10.1021/acs.jcim.0c01367
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the SSM can be used to extract fluctuation in small systems
from molecular dynamics simulations. Lastly, we show how the
distributions corresponding to these fluctuations can be used
to calculate chemical potential differences.

Thermodynamics for Small Systems. The main differ-
ence between small systems and macroscopic systems is usually
the surface area-to-volume ratio. Since this ratio is much larger
for small systems, the effects of the surface become significant,
and the thermodynamic properties can no longer be directly
compared to those of macroscopic systems.”' This becomes
clear by studying the system’s extensive properties, which for
small systems will not be proportional to the volume, but
higher-order functions of size and shape. The smallness also
introduces a size dependence in the system’s intensive
properties, which is not present for macroscopic systems. As
a result, macroscopic thermodynamic equations cannot be
used to describe the properties in small systems.”"*>

The formalism developed by Hill*' provides modified
versions of the macroscopic thermodynamic equations that
can be applied to small systems. In this derivation, Hill*!
considered a collection of N small systems that are all
equivalent, distinguishable, and independent. The ensemble
they make up together can therefore be considered macro-
scopic, and its differential energy can be expressed as

dU=TdS - pdV+ Y udN + &N
i=1 (1)

where U is the system’s energy, T is the temperature, S is the
entropy, p is the pressure, V is the system’s volume, y; is the
chemical potential of component i, and N; is the number of
particles of component i in the system. The property & is
called the subdivision potential and is represented by different
functions for different ensembles. In the grand canonical
ensemble, it is given by E°© = (p — p)V. The property p is
known as the integral pressure, which is related to the
differential pressure p through the following equation

BV, T)V]

p(ﬂr v, T) = [ oV

T,u

=p(u, vV, T) + V(MJ
ov - .

The second term in the above equation is only of significant
magnitude when the system is small, which means that in the
thermodynamic limit, p(p,V,T) = p(u,V,T).

The two pressures are connected to different types of
mechanical work that arise from volume change of the total
ensemble, but the mechanisms behind these are not equal. The
differential pressure, p, is the one associated with the pressure
of a macroscopic system. The volume change mechanism
connected to p must therefore be equal to that of a
macroscopic system. This volume change is defined as the
change in total volume when changing the volume of all the
small system replicas. This represents the work done on the
surroundings by the volume change and will be the same
whether the systems in the ensemble are small or macroscopic.
The work connected to the integral pressure, p, however, is
unique for small systems. In this volume change, the volumes
of the small systems are kept constant, while the volume of the
total system is changed by adding one replica to the ensemble
of small systems. This is done while keeping the entropy and

number of particles in the total collection of small systems
constant, which means that these properties must be
redistributed over all the small systems, including the added
replica.

This explains the significance of the different terms in eq 2,
but in order to understand its origin, we must look to the
connection between the partition function and the energy state
function of the system. For a system in the grand canonical
ensemble, this is equal to the contribution to the internal
energy from the pressure—volume term. In small grand
canonical systems, Hill”' showed that this relation becomes

ﬁ(ﬂ; vV, T)V = kT In B, V, T) 3)

where kg represents the Boltzmann constant and = is the grand
canonical partition function. The small system version of the
familiar equations for the entropy, pressure, and number of
particles in a grand canonical ensemble is

) ) aT )
Vo

0p(u, V, T)V
) V} T = - )

pu ) e

T,u

op(u, V, T)V

(N, V, T) = | ————

Wy )

where the brackets denote average values.

Size- and Shape-Dependent Properties. When investigat-
ing properties of small systems, it is convenient to use another
aspect introduced by Hill.”' He argued that a property’s small
size contribution can be treated as an excess property, meaning
that all dependent properties of a system can be split into a
macroscopic contribution and the contribution from finite-size
effects. A general property, A, can therefore be expressed as

A= A% 4 gl )

where A® is the macroscopic contribution and A*™! is the
finite-size contribution to A. In the thermodynamic limit, A"
becomes vanishingly small compared to A*. Consequently, for
macroscopic systems, the property A can be regarded as
represented by A® only, and macroscopic thermodynamics is
applicable. For small systems, A" becomes significant, which
makes A depend on the system’s size and shape, and the
macroscopic thermodynamic equations are no longer directly
applicable.

In Hill's>" treatment of small systems, only the dependent
properties of the system have a finite-size contribution. These
are the properties that are not fixed by the system’s ensemble.
For a grand canonical system, these are given in eq 4 and can
be expressed as

S(u, V, T) = 8%, V, T) + §™(u, v, T),
p(, V, T) = p°(, V, T) + p™ (u, V, T),
(NY(, V, T) = (N (u, V, T) + (NY™ (g, V, T)
(6)
A theorem presented by Hadwiger*" provides more insights
into the meaning of the different terms in the above equations.

According to this theorem, any functional of a system that is
translationally invariant, additive, and continuous can be

https://dx.doi.org/10.1021/acs.jcim.0c01367
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written as a sum of four contributions, where one is a constant
and the other three are proportional to V, V23 and V'3,
respectively.”> The property A can therefore be written as

A(V) = Va*® + aV*3a® + pV3%a° + yat 7)

where a, f, and y are geometric factors that depend on the
shape of the system. In the first term, a® can be understood as
the density of A in the thermodynamic limit A* = Va*, which
means that the remaining terms represent A*™!. Equations
showing the same size and shape dependence have been
derived independently and shown to apply to fluids of hard
disks,*® L particles,47 and Weeks—Chandler—Anderson
particles.**

Hadwiger’s theorem can only be used if A is extensive, but it
is possible to define an alternative equation that applies to
intensive properties by dividing eq 7 by the volume

AV) _ [
— =a —a t+ —3a

|4 L L
where we have defined the characteristic length L = V'/3,

Small System Method. For both macroscopic systems
and systems with finite-size effects, knowledge about the
fluctuations in energy and number of particles can give access
to a large number of thermodynamic properties. The
accessibility of these fluctuations depends on the simulation
method. Systems with a fluctuating number of particles can
normally not be created with MD simulations. In order to
simulate grand canonical systems, one can resort to MC
simulations, but these are computationally expensive, especially
for systems at higher particle densities. The SSM developed by
Schnell et al.”® offers an alternative way of creating systems
with a fluctuating number of particles. In this approach, the
grand canonical systems are not simulated directly but instead
created by sampling subvolumes from a larger reservoir. The
reservoir is typically a large simulation box, which can be
simulated using MD or MC. An ensemble average of such a
subsampled system is created by placing control volumes of
equal size at different locations inside the simulation box.

Some thermodynamic properties have a direct connection to
the fluctuations in the number of particles. The origin of these
connections is the identity of the second moments of the
probability distribution of a grand canonical ensemble

Vo«

a
a(V) = + —a' +
(v) -

(8)

%W@E¥¥iﬂ = (V) - (N
H T,V 9)

These second moments are in turn connected to
thermodynamic quantities such as the thermodynamic factor,
the isothermal compressibility, the partial enthalpy, and the
partial internal energy.*’ The fluctuations sampled from the
subsystem can therefore provide access to a variety of
thermodynamic properties. However, it must be kept in
mind that the subsampled system cannot be regarded as a
representation of the bulk due to the nature of its boundaries.
The subsampled system is nonperiodic, which means that it
will be affected by a significant contribution from the surface.
Since the subsystem represents a small system, its statistics will
be different from that of an equivalent system with periodic
boundaries. Its thermodynamic properties and the connections
between them must therefore be treated with the formalism
developed by Hill.*!

Since the subsystems are created from control volumes
inside a reservoir, we can create systems for a range of different
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sizes, as illustrated in Figure 1. By systematically changing the
size of the subsystem, one can evaluate how its properties
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Figure 1. Particle fluctuations are calculated in spherical subsystems
inside the total simulation box. The size of the subsystem is gradually
increased in order to calculate how the fluctuations change when the
size of the system changes.

change with system size. Combined with the equations
provided by Hadwiger,"* the different contributions from the
different parts of the system’s geometry can be identified (see
eq 7). The most popular feature of this method has been its
ability to extract the macroscopic contribution, meaning the
value of a®.**7*%*** If the main purpose is to extrapolate the
values calculated for the subsystems to the thermodynamic
limit, the term corresponding to the contribution from the
surface usually provides a sufficient description of the size
dependency. As a first approximation, eq 8 can therefore be
written as

a(V) =a* + 9as
14 (10)
where we have used that /L = ©/V when € is the surface of
the system. This expression is particularly useful because it is a
straight line if a(V) is plotted as a function of the surface area-
to-volume ratio of the system it was calculated in. The
intersection is then equal to the macroscopic contribution.
When using scaling laws to describe size dependence of
thermodynamic properties, it is first important to understand
which properties will change with size and how this is affected
by the type of the system. One important factor to consider for
the subsampled systems in the SSM is that they all have the
same average particle density. Equation 6 shows that small
grand canonical systems will have a finite-size contribution in
the number of particles and therefore also to the particle
density. However, if this contribution is nonzero in the
subsampled systems, it will not appear in their calculated
densities. This is because the sampling approach forces the
average density of each subvolume to be equal to the reservoir
density. In the following, we will explain that if such a size
dependency does exist, it will appear in the values of the
chemical potentials of the subsystems.
It is important to point out that even though all subsampled
systems of different sizes have the same particle density, each
individual subsampled system does not have a constant

https://dx.doi.org/10.1021/acs.jcim.0c01367
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density. The subsampled systems can exchange particles and
energy with the surroundings, and they maintain a constant
chemical potential due to their connection to the particle
reservoir represented by the simulation box. However, the
chemical potential does not necessarily remain fixed when the
size of the subsystem is changed.

This can be illustrated by considering a general case. We
consider two small grand canonical systems with equal average
particle density, n, and temperature, but different volumes

(n) = (n,), =1, VN#V (11)

Since the systems are grand canonical, their densities can
according to eq S5 be written as a sum of the macroscopic
contribution and a contribution from the small size

small

+ n,

small

o0 o0
ny +n

(12)

From eq 8, we see that #*™ should depend on the system
size. Since the two systems considered here have different sizes,
their small size contribution are likely to differ, giving n{™" #
ns™! According to eq 12, the macroscopic contribution in the
two systems will not be equal either, giving n{° # n3°.

The macroscopic particle densities, n*°, do not depend on
size, but they depend on the chemical potential and
temperature. Since the temperature is the same in the two
systems, a difference in #® must arise from a difference in
chemical potential. This means that since n{° and n5° are
different, the two differently sized systems considered here
must also have different chemical potentials, that is, u; # u,.
Equation 12 is therefore more correctly expressed as

small

noo('ul, T) + "Sman(/"p W T)

= noo(ﬂzr T) + ”smau(ﬂzf Vi T) (13)

This shows that keeping the particle density equal in all the
differently sized subvolumes imposes a difference in their
chemical potentials.

ODMs for Small Systems. We will now show how
combining fluctuations calculated from two independent
systems can be used to extract thermodynamic properties.

The fluctuations in the number of particles represent the
Boltzmann distributed probability of finding a certain number
of particles in the system. In a grand canonical system, this is
given by

Q(N, V, T)exp(BuN)

P(Nly, V, T) = 2V T)
— ) )

(14)

where f = 1/kgT and Q represents the canonical partition
function.

This distribution is unique for a given set of chemical
potential, volume, and temperature. This means that if one of
these is changed, the total distribution will change. This feature
is utilized by a number of different methods, which all can be
placed in the category of ODMs.”'*~'® Common for all of
these is that they extract thermodynamic properties from the
overlapping region of two distributions sampled from two
different states. In this region, the ratio of the two probability
distributions gives access to thermodynamic properties
through the connection between their respective partition
functions and their corresponding energy state function.

Following the procedure of Shirts,'® we derive an expression
for the ratio of two probability distributions of the number of
particles, corresponding to two different grand canonical
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systems. Moving forward, it must be kept in mind that the
goal is to derive a method that can be applied to small systems.
This means that we must use equations that take the small
system effects into account. Hill's*" equations are convenient
because they are valid for small systems and for macroscopic
systems. This formalism does not require a separate set of
equations in the treatment of small systems since all of Hill’s
equations reduce to the corresponding macroscopic identities
when the systems become large enough.

Starting from eq 14, we see that Q is a function of N but not
of p. This means that it is possible to perform two simulations
at different chemical potentials but otherwise identical
parameters (meaning T and V) and calculate the ratio of
their probability distributions as

P(Nl,, V, T)
P(Nlu,, V, T)

E‘(l’tlﬂ VJ T)

= exp(fu,N — pu,N )W
— 27 )

(13)

where the canonical partition function cancels because it has
no direct dependence on u. Taking the natural logarithm of
this equation and inserting eq 3 gives

P(Nlu, V, T) _

—= = —fApV + BAuN
P(Ni,, V, T) PRV + piu

(16)

This expression is in the form of a straight line, a + N, if
the logarithm of the ratio of the probability distributions is
plotted as a function of the number of particles. The values of
Ap = p, — p; and Ap = p, — p, are then readily available since
the slope of this line is a; = A, while the intersection with
the y-axis represents ay = —fApV.

The calculation of the distributions is straightforward since
the only required information is the number of particles in the
systems throughout the simulations. The probabilities can also
easily be visualized by binning the particle numbers in
histograms. One can even calculate the ratio of the probability
distributions directly from the histograms in order to visually
inspect that it forms a straight line. Another alternative which
is more robust is to use the maximum likelihood approach."
Using this method, the slope can be found from the maximum
likelihood expressions for the ratio of the probability
distributions. For the grand canonical ensemble, the maximum
likelihood expression becomes

Nl
In L(aldata) = 2 Inf(-a, — a;,N,)

i=1

NZ
+ Z In f(ay + a,N)

j=1

(17)
where f(x) is the Fermi function f(x) = [1 — exp(—x)]~". The

expression only has one maximum, which means that it will
always converge, and it can be solved by any standard
technique for multidimensional optimization."®

The equations presented above can be used to calculate the
difference in pressure and chemical potential for two grand
canonical systems with different chemical potentials but
identical volume and temperature. The subsystems generated
by the SSM are examples of such systems. It is possible to
investigate the size dependence of Ay and Apby sampling
subsystems over the same size range in two reservoirs at
different chemical potentials. In addition, eq 10 can be used to
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Figure 2. Chemical potential difference calculated from the ODM relative to the input value for different system sizes. £2/V corresponds to the
surface area-to-volume ratio. The input value of Ay is represented by the dashed line, while the symbols show the results from the ODM. The
circles represent systems with L] potential on the boundaries, while the triangles represent systems enclosed by a hard wall. The squares represent
PBCs, which gives the value in the macroscopic limit. (a,b) corresponds to the input Ay = 0.397, while (c,d) corresponds to Ay = 0.841. All error

bars denote two standard deviations.

identify the values in the macroscopic limit as Ap*® = Ap® and
Ap®.

B SIMULATION DETAILS

All systems considered in this work consist of L] particles that

interact via the truncated and shifted potential, with the cutoff

radius at 2.5. Unless otherwise specified, all values are

presented in reduced units. The critical point of the truncated

and shifted LJ system is at T = 1.086, p = 0.101, and p =

0.319.°° In all simulations, a temperature of T = 1.5 is used.
Four types of systems are investigated:

1. Small grand canonical system with nonperiodic, hard
walls. This is simulated using an in-house MC code.

2. Small grand canonical systems with nonperiodic walls,

interacting with the particles according to the LJ

potential. This is simulated using and in-house MC

code.

. Grand canonical systems with periodic boundary
conditions (PBCs). This is simulated using and in-
house MC code.

. Small subsampled systems generated from a large
reservoir simulated using the MD code LAMMPS.”'

The first three system types are used to investigate how well
the ODM performs for small systems, compared to systems
with periodic boundaries. For these simulations, we use an in-
house MC code, with input chemical potentials y = 0.33, u =
0.73, and p = 1.2. For systems of type 3, periodic boundaries
are used to remove finite-size effects in order to obtain the
system’s bulk properties. For the small systems, type 1 and type
2, the boundaries are treated in a way that introduces a
significant contribution from finite-size effects. This is achieved
by two different approaches. Systems of type 1 have hard walls,
which means that there is no explicit interaction between the
particles and the wall, but MC moves that attempt to move a
particle outside the simulation box are rejected. Systems of
type 2 have a LJ potential with a cutoff distance equal to 1 on
the boundaries. This means that any particle within a distance
' = 1 from one of the boundaries interacts with the wall
according to the LJ potential. All grand canonical MC systems
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are cubic, and five different sizes are considered for the small
systems, L =5, L =6, L =7, L =38, and L = 9, while the
periodic system has a size of L = 9.

The fourth system type is used in the combination of the
SSM and ODM to calculate how the chemical potential
difference changes with the system size. The SSM reservoirs
are created from molecular dynamics simulations in the NVT
ensemble using the open source code LAMMPS.”' The
system’s configuration is stored from the trajectory every 50
time steps from a simulation with a total of one million time
steps. For each configuration, 100 randomly positioned points
are used to position the center of the small subsystems, giving a
total of 2 X 10° samples for each small system volume.

The subvolumes investigated are either spherical or cubic
and centered at randomly chosen points, p. = (x,, y., z). All
particles with position p, = (x,, y,, z,) satisfying (x, — x.)* +
Op — yo)* + (zp — z.)* < R* are placed inside the sphere of
radius R. For the cubic system, the conditions of the particles’
position become (xp —x.) <L/2, (yp - %) <L/2 and (zP -
z.) < L/2. All particles satisfying these three conditions are
placed inside the cubic small system of box length L. We
investigate 200 differently sized small systems with sizes
increasing linearly with the reciprocal radius or reciprocal box
length.

One of the conditions for the SSM to work properly is that
the investigated state is sufficiently far from the critical point.
This is because fluctuations become very long ranging close to
the critical point and can therefore not be used to calculate
properties accurately.”” The simulations are therefore carried
out at a temperature of T = 1.5.

A second condition for the SSM to give reliable results is
that the differently sized subvolumes display a definitive linear
region as a function of inverse system size. This means that the
simulation box used as the reservoir must be large enough to
sample systems in this region. We therefore use cubic
simulation boxes containing 27,000 particles at three different
number densities, p = 0.70, p = 0.72, and p = 0.74. For these
three densities, the macroscopic chemical potential is
calculated with the Widom'” particle insertion method using

https://dx.doi.org/10.1021/acs.jcim.0c01367
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Figure 3. (a) shows how the density in a system enclosed by a hard wall changes with the surface-to-volume ratio when the chemical potential and
temperature is kept constant. The triangles represent the hard wall systems, while the squares represent PBCs, which gives the value in the
macroscopic limit. (b) shows distributions in density for the largest system, L = 9, while (c) shows the one for the smallest system, L = S.
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Figure 4. (a) shows how the density in a system enclosed by a wall with a L] potential changes with the surface-to-volume ratio when the chemical
potential and temperature are kept constant. The circles represent the L] wall systems, while the squares represent PBCs, which gives the value in
the macroscopic limit. (b) shows distributions in density for the largest system, L = 9, while (c) shows the one for the smallest system, L = 5.

an in-house MC code and cross-checked with the TREND
equation of state (EOS) provided by Thol et al.>’

B RESULTS

The purpose of the first section of the results is to investigate
the performance of the ODM in small systems compared to
how well it performs in a periodic system. Two small grand
canonical systems with the same size and temperature but
different chemical potentials will have different size effects. We
shall investigate whether this will influence the results from the
ODM. This section also elaborates on how the density should
be calculated in small systems.

The second section contains a description on how the SSM
is combined with the ODM to compute the size dependence of
chemical potential differences. This includes a guide on how to
choose the sizes of the subsampled systems in order to achieve
an accurate extrapolation to the thermodynamic limit.

ODM for Grand Canonical MC Systems. In order to
evaluate how well the combination of the SSM and ODM
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works, we must first evaluate how well the ODM works for
small and large systems. This is performed by using the ODM
to calculate the chemical potential difference in different types
of grand canonical MC systems. The difference between the
system types is determined by the way its boundaries are
treated. The values of Ay are calculated by using the maximum
likelihood version of the ODM, meaning that eq 17 is applied
to the particle numbers calculated from two simulations of
grand canonical MC systems. Since y is one of the input values
of a grand canonical MC simulation, the true value of Ay
corresponds to the difference between these two input values.
From the three absolute values of u, two values of Ay are
calculated: between the two states with the lowest values of y
and between the lowest and the highest values of . The
standard deviations are computed from 500 bootstrap samples
of the total data set. Figure 2 shows the results from applying
the ODM to the system with PBC and to the two types of
small systems. Figure 2a,b corresponds to Ay = 0.397, while
Figure 2¢,d corresponds to Ay = 0.841. The results are shown
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as a function of the surface area-to-volume ratio, which is
proportional to the inverse system size. This means that the
largest systems are found to the left in the figures. The results
from the periodic systems represent the macroscopic values
and are therefore placed at /V = 0. The PBC values are only
shown in Figure 2a,c since Ay in both the hard wall system
and the LJ wall system approaches the same value in the
macroscopic limit.

The values of Ay calculated from the ODM show no size
dependence for any of the systems considered, and the relative
error is below 2% for all systems.

A common criterion for evaluating the accuracy of a method
is that its mean value should be within two standard deviations
of the true value. Nearly all of the mean values are less than
two standard deviations from the true input value; the only
exception is the smallest L] wall system for Ay = 0.841 (Figure
2d). Since this evaluation is very much dependent on the
magnitude of the standard deviations, we investigate the origin
of their varying magnitudes.

In the following, we shall see that the magnitude of the
standard deviations can mainly be attributed to the choice of
the two states investigated. Shirts'® pointed out that if the
states are far apart, the overlapping region will be small and
there will be too few sampled data points, while if the states are
too close, the same distribution is essentially sampled from
both systems.

The distance between two sampled distributions is
determined by the system’s particle densities, which can be
size-dependent. The consequence is that this distance for small
systems is likely to differ from that of the macroscopic systems.
The actual width of the distributions is also likely to change
with both size and density. At high densities (p & 0.7), small
systems usually have larger relative fluctuations than their
corresponding macroscopic S)rstem.28’32'48

Figures 3 and 4 show that both these effects are present for
both types of small systems considered here. Figures 3a and 4a
show that the density is size-dependent and that the size
dependence varies with the value of u since higher values of y
give steeper slopes. The result is that the distance between the
distributions increases when the systems become smaller. The
width of the distributions also changes with the system size.
Figures 3b and 4b show the density distributions for the largest
systems considered, with a size of L = 9. Figures 3c and 4c
show the density distributions for the smallest systems
considered, with a size of L = 5. Both types of small systems
show wider distributions for smaller systems.

The fact that both the mean value of the densities and the
width of the distributions change with size can explain the
variation in magnitude of the standard deviations seen in
Figure 2. The largest hard wall system shown in Figure 2c¢ is
taken as an example. The distributions corresponding to this
system are shown in Figure 3b, where the curves correspond-
ing to the highest and lowest values of y have almost no
overlap. This means that there is very little data to calculate Au
from, which gives this value of Ay the largest standard
deviation in Figure 2c. When the system becomes smaller, as
shown in Figure 3¢, the distance between the peaks becomes
larger, but at the same time, the distributions become wider.
This increases the overlap, which reduces the magnitude of the
standard deviations.

We conclude that different factors contribute to the
magnitude of the standard deviations in different ways and
sometimes cancel. Fortunately, the same factors have no
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significant effect on the mean values since they all have a
relative error below 2%. For the systems considered here, the
values of Ay calculated from the ODM are equally reliable for
systems with finite-size effects and for systems with periodic
boundaries.

Calculation of the Density in Small Systems with a Wall
Potential. When calculating properties that include the
system’s volume, it is common to use the full volume of the
simulation box. For a system with periodic boundaries, this is
unproblematic. However, if the system is small and has a wall
potential, this choice might introduce errors. The reason for
this is that the simulation volume is not always equal to the
volume available to the center of masses of the particles. This
effect has been discussed in a paper by Reiss and Reguera,™
where they investigate how neglecting the difference between
these volumes can lead to errors in pressures calculated by the
virial.

They present results from a simple system consisting of hard
spheres with radius £ inside a spherical simulation volume. The
particles interact with the wall such that the center of mass of
each particle will never be closer to the wall than a distance
equal to the particles’ radius £. As a result, the movement of
the particles is restricted to a smaller volume than the total
simulation volume. Since the virial refers to the volume
available to the center of masses of the particles, it results in
incorrectly computed pressures when the total simulation
volume is used.

The same principles apply when the density of a system is
calculated. To get a proper representation of the density
experienced by the particles, the volume available to their
center of masses should be used. For the hard wall system
considered in this work, no correction is needed since the
particles do not actually interact with the wall. The particles are
allowed to move around in the total simulation volume, but
every MC move that attempts to move the center of mass of a
particle outside the simulation box is rejected.

For the systems with the L] wall, however, such a correction
must be incorporated. For the case considered by Reiss and
Reguera,” finding the volume available to the particles’ center
of mass is a trivial task. The radius of the spherical simulation
box is simply reduced by &. The equivalent distance in the
system considered here is the collision radius g**lPerticle
between the LJ particles and the L] wall. This distance is not
as rigid as the radius of a hard sphere, but it still gives an
indicator of the density experienced by the particles. The
densities presented in Figure 4a are therefore calculated by
using the corrected box length L., = L — 26" They are
still plotted as a function of the size of the total simulation box
volume, meaning that /V is calculated from the noncorrected
L. Since the effect a system’s wall potential has on its properties
is not the main topic of this work, the density calculations will
not be discussed further.

Combining the ODM and SSM. When choosing which
system sizes to investigate with the SSM, the most important
criterion is that the fluctuations in the subvolumes must
represent grand canonical fluctuations. For certain subvolume
sizes, this criterion has previously been confirmed by
comparing the fluctuations sampled in a closed simulation
box to ones computed in subvolumes in true grand canonical
reservoirs.””*® In this region, the properties must display a
clear linear behavior as a function of inverse system size. This
means that the total simulation box must be large enough to
act as a grand canonical reservoir for the relevant system sizes.

https://dx.doi.org/10.1021/acs.jcim.0c01367
J. Chem. Inf. Model. 2021, 61, 840—855


pubs.acs.org/jcim?ref=pdf
https://dx.doi.org/10.1021/acs.jcim.0c01367?ref=pdf

Journal of Chemical Information and Modeling

pubs.acs.org/jcim

T

1.0 15

Qv

05 2.0

0.16 1

0.14 1

0.12

0.10 1

(N?) = (N)?

0.08 1

0.06 A

0.04 A

0.02 A

T

10 15

Qv

0.0 05 2.0

Figure S. How the value of v given by eq 18 changes with the surface-to-volume ratio of the subsystem it was calculated in. For the three different
curves, the density is constant, equal to that of the reservoir. (a) shows the fluctuations calculated in spherical subvolumes, while (b) shows the

fluctuations calculated in cubic subvolumes.

Knowing exactly when the reservoir is large enough is not
always a trivial task since this can vary for different types of
systems. After calculating the properties, it can also be
challenging to identify the linear region. Before evaluating
the results of the SSM combined with the ODM, we will
therefore present a few tools that can be used to identify the
linear region for properties calculated from fluctuations in
systems sampled using the SSM. All reported relative errors in
the following sections are calculated with respect to the Thol et
al.>” EOS, unless otherwise specified.

How to Identify the Linear Region. Properties in the SSM
are calculated from the fluctuations in the number of particles
and sometimes also fluctuations in energy."’O In this work, we
will only consider properties calculated from fluctuations in the
number of particles.

When the particle fluctuations are affected by size, the
properties calculated from these fluctuations share that size
dependence. This means that if it is possible to identify the
system sizes that display a linear region for the particle
fluctuations, other properties are expected to behave linearly
within the same region. The fluctuation in the number of
particles is represented by the property

Q

Rl Sp—

S

L _ V) - (N)?
\4

—+

(18)

This scaling law only describes small size contributions
proportional to the surface area. This means that size effects
originating from other parts of the system’s geometry, such as
curvature, edges, and corners, are not described. System sizes
that have a significant contribution from one of these small size
effects should therefore not be included in the extrapolation.

In the other end of the size scale, the fluctuations in the
largest subvolumes will be affected by the limited size of the
reservoir. A density change in a small subsystem cannot
happen without a corresponding density change in the
reservoir.”’ This means that as long as the reservoir is closed,
it will not act as a proper grand canonical reservoir for the
largest subvolumes.**™*

In order to identify the linear region, two questions must be
answered: (1) What is the smallest volume that is not affected
by other finite-size effects than surface area? (2) What is the
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largest volume that is not affected by the finite size of the
reservoir? All volumes in between these limits should be used
for extrapolation in combination with scaling laws such as eq
10.

Now, we will show how these questions can be answered for
the particle fluctuations calculated in subsystems embedded in
simulation boxes at the three different densities considered
here p = 0.70, p = 0.72, and p = 0.74. Figure S shows the
property v, given by eq 18, as a function of the surface-to-
volume ratio.

In order to answer the first of the two questions introduced
above, one must look for signs that other finite-size effects than
those proportional to the surface area are present.

In Figure S, the smallest volumes are found at the right side
at the highest values of /V. In this region, we observe that the
fluctuations display a wavy behavior, which indicates the
influence by higher-order terms,” as shown in eq 8. Exactly
where the wavy region begins depends on the density of the
system. This is because higher densities normally cause larger
size effects due to a larger number of the particles closer to the
surface.*®

When the aim is to combine the fluctuations in the ODM, a
common limit for the linear region should be chosen for the
three densities, and it should be based on the behavior of the
system with the highest density since this is most influenced by
the higher-order terms. The wavy region for the highest
density disappears around €/V = 1.0 for both spherical and
cubic subvolumes, which means that subvolumes with a size
corresponding to values of /V > 1.0 should not be included
in the extrapolation.

The other end of the linear region, representing the largest
subvolumes, can sometimes be more challenging to determine
visually. This is because the impact of the closed reservoir is
gradually introduced as the systems become larger. Figure 5
shows that the values of the fluctuations all approach zero in
this limit because the reservoir is not able to create large
enough fluctuations. Visual inspection alone does not give a
clear answer to which value of Q/V the fluctuations start to
approach zero. However, it seems to appear at smaller volumes
for the system with the lowest density since the fluctuations are
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Figure 6. Coefficient of determination, R% calculated from a fitted straight line to the data points shown in Figure 5. The values are shown as a
function of the surface-to-volume ratio, which means that the value with most included data points is found to the left. The first value of R? is
calculated based on a linear fit of the data points between Q/V = 1.0 and Q/V = 0.8 and then gradually updated as more data points are included in

the linear fit. (a) shows the case for spherical subvolumes, while (b) represents cubic subvolumes.

larger here, which might be more challenging for the closed
simulation box to satisfy.

Since this limit behaves differently for different types of
systems and is less apparent than the wavy region, it is helpful
to take advantage of some extra tools to identify it. Some
general guidelines for identifying this limit have previously
been proposed by Cortes-Huerto et al.>> and Rovere et al.”’
These limits are based on the size of the subvolumes relative to
the volume of the simulation box, V, and correspond to (V/
Vo)'® = 0.3 and (V/V,)"? = 0.25, respectively. The most
conservative subvolume sizes identified by these suggested
limits are based on the system with the highest density (p =
0.74) since this is the one with the smallest simulation box. For
spherical subvolumes, the above limits translate to /V = 0.49
and €/V = 0.58, and for cubic subvolumes, they correspond to
Q/V ~ 0.60 and Q/V ~ 0.72.

We note that these generalized guidelines do not properly
represent the situation investigated here since they allow for
larger subvolumes when the simulation box is larger. As
explained above, Figure 5 shows that the fluctuations in the
largest simulation box are the ones most affected by its finite
size. In addition, the suggested limits are based on the behavior
of fluctuations in cubic subvolumes. Since it has previously
been shown that the location of the linear region is dependent
on the shape of the subvolumes,””** it is possible that the
predicted limit for a spherical subsystem might not reflect the
true location of the linear region. In the following, we therefore

investigate two additional tools that can be used directly for
the systems under investigation.

One simple option is to fit a straight line to the data points
and evaluate at which point the residual, meaning the
difference between the fitted line and the actual data points,
starts to deviate. The coeflicient of determination, also known
as R%, provides an indicator of how well a model describes the
data points.”* If there is complete overlap between the model
and the data points, the value of R” is equal to 1, while if R* is
closer to 0, the data points are uncorrelated and cannot be
described by the model.

Figure 6 shows how the coefficient of determination changes
as a function of data points included in the linear fit. The
values of R* are shown as functions of the surface area-to-
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volume ratio, which means that the number of data points
included in the linear fit increases to the left in the figure. The
first values of R®> (furthest to the right in Figure 6) are
calculated based on a linear fit of the data points between Q/V
= 1.0 and Q/V = 0.8 in Figure S. The remaining data points are
then included in the fitting one by one, and R* is recalculated
based on the new linear fit.

We observe that when more data points are included in the
fitting, the values of R* initially approach 1. However, at one
point, the R*-values start to deviate. This means that we have
reached the regime where the simulation box no longer
functions as a proper grand canonical reservoir. For systems
with the lowest density, this deviating behavior is observed to
start for smaller subvolumes, where it is more challenging for
reservoirs to satisfy the fluctuations in their subvolumes. We
therefore choose the limit based on the curve for the lowest
density, which starts to deviate from 1 around /V = 0.57 for
the spherical subvolumes and for €/V = 0.72 for cubic
subvolumes.

A more advanced alternative is to compare the results found
by linear fitting to values extracted by an equation that
explicitly includes the effect of the finite size of the simulation
box. The possibility of including effect in scaling equations has
been explored to a large extent in the literature,*>*7#%*%355¢
One such equation was proposed by Strem et al.”” and is given

by

4/3

V). Q v .
1/=[1——]v +—1—(—) 1%
Wl v 5

This equation is derived by assuming that v = 0 for V/V =
1, which only is valid for subvolumes of the same shape as the
reservoir. We apply eq 19 to the fluctuations calculated in the
cubic subvolumes with size 0.4 < Q/V < 1.0. The largest
subvolumes (£2/V < 0.4) are not included in the fitting of eq
19 since this resulted decreased accuracy in the values of v*.
We believe that this can be explained by two factors. The first
is that the fluctuations in larger systems usually converge more
slowly than their smaller counterparts.”>>® The second is that
fluctuations in subvolumes of a size comparable to the total
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simulation box can become influenced by its periodic
boundaries.*’

The relative errors of 1™ extracted from eq 19 are below 1%
for all densities investigated. This means that the values of
obtained from this fit can be compared with the values
extracted from the linear fitting and thereby work as a quality
check for the limits identified by analyzing R* The v®-value
obtained from eq 19 differs by 4% from the value obtained
from linear fitting to spherical volumes in the range 0.57 < €/
V < 1.0 and by 6% from linear fit to cubic subvolumes in the
range 0.72 < Q/V < 1.0. It is also possible to systematically
vary the limits until we reach the minimum difference between
the values extracted from the two types of curve fitting. By
changing the lower limit of Q/V to 0.60 for spherical
subvolumes and to 0.78 for cubic subvolumes, this difference
is reduced by 1%-point. Changing the limits beyond these
values does not decrease the difference further.

We note that an equation similar to eq 19, which also takes
the finite size of the simulation box into account, has been
developed by Cortes-Huerto et al.”> and that this equation
should work for the same purpose as described above.

Figure 7 shows eq 19 fitted to all fluctuations computed in
cubic subvolumes 0.4 < Q/V < 1.0 and the line resulting from
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Figure 7. How the value of v given by eq 18 changes with the surface-
to-volume ratio of the cubic subsystem it was calculated in. For the
three different curves, the density is constant, equal to that of the
reservoir. The full gray line shows the result of linear fitting to the data
points between the dashed lines, while the full black curve shows the
result of fitting eq 19 to the data points between 0.4 < Q/V < 1.0.

linear fitting between Q/V = 0.78 and Q/V = 1.0. The two
lines show good overlap in the region between the dashed
lines, which indicate the region used for the linear fit.

In conclusion, a simple analysis of R* based on the linear fit
is able provide good estimates for the location of the linear
region. These estimates can be further improved by utilizing an
equation that explicitly includes the effect of the finite size of
the simulation box, but the effect of this additional step was
marginal for the systems investigated here. The final limits
identified by this method correspond to slightly smaller
subvolumes than those of the previously suggested general
limits.””*> In the following analysis of chemical potential, we
therefore analyze the regions 0.60 < Q/V < 1.0 for spherical
subvolumes and between 0.78 < Q/V < 1.0 for cubic
subvolumes.

850

Calculating Chemical Potential Differences from the SSM.
Now, we will show how the distributions in the subsystems are
used to calculate their chemical potential differences. Figure 5
shows the fluctuations that represent the distributions, which
we apply the ODM to. Also here we use the maximum
likelihood approach, which means that we apply eq 17 to the
particle distributions in two subvolumes of equal size, sampled
from two reservoirs at different densities. From the three
densities available, Ay is computed for the two systems with
the lowest densities and for the systems with the lowest and
the highest densities. Standard deviations for each value of Au
are calculated from 20 bootstrap samples. For some of the
largest subvolumes, the distributions become too far apart for
the ODM analysis to converge. The 20 largest subvolumes are
therefore not included in the following analysis. In the linear
region for the cubic subvolumes, 0.78 < Q/V < 1.0, the values
calculated in both spherical and cubic subvolumes overlap. The
figures presented in this section therefore only contain results
from spherical subvolumes, while the corresponding figures for
the cubic subvolumes are found in the Supporting Information.
Relative errors for the values in the thermodynamic limit are
presented for both cubic and spherical subvolumes.

Figure 8 shows that the values of Ay increase with the
subvolume size and that they clearly approach the correct value
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Figure 8. Chemical potential difference as a function of the surface-
to-volume ratio. The values of Ap were calculated by using
fluctuations generated from spherical subvolumes in two separate
reservoirs with different densities, combined in the maximum
likelihood approach of the ODM. Error bars representing two
standard deviations are included, but they are smaller than the
markers.

in the thermodynamic limit (€2/V — 0). Accurate estimates of
values in the thermodynamic limit are calculated from the EOS
by Thol et al.>’ The ones calculated using the Widom particle
insertion method show only a 0.6% deviation from these and
are therefore not included in the figure. In the following, the
reported relative errors are therefore calculated with respect to
the values obtained from the EOS by Thol et al.”

Before proceeding to investigate the accuracy of the results,
one important question must be answered. How is it possible
that the chemical potential inside a subvolume differs from the
chemical potential in the particle reservoir to which it is
connected?
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The answer to this is that the reservoir and the subsystems
have different types of boundaries. The reservoir has periodic
boundaries, which make it behave as a macroscopic system.
The subsystems, however, do not have periodic boundaries,
which introduces a surface effect to their properties. We have
already shown that grand canonical systems can have a size-
dependent density, and we have explained that if this is the
case for the subsystems sampled with the SSM, the size
dependence will not appear in the densities. The sampling
procedure forces all subsystems to have the same average
density, which means that the size dependence instead
modifies the values of the chemical potentials. Hence, the
chemical potential inside subsystems will be size-dependent
and different from the chemical potential of the reservoir.

The dashed lines in Figure 8 show the limits of the linear
region, which means that between these lines, we find values of
v that scale linearly with the surface area-to-volume ratio. For
the volumes that are too large for this region (€2/V < 0.60), Au
displays a more rapid change. While the values of v in Figure 5
decreased at this point, the values of Ay in Figure 8 instead
increased more rapidly when approaching larger subsystems.
This can be attributed to the fact that the fluctuations become
too small at this point since too small fluctuations correspond
to too narrow distributions, which results in higher values of
Apt®
The full black lines in Figure 8 show the straight lines fitted
to the data points between the dashed lines. According to eq
10, the intersection of this line corresponds to the value in the
thermodynamic limit. The relative errors of Au™ are calculated
with respect to the EOS by Thol et al.>® and correspond to 8
and 10% (10 and 12% for the cubic subvolumes). The relative
error is larger than what we can expect when using the ODM
separately since it was shown to give relative errors below 2%
for different types of small systems.

It is possible to improve the accuracy of the extrapolated
value by plotting the data differently. When using the SSM, it
has been shown that the quality of the extrapolated value
depends mostly on the quality of the linear fit."* Some
properties have earlier been shown to have a more clear linear
region if they are plotted as their inverse. This was the case for
the partial enthalpies’® and for the thermodynamic factor.*”
Common for both of these properties is that they are partial
derivatives with respect to the number of particles. Since the
chemical potential also is a partial derivative with respect to
number of particles, it is interesting to see how its inverse
behaves.

This idea can be further substantiated by investigating the
connection between the partial derivative of chemical potential
with respect to density and the particle fluctuations. The
relation comes from combining eqs’s 3, 4, and 9 and is given by

(a_u) _ kT
% T,V v (20)
which upon integration becomes
P
Au = kgT ﬁdﬂ
, v () + v°(p) (1)

It can here be argued that even though the values of v® and
v* depend on density, the scaling of v as a function of Q/V
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remains linear. This suggests that 1/Apu also will scale linearly
as a function of Q/V.

Figure 9 shows the values of 1/Ayu as a function of the
surface-to-volume ratio. This curve shows a more clear linear
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Figure 9. Inverse chemical potential difference as a function of the
surface area-to-volume ratio. The values of Ap were calculated by
using fluctuations generated from spherical subvolumes in two
separate reservoirs with different densities, combined in the maximum
likelihood approach of the ODM. Error bars representing two
standard deviations are included, but they are smaller than the
markers.

behavior than the ones in Figure 8. By using the same system
sizes in the curve fitting, the relative errors of the extrapolated
values of Ay are reduced to 2 and 3% (3 and 4% for cubic
subvolumes). This is closer to the accuracy we can expect from
the ODM, and it is similar to previously reported accuracies for
other properties calculated by the SSM.>”

Histogram versus the Maximum Likelihood Approach of
the ODM. In early applications of the ODM, histograms were
used to calculate the distributions and their overlag;)s.z’m'lé’17
The maximum likelihood approach by Shirts et al."” is able to
use the complete set of data of particle numbers instead of
reducing these to histograms, which usually provides more
precise and accurate results.'® However, the maximum
likelihood approach includes an optimization step that is
much more demanding with respect to both computational
time and memory, compared to simply sorting the particle
numbers in histograms. In this section, we will investigate if it
is possible reduce time and computational cost, without loss of
accuracy, by replacing the maximum likelihood approach with
the original histogram version of the ODM.

Another convenient aspect with histograms is that they make
it possible to visually inspect the distributions. Figure 10a
shows the distributions in the largest (Q/V = 0.60) subsystem
included in the curve fitting, and Figure 10b shows the smallest
(Q/V = 1.0) subsystem included in the curve fitting. The size
of the x- and y-axis ranges is equal in Figure 10a,b for the total,
as well as the inset figures. This makes it possible to directly
compare the features of the distributions. We observe that the
distributions in the smallest subsystem have poorer statistics
than the distributions in the largest subsystem. For systems
with such a low number of particles, the histograms will deviate
more from a smooth curve, which can introduce inaccuracies
in the properties calculated from the overlap. There is,
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Figure 10. Histograms of particle distributions representing the fluctuations shown in Figure S. (a) shows the distribution of number of particles in
the largest volume in the linear region, corresponding to £/V = 0.60, while (b) shows the ones for the smallest volume in the linear region,
corresponding to Q/V = 1.0. The dotted lines represent the Gaussian curves fitted to the histogram data.

however, a simple solution to this problem. As suggested by
McDonald and Singer,16 a Gaussian curve can first be fitted to
the distributions before calculating the ratio of the overlap.
The fitted Gaussian curves are displayed in Figure 10, together
with the histograms calculated directly from the particle
numbers.

The results of applying the above described method for
calculation of Ay are shown in Figure 11. By comparing this to
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Figure 11. Inverse chemical potential difference as a function of the
surface-to-volume ratio. The values of Ay were calculated by using
fluctuations generated from spherical subvolumes in two separate
reservoirs with different densities, combined in the histogram
approach of the ODM. Error bars representing two standard
deviations are included, but they are smaller than the markers.

the results obtained from the maximum likelihood version of
the ODM (Figure 9), we can see that the histogram method
introduces larger variations in the values of Ay. However, the
relative error of the extrapolated value is only increased by 1%-
point. This means that even though the accuracy of a single
data point calculated from histograms generally is lower than
the one obtained from the maximum likelihood approach, it
does not have a large effect on the results from the curve
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fitting. As long as the uncertainties introduced by the
histogram approach do not lead to a change in trend of the
data, it will act as randomly distributed noise, which eventually
is canceled out in the curve fitting,

Consequently, if the goal is to obtain the value of Ay in the
thermodynamic limit, the histogram approach and the
maximum likelihood approach works almost equally well for
the systems considered here. However, if the main interest is
properties for a specific system size, the maximum likelihood
method is more likely to determine this value with higher
accuracy.

Scope and Limitations. Computational methods for
chemical potential differences are a field that is being
continuously explored. One of the most popular methods for
these investigations is the Widom particle insertion method,"”
which is often used as a benchmark reference when new
methods are presented.’”~*"*” It is well known that the steps
involving insertion or deletion of particles used in the Widom
method become inefficient at higher densities. The same goes
for related grand canonical particle insertion schemes such as
the Gibbs ensemble MC method which often is used to
investigate phase equilibria.”’ The branch of methods that
instead compute chemical potential differences from fluctua-
tions sampled from subsystems thus have an advantage at
higher densities.

In addition to the relations used to extract Ay in this work,
there also exists a connection between the differential chemical
potential and the fluctuations, given by eq 20. Absolute values
of chemical potential have previously been successfully
extracted from this method for both one-component®® and
multicomponent systems.””” Both the method based on the
differentials of u and the one presented here are able to
provide absolute values when used in combination with
another method that allows one to calculate the chemical
potential at a reference state point.

One important difference between the two methods is that
the method based on the differentials of y involves numerical
integration. It is therefore necessary to sample a large enough
range of different densities in order to provide accurate values
of u. The method presented here is able to extract values of Au
directly from two simulations.
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Another important difference is that the method based on
the differentials of y can explicitly include the effect of the
finite size of the simulation box in the scaling laws used to
extract (Ou/dp)ry- In contrast, the method presented here is
only able to use these scaling laws to identify the subvolumes
that are not affected by this feature. We have shown that
explicitly including this effect returns a value of v with a
relative error below 1%. Based on a similar analysis,” this
could suggest that even larger simulation box sizes are needed
to further decrease the relative error computed by the method
presented in this work.

Further work with the method presented here involves
extension to multicomponent systems and investigation of its
application to molecular fluids.

B CONCLUSIONS

We have presented a new method for computation of chemical
potential differences, in both small and large systems, from
molecular dynamics simulations. The new method can be seen
as an extension of the SSM, which uses small subsystems
embedded in a larger simulation box to calculate distributions
of the number of particles. This method, which until now has
been used to calculate enthalpies and the thermodynamic
factor,® partial molar properties,30 Kirkwood—Buff inte-
grals,””* and the isothermal compressibility,”” has been
extended to calculate chemical potential differences. This
new feature was obtained by combining the SSM with an
ODM. As the name suggests, the ODM uses the overlap of
distributions from two different simulations to calculate
thermodynamic properties. For systems with a fluctuating
number of particles, one of the available properties is the
chemical potential difference.

Before applying the ODM to the distributions created from
the SSM, it was necessary to investigate how well the ODM
performs for small systems. This was done by applying the
ODM to particle distributions generated by two grand
canonical MC simulations with different input values of y,
but otherwise identical parameters. Two different types of
small systems were investigated, and a system with periodic
boundaries was used as a reference. The values of Ay
calculated from the ODM for all of these systems had a relative
error below 2%, which means that the ODM can be regarded
as equally reliable for both the small and large systems
investigated in this work.

The SSM generates small systems of a range of different
sizes, which means that it can give insights on how an intensive
property such as the chemical potential starts depending on the
system size when the system becomes small enough. As a result
of this, the chemical potential difference can be calculated as a
function of the system size. Combined with a scaling law based
on Hadwiger’s™* theorem, the values of Ay can be extrapolated
from the small systems to the thermodynamic limit. We also
have presented tools that will be helpful in determining which
system sizes should be included in this extrapolation.
Compared to methods based on insertion of particles, the
fluctuation-based methods have an advantage when it comes to
extracting thermodynamic properties at high densities. The
particular method presented here also provides an option that
is independent of numerical integration.

When using the ODM, there are two options for extracting
information from the overlap of the distributions. The
fluctuations in number of particles can either be stored in
histograms before the overlap of these is computed, or a
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maximum likelihood approach can be used on the complete
data set. We have shown that these methods work almost
equally well for determining the value of Ay in the
thermodynamic limit since they both provide values with a
relative error below 4%. The maximum likelihood approach is
able to determine this value with 1%-point higher accuracy.
The small difference is mainly because random noise is
canceled out in the curve fitting. If the main interest is one
value of Ay for a specific system size, the maximum likelihood
approach will probably provide a more accurate result.
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