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ABSTRACT: Solubilities of additive molecules whose molecular sizes exceed the typical dimensions of free
volume cavities pre-existing in amorphous polymer melts and glasses cannot readily be computed in molecular
simulations. In this paper, we perform molecular dynamics simulations of a soft-cavity reference state ensemble,
which contains a soft-core, fast diffusing, Lennard-Jones particle in a rigid-chain polymer matrix. By means of
the Zwanzig thermodynamic perturbation formalism, the soft particle has been perturbed to various real-solute
end-states. It is shown that with this approach it is possible to overcome some of the free energy sampling problems
related to the insertion of large solutes and slow diffusion in the end-state. We have calculated the excess chemical
potentials of propane, chloroform, and dimethyl sulfoxide in liquid bisphenol A—polycarbonate and show that a
single simulation of the reference state is sufficient to obtain statistical accuracies within error bars of 0.5—0.8
kgT. The method is particularly useful for calculating solubility ratios of large molecular solutes with approximately

equal excluded volume radii.
1. Introduction

Chemical potentials of solute molecules dissolved in dense
polymer microstructures can in principle be calculated using
molecular simulation methods.' In particular, the test-particle-
insertion method by Widom? has frequently been applied to gas
molecules® ! because these solutes are typically small (diam-
eters smaller than ~4 A) and can readily be inserted in empty
cavities pre-existing in all amorphous polymer microstructures.
The case is different for larger solutes. These solutes, which
are at ambient temperatures usually in a liquid or vapor phase,
represent a substantially larger perturbation and, unlike in the
Widom particle insertion method, usually cannot be inserted
“at once”. Widom insertion methods combined with excluded
volume map sampling (EVMS)'? and/or configurational bias
Monte Carlo (CBMC)'? sampling have been used to compute
chemical potentials of larger solutes in polymer microstruc-
tures.®®!'*~'® Even though CBMC has proven to work very well
for flexible solutes (e.g., alkanes) in low-7¢ (rubbery) polymer
matrices, both EVMS and CBMC insertion-based methods fail
in case the reference ensemble (polymer matrix) does not sample
cavity spaces of appropriate size needed for solute insertion
during a finite length simulation.

Alternatively, one can resort to methods in which the solute
coupling with the polymer microstructure is introduced in small
steps, thus allowing the solute to create its required cavity space
and the chain environment to locally adjust to the solute.
Thermodynamic coupling parameter integration'” (TI) is a
commonly used technique that can be employed for this purpose.
Although TI is seemingly more suitable for larger solutes in
rigid polymers, it lacks the advantage of insertion-based methods
where volume averaging over the microstructure is achieved
by performing insertions at many randomly chosen locations.
This becomes particularly problematic in molecular dynamics
(MD) simulations of (slow diffusing) polymeric systems where
the solute particle, on time scales of nanoseconds, stays trapped
inside a local cavity and explores only very small distance scales.
To obtain statistically meaningful results, several independent
TI calculations need then to be performed with independently
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coupled particles exploring different cavities. This can be done
using fast-growth TI'® and employing Jarzynski’s equality'® for
the free energy change, as has recently been discussed else-
where.? Note that in systems where the solute is present at
finite concentration the same approach of perturbing only one
solute should still be followed rather than coupling (or decou-
pling) all solutes at once since the latter approach would provide
the excess chemical potential averaged over the entire concen-
tration window. Knopp et al.,?" in their study of water solubility
in polymers, nevertheless used this approach however only to
the attractive part of the water—polymer and water—water
nonbonded interaction potential which may be justified if the
corresponding contribution to the free energy change depends
only weakly on solute concentration. In another approach,®* the
problem of coupled particles getting trapped and exploring only
small distance scales could be resolved using extended ensemble
molecular dynamics (EEMD) simulations. In EEMD the pa-
rameter that couples the test particle to the rest of the system is
treated as a dynamic variable. Although this method turned out
to be superior in comparison to (slow-growth) TI, it requires
an a priori unknown umbrella potential that eliminates free
energy barriers that may exist at various values of the coupling
parameter.

In this paper we propose an alternative technique that
combines the advantages of the thermodynamic integration and
particle insertion methods. It is based on earlier ideas**" in
which carefully designed stages are introduced in free energy
perturbation calculations. In refs 26 and 27, a particle deletion
method has been described introducing an intermediate stage
in the calculation where the solute particle to be removed was
substituted by a hard particle. On the basis of Monte Carlo
simulations, excess chemical potentials of Lennard-Jones fluids
could successfully be calculated using a fast analytical algorithm
for the computation of the volume accessible to the hard-core
particle.?® This method has subsequently been extended to chain
molecules®’ and has been implemented in molecular dynamics
simulations of small gaseous solutes and benzene in poly(dim-
ethylsiloxane).”® In chemically complex polymers, a large hard-
sphere intermediate may not be an optimal stage. Because the
hard-sphere accessible space needs to be calculated on the basis
of molecular simulations of the reference ensemble, the success
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Figure 1. Thermodynamic cycle for calculating the free energy change
of solvation (AF).

of the method relies on the question of whether this volume is
sampled, which, as discussed above, may be problematic. In
this paper we propose to introduce a soff-cavity reference state,”
which is defined by the polymeric microstructure in which a
soft-core Lennard-Jones particle has been introduced. By virtue
of its optimized softness, this particle explores the simulated
volume on time scales of nanoseconds while at the same time
creating the space requirements for insertion of large and rigid
solutes. The free energy of the target state relative to the soft
intermediate state is obtained by free energy perturbation®
(FEP) calculations, while the free energy of the soft intermediate
state, relative to the system excluding the soft-core particle, can
straightforwardly be obtained with TI (see Figure 1). The latter
(TI) calculation is accurate because the soft-particle—unlike real
molecules with hard-core repulsions—does not get trapped
locally. In this paper we test the applicability of this method in
liquid octadecane as well as in a bisphenol A—polycarbonate
(BPA—PC) microstructure.

2. Methods

Before we introduce the general concept of the method used
in this work, we briefly summarize some aspects of the TI and
FEP methods used in this paper.

2.1. TI and FEP. Thermodynamic Integration (TI). The TI
expression for the Helmholtz free energy change of introducing
nonbonded interactions between a solute molecule (the “coupled”
solute), and the remainder of the system reads'’

Vi
AFTI=LIB%QM (1)

where

SC( )=d A)Z Vlj(rsc("ij;l))
with =
rSC(rij;)L) - ((10176/1 + rijﬁ)l/G 2

In eq 1, [1.[J denotes an average over a canonical ensemble of
states sampled with Hamiltonian H(4); the dependence on the
coupling parameter A results from the coupled solute—system
potential energy described by the soft-core (SC) potential Vsc(4).
The coupling parameter values A = 0 and 4 = 1 correspond to
the fully coupled and uncoupled states, respectively. In eq 2,
Vii(r) is the site—site pair potential, which includes Lennard-
Jones (LJ) and, in case of polar solutes with partial atomic
charges, Coulomb terms. In case of a single solute in a polymer
matrix, the sum in eq 2 runs over all pairs #j that correspond to
having one interaction site located on the coupled solute and
another located on the polymer. At finite solute concentrations,
the sum in eq 2 also runs over pairs ij corresponding to
interaction sites on the coupled solute and all other solutes. In
eq 2, o; and ry are the LJ size parameter and interparticle
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distance of the atom pair ij, respectively. In our calculations,
we used a soft-core parameter a = (.7. Because the integration
process always involves the coupling of only one solute
molecule with the remainder of the system, eq 1 provides the
solute excess chemical potential at the corresponding solute
concentration, i.e., AFTl = ... Note that in case of nonrigid
(internally flexible) solutes the calculated excess chemical
potential includes contributions arising from changes in the way
the solute internal degrees of freedom are modified by the
polymer.

We note that the thermodynamic integration process of
introducing nonbonded interactions (eq 1) is equivalent to the
process of transferring a solute molecule from a fixed position
in the ideal gas phase to a fixed position in the polymer phase
and, therefore, is directly related to the ideal gas phase solubility
of the respective solute. The relation between uex and the ideal
gas phase solubility, S, with commonly reported units cm?
(STP)/cm?, is given bym S = (To/PoT) exp(—uex/RT), where
To, Po, R, and T are the standard temperature (273.15 K),
standard pressure (1 atm), gas constant, and the absolute
temperature, respectively.

Free Energy Perturbation (FEP). The free energy perturba-
tion formula for the Helmholtz free energy difference between
two systems A and B is given by’°

AP = Fy — F, = —k,TIn[e 7=t 3)
where f = 1/kgT, with kg Boltzmann’s constant and 7 the
absolute temperature, and U is the configurational energy with
subscripts A and B referring to the two systems of interest. The
angular brackets indicate a canonical (NVT) ensemble average
performed on the A system which we call the reference (the B
system is the target).” In the calculation of an excess chemical
potential by one-step FEP, the A system represents the polymer
matrix containing Ns solutes and the B system represents the
polymer matrix containing Ns + 1 solutes. In this paper we
shall be concerned with the case Ns = 0.

2.2. FEP and TI Using a Soft-Cavity Reference State.
General Concept. Figure 1 shows a thermodynamic cycle
summarizing the approach examined in this work. The horizontal
arrow represents the process of introducing nonbonded interac-
tions between the solute molecule and the polymeric micro-
structure. The solute excess chemical potential amounts to the
free energy difference AF between the two states connected by
this process. TI or FEP can in principle be used to compute
this quantity, but in practice they face severe sampling problems
in slow diffusing systems with large-sized solutes. As was
mentioned before, TI suffers from poor sampling over the
volume of the amorphous microstructure (diffusion problem);
FEP suffers from insertion problems usually encountered in
dense systems. TI and FEP can however be combined in a way
that alleviates the sampling problems encountered in both
methods. The idea is to introduce a “soft” intermediate (refer-
ence) state®>2%* (Figure 1) corresponding to a soft-core
Lennard-Jones particle (defined by eq 2) embedded in the
matrix. Because diffusion barriers for the motions of the soft-
core particle are small, the box volume and relevant cavity
spaces can be sampled in a short MD run. The chemical
potentials of the solute (Figure 1, upper left corner) and
noninteracting dummy particle (upper right corner)—relative to
the soft-core reference—can readily be obtained by FEP and
TI, respectively. In the FEP step (cf. eq 3) from SC to solute,
the soft-core reference ensemble (REF) is used, and the
perturbation energy AU = Ugyuwe — Uggr is defined as the
potential energy Usquee Of the system with the real solute (located
at the position of the soft particle) relative to the potential energy
Urgr of the soft-cavity reference system. In the TI step from
SC to dummy, the soft-core particle is gradually changed into
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Figure 2. (upper panel) Free energy (TI) curve of Lennard-Jones particle
A (see Table 1) in liquid octadecane (1 ns equilibration and 1 ns
production per A-point). The shaded area represents AFEEFADUMMY for
reference soft core particle Al. Reference states Al, A2, and A3 are
indicated with arrows. (lower panel) Soft-core potential energy functions
Vsc(r,4) of some chosen reference states (see Table 1) with octadecane
methylene groups at 323 K. The A and B reference states differ with
respect to the soft-core size parameters, which are osc = 0.8 and 0.6
nm for the A and B states, respectively.

a dummy particle. Both the FEP and the TI steps do not suffer
from inadequately sampling the volume of the simulation cell.
Because the free energy change of the closed cycle is zero, the
excess chemical potential is obtained from the difference
between FEP and TI free energies relative to the reference state.

Choice of the Reference State. The above concept introduces
an optimization problem that we briefly discuss here and treat
in greater detail later on. On the one hand the soft-core reference
must to some extent retain the hard-core repulsive nature of
the intermolecular potential of any real solute in order to keep
the perturbation energy AU small (cavities are then produced
into which the solute fits). Only then, the configurational spaces
of the final and reference systems have sufficient overlap and
the traditional insertion problem can be circumvented. The soft-
core particle must on the other hand be significantly softer than
real solutes in order to sample the overall system volume and
the potential cavity spaces in the microstructure efficiently.

We model the soft reference ensemble by running an MD
simulation of a softened LJ particle in the polymeric micro-
structure. The size and softness of this particle are determined
through the choice of the parameters A, o, o, and € in eq 2. The
LJ size and energy parameters o and ¢ depend on the atom pair
considered and are defined as 0 = (0scoMUiX)2 apd ¢ =
(esceMarix)12 for the octadecane systems. Lorentz—Berthelot
combination rules (6 = (0sc + oRatx)/2 and & = (egceatrix)1/2)
have been used for BPA—PC to be consistent with the BPA—PC
force field.>' Because o (=0.7) is kept fixed, the softness is
determined by the choice of 4 (we refer to this choice as %),
which is made based on two criteria: (i) the soft-core pair
potential with any of the matrix atoms at full overlap (»r = 0)
should be of the order of the thermal energy kg7 and (ii) 0AF/
94 = DUsc/0AUin the interval 41 € [A*,1] must be a precisely
sampled, ideally monotonic function of A because that permits
using TI to calculate AFEEE UMMy (see Figure 1) with high
accuracy.

Figure 2 (upper panel) shows a “TI curve” (dAF/IA vs 1)
corresponding to a LJ particle (corresponding to reference state
A in Table 1) in liquid octadecane. Arrows are included at three
values of 4, and the corresponding soft-core potentials are shown
in the lower panel. The maximum values of the potentials (at r
= 0) are kg7, 2kgT, and 3kgT for potentials Al, A2, and A3,
respectively (Figure 2, lower panel). Although it is clear that
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Table 1. Parameters for the Reference State Lennard-Jones
Particles (Eq 2)*

Vsc(r = 0,4)
(kJ/mol) esc (kJ/mol)  osc (nm)

octadecane Al 0.65 2.6 1.2532 0.8
A2 0.55 54
A3 0.50 7.6
Bl 0.65 2.6 1.2532 0.6
B2 0.55 54
B3 0.50 7.6

3.2(5.0) 1.2532 0.8

system reference A

BPA—PC &) 0.60
C3 055  4.5(7.1)
C4 045  9.2(14.4)
D2 065 22(3.5) 1.2532 0.7
D3 060  32(5.0)

“The A and B references apply to octadecane, and the C and D references
apply to BPA-PC. Vsc(r=0,1) denotes the maximum of the soft
particle—matrix atom potential at full particle overlap. For octadecane
Vsc(r = 0,4) refers to CH, units; for BPA—PC, the aromatic carbons are
chosen (the values in parentheses denote the maximum soft particle
interaction with carbonyl oxygens).

AFREp—pummy Will be obtained most accurately with soft-core
reference state A1, it is unclear whether the corresponding, small
barrier height is sufficient to successfully perform the FEP
calculation. For this reason three choices are taken for the soft-
core reference.

The parameters describing the soft-core Lennard Jones
reference states are summarized in Table 1. The “A” and “B”
reference states are used for the liquid octadecane systems, and
the “C” and “D” reference states are used for BPA—PC.

3. Simulation Details

MD simulations of liquid octadecane were performed with a
system containing 200 molecules in a periodic cubic box. The
temperature was set at 323 K (corresponding kg7 = 2.7 kJ/
mol). The GROMOS 45A3 united atom potential was applied.*
After including the soft Lennard-Jones particles, all systems
were equilibrated for 2 ns followed by 10 ns runs for sampling
the soft-cavity reference ensembles. To calculate AF E%%ASOLUTE
(see Figure 1), a total of 10° insertions of the solutes propane,
chloroform, and DMSO were performed in each snapshot of
the soft-core reference trajectory stored every 1 ps. Propane,
chloroform, and DMSO were described with the force fields
reported in refs 33— 35. Solutes were inserted with random
orientations, allowing their center of mass positions to fall within
a radius of 0.05 nm from the center of the soft cavity. Slow
growth TI (eq 1) was used to calculate the excess chemical
potentials of the solutes in octadecane. At each A-point, 1 ns
equilibration and 1 ns sampling were performed. In total, 22
A-points were used equally divided between 0 and 1.

In addition to octadecane, a polymer matrix of BPA—PC was
simulated. BPA—PC simulations were performed at 480 K (kgT
= 4.0 kJ/mol). The pressure was 1 atm in all simulations. The
BPA—PC simulation box** contained 50 chains of five mono-
meric repeat units, corresponding to a total number of 9550
atoms. Note that although these chains are relatively short, the
free energy sampling problems discussed in the Introduction
are just as severe in this system as in microstructures composed
of longer chains. Force field parameters of the BPA-PC all-
atom model were taken from ref 31. For BPA-PC the simula-
tions were performed with twin-range 0.9/1.4 nm reaction-field
electrostatics. The bond lengths in the matrix as well as the
internal geometries of the additives were kept constant by the
SHAKE algorithm.*® For the Lennard-Jones interaction a twin-
range 0.9/1.4 nm and 1.0/1.4 nm were used for BPA—PC and
octadecane, respectively. To obtain a canonical distribution when
the additive is nearly decoupled from the polymer matrix, a
local thermostat is required. We chose to use a Langevin
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Figure 3. Radial distribution functions g(r) of octadecane methylene
units with chloroform carbon atom, DMSO sulfur atom, propane central
carbon atom, soft-core cavity A2, and soft-core cavity B2.

thermostat with a friction coefficient of 1 ps~!. A Berendsen
barostat®” was used with a coupling time of 5 ps. All simulations
were performed by the GROMACS software package,*® and
for the FEP calculations a modified version of the package was
used with a modification of the particle insertion routine.

4. Results and Discussion

The single-step perturbation method described in section 2
has been applied to octadecane and bisphenol A—polycarbonate.
In all systems, the excess chemical potentials of propane,
chloroform, and dimethyl sulfoxide have been calculated.
Because a single TI run for each of the above solutes provides
the excess chemical potential with sufficiently high accuracy
in liquid octadecane, this system was chosen as a benchmark
for optimizing the parameters characterizing the soft reference
state.

Octadecane. Figure 3 shows the solute—solvent radial
distribution functions (RDFs) of the target molecules propane,
chloroform, and DMSO together with the soft cavity—solvent
radial distribution functions in octadecane. The soft-cavity size
parameter o fixes the location of the first maximum of the soft
cavity—solvent RDF, while the potential maximum Vsc(r = 0)
determines the value of the RDF at » = 0. While with reference
A2 (see Table 1) the location of the first maximum is at slightly
larger distance than the three solutes, with reference B2 the
location of the first maximum is at slightly smaller distance.
The overall match between the locations of the first maxima of
the solutes and soft particles is however reasonably good, based
on which we decided to use 0 = 0.6 nm and 0 = 0.8 nm for
the soft-core reference potentials in octadecane (see Table 1).

The free energies of propane, chloroform, and dimethyl
sulfoxide in octadecane obtained by single-step FEP with the
various soft reference states are summarized in Table 2. Free
energies obtained by TI are included in the last column. The
soft cavity FEP data presented for the three solutes are based
on a single 10 ns MD run of the soft reference state. The free
energies obtained by TI in the last column of Table 2, however,
required 44 ns of simulation time for each of the three solutes.
Also, when taking into account equilibration times and the
calculation of the remaining TI contribution AFRee pummy (see
Figure 1), the soft cavity FEP method saves considerable com-
puter time in comparison to performing normal TI. The
soft reference FEP free energies (AFFEP =  AFRE e —
AFREr—pummy) and TI free energies (AF™) are in good
agreement irrespective of the soft cavity reference state. To
investigate the accuracy of the FEP step (AFE%‘;ASOIW), we
present in Figure 4a the perturbation energy distribution
P(AUrgr—pMmso)- The energies AUrgr—pmso have been Boltz-
mann weighted over all DMSO insertion attempts per simulation
snapshot of the soft reference trajectory before accumulating
the histogram. In Figure 4b the quantity p(AUrgr—pMsO)
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Table 2. Free Energy Changes (kJ/mol) in Liquid Octadecane
Obtained by FEP and TI Based on a 10 ns Reference State
Simulation (FEP) and 1 ns Simulations at Each A-Point (TT)"

soft-cavity AFT

reference  AFRer-soLute  AFrer-pummy AFFEP  (slow growth)
chloroform

Al ~16.0 (0.3) —32(03) —12.8 —145(L1)
A2 —25.1(02) ~112(09) —139

A3 —27.2(0.3) —13.2(1.1) —14.0

Bl —14.3 (0.5) —1.7(0.2) —12.6

B2 —20.6 (0.4) —6.4 (0.6) —14.2

B3 —22.7(0.4) —7.8(0.7) —14.9

DMSO

Al —18.9 (0.4) —32(03) —156 —16.9(1.0)
A2 —27.4(0.2) -112(0.9) —16.1

A3 —29.8(0.3) ~132(1.1) —166

Bl ~17.3 (0.5) ~17(02) —156

B2 —23.2(0.5) —6.4 (0.6) —16.8

B3 —25.2(0.4) —7.8(0.7) —17.4

propane

Al —8.2(0.4) —3.2(0.3) —4.9 —6.0 (0.9)
A2 —16.8 (0.2) —11.2(0.9) —5.6

A3 —-19.2(0.3) —132(1.1) =60

Bl —6.3(0.4) —17(02)  —46

B2 —12.4 (0.4) —64(06)  —60

B3 ~14.8(0.5) ~78(07)  —69

“ Errors (obtained by block averaging) are given in parentheses.
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Figure 4. (a) Probability distribution function p(AU) and (b) its
exponentially weighted distribution p(AU) exp(—pBAU) corresponding
to free energy perturbation of the A3 reference state to DMSO in
octadecane.

exp[—pSAUrgr—pmso] is presented. This quantity must be
sampled well over the maximum down to low energies in order
to obtain an accurate estimate of the free energy AFRer—pMms0s
which corresponds to the integral over this reweighted distribu-
tion.>* Comparison of parts a and b of Figure 4 illustrates the
importance of sampling the low-energy tail of p(AUrgr—bMs0)-

Bisphenol A—Polycarbonate. The same methodology has
been applied to a melt of 50 BPA-PC 5-mers at T = 480 K.
The chemical structure of BPA—PC includes polar units
(carbonate) as well as nonpolar units (isopropylidene), and
therefore the solute interactions with the polymer backbone
include van der Waals as well as electrostatic contributions,
potentially resulting in much greater differences in the free
energies of propane (nonpolar), chloroform (slightly polar), and
DMSO (highly polar). In contrast to the octadecane system,
slow-growth TI calculations of solute free energies in BPA—PC
produced unreliable data. For example, we performed two TI
calculations (23 A-points, 1 ns sampling per A-point) decoupling
chloroform from the BPA—PC matrix starting off with the
chloroform molecule at two different initial locations in the
matrix. The resulting free energies were 11.9 and 5.5 kJ/mol.
Similar differences were obtained with DMSO and propane.
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Table 3. Free Energy Changes (kJ/mol) in BPA—PC by FEP and
TI, Based on a 10 ns Reference State Simulation (FEP) and 1 ns
Simulations at Each A-Point (TT)*

AF™ (fast
polymer reference AFRer—soLute AFRbr—pumvy AFFEP  growth)®
chloroform
BPA-PC C2  —193(0.7) —11321) —80 —-88(1.2)
C3 —23.0(0.3) —-16.2 (2.9) —6.8
Cc4 —32.8(1.9) —-169@4.1) -—159
D2 —13.7 (1.6) —3.2(0.6) —10.5
D3 —17.2 (0.8) —=8.1(1.1) —9.1
DMSO
C2 —26.1(0.5) —11.3(2.1) —14.8 —18.2(1.0)

C3 —30.4 (0.4) —16.2(2.9) —14.2

C4 —39.1(0.9) —1694.1) —222

D2 —20.1(2.2) —3.2(0.6) —16.9

D3 —24.4(0.5) —=8.1(1.1) —16.3

propane

C2 —11.0 (0.7) —11.3(2.1) 0.3 —0.6(0.6)
C3 —14.9 (0.3) —16.2 (2.9) 1.3

C4 —23.9(1.9) —16.9 4.1) =7

D2 —=5.2(1.6) —3.2(0.6) -2

D3 —9.1 (0.8) —=8.1(1.1) -1

“ Errors (obtained by block averaging) are given in parentheses.
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Figure 5. (upper panel) TI curves for the C and D references in
BPA—PC with 1 ns equilibration and 1 ns run time. (lower panel) Soft-
core potential energy functions Vsc(r,4) of the references C2 and D3
with BPA—PC backbone atoms at 480 K.

To resolve this problem, we performed a large number of fast-
growth TIs?® and used exponential averaging of the resulting
work distributions to obtain accurate solute free energies in
BPA—PC. We have discussed this fast-growth TI approach in
greater detail elsewhere.”® The statistical errors on the free
energies obtained from fast-growth TI are 0.6 (propane), 1.0
(DMSO), and 1.2 kJ/mol (chloroform). The fast-growth TI free
energies (AF™) are summarized in Table 3 together with the
free energies obtained by free energy perturbation (AFFEP) based
on the various soft cavity reference states.

Figure 5 (upper panel) shows dAF/3A vs A for LJ particles C
and D (see Table 1) in the BPA—PC microstructure. Note that
for 1 < 0.5 the value of dAF/9A depends on the starting
conditions as noted above; i.e., the “hard” particle does not
explore the matrix. The choices of the A values used to define
the soft reference states are indicated with the arrows; the
corresponding soft-particle potentials for C2 and D3, where only
o differs as a parameter in the potential, are shown in the lower
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Table 4. Root-Mean-Square Displacements (rmsd) in BPA—PC
after 1 ns (units of nm)

C2 33 D2 7.2
C3 0.8 D3 4.5
C4 0.5 chloroform 0.3

panel. Since BPA—PC contains various atom types, the poten-
tials between soft cores and these atom types are plotted
separately. Table 4 summarizes the root-mean-square displace-
ments of C2, C3, C4, D2, D3, and chloroform in the BPA—PC
matrix after 1 ns. On this time scale, C2, D2, and D3 move
diffusively and explore most of the simulation volume (the box
size is 4.87 nm). C3 and C4 only move over distances up to
0.5—0.8 nm, indicating that these reference states are too hard
causing the soft particle to stay close to its initial position in
the matrix. (The BPA—PC monomer size defined through the
carbonate—carbonate distance along the backbone equals 1.1
nm.) On the other hand, chloroform does not move at all on
this time scale. This clearly illustrates that the free energy
changes obtained by means of (slow-growth) TI using nano-
second simulation times cannot provide reliable results because
volume-averaged sampling over the various low-energy minima
(cavities) in the matrix is lacking.

Figure 6 shows the energy distributions p(AURgr—pROPANE)
and the reweighted distributions p(AURrgr—PROPANE) €XP-
[—BAURrgr—propang] Obtained with the C2 (upper panel) and
C4 (lower panel) reference ensembles. The reweighted distribu-
tion based on the C2 reference is sampled with reasonable
accuracy, unlike the corresponding distribution obtained by
sampling the C4 reference state where the distribution is very
scattered at the low-energy tail. A similar difference between
C2 and C4 emerges with the chloroform and DMSO solutes
(not shown). In Figure 7, the running average value of AFFEP
is shown for chloroform, DMSO, and propane. The lines
represent the different soft cavity reference states. Figure
7—interpreted along with the rmsd’s in Table 4—clearly
illustrates that the C2 and D3 reference states are the optimal
ones to achieve statistical convergence and volume averaging
on the simulation time scale (10 ns). Although the perturbation
free energy based on C3 (Figure 7) converges within 10 ns as
well, it is clear from the rmsd in Table 4 that reasonable
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Figure 6. (left) Probability distribution function p(AU) and (right) its
exponentially weighted distribution p(AU) exp(—pfAU) corresponding
to free energy perturbation of (a) a good reference C2 to propane and
(b) a bad reference C4 to propane in BPA—PC.
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Figure 7. Running average free energy changes of solvation, AFFEP,
for the solutes (a) chloroform, (b) DMSO, and (c) propane obtained
from the perturbation using various reference states (C2, C3, C4, D2,
and D3) in BPA—PC.

sampling of the box volume has not been achieved. D2 and, in
particular, C4 are not converged (Figure 7), which causes the
negative deviation of AFFEP in comparison to AF™ for D2 and
C4 in Table 3. In particular, for the C4 reference (which is too
“hard” and does not explore the matrix; see Table 4), the free
energy is dominated by a few low-energy (“fortunate”) inser-
tions, which are not properly weighted. This corresponds to the
scattered, high values in the reweighted energy distribution in
the lower panel of Figure 6. For DMSO, with the exception of
C4, all reference states systematically predict too positive AFFEP
values. This result, however, is not surprising for a highly polar
solute (the dipole moment of the DMSO model® is 5.25 D)
treated with a perturbation method based on a reference
ensemble of a nonpolar soft cavity. For chloroform and propane,
within the error bars of 2—3 kJ/mol, the values of AFFEP and
AF™ are in reasonable agreement for C2, C3, D2, and D3.

We finally point out that the free energy difference AAFYY,
defined as the difference AFﬁ%‘;QSOLUTE,X - AFE%II):ﬁSOLUTE,Y,
provides the relative solubility of solutes X and Y, i.e., Sx/Sy
= exp[—AAFx y/RT]. When applied to chloroform and propane
AAFEI;:{I)CIS,C3H8 = —8.3 kJ/mol (averaged over the C2, C3, D2,
and D3 references), which compares to a value of —8.2 kJ/mol
obtained by fast-growth TI. For solute pairs involving DMSO,
the AAFFDI\}I)SO,Y values are ~2 kJ/mol more positive than the
corresponding value obtained with fast-growth TI. Compared
to absolute values, relative solubilities can be calculated with
higher accuracy because systematic errors may cancel out in
taking the free energy differences. Moreover, uncertainties
related to the quality of the force fields become smaller; i.e.,
effects of a too strong (or weak) solute—matrix nonbonded
interaction may largely cancel when comparing, for example,
relative solubilities of benzene and toluene.

5. Summary and Conclusions

Molecular simulations are frequently used for calculating
solubilities of small gaseous penetrants in polymer microstruc-
tures. Unlike for small molecules, solubilities of large-sized
penetrants cannot easily be calculated owing to the complexity
of the typical free energy surfaces in dense polymer micro-
structures. Solubilities of large and internally rigid solute
molecules are particularly difficult to obtain since these mol-
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ecules can neither be inserted at once (by Widom test particle
insertion) nor be inserted stepwise; in the latter case configu-
rational biasing MC methods'>'*'® offer advantages with
flexible solutes. Because the free energy barriers separating the
low-energy minima (“cavities”) are typically much larger than
kgT, fully coupled, large molecules are moreover prevented from
sampling all possible minima during finite time molecular
dynamics simulation, which causes slow-growth thermodynamic
(coupling parameter) integration (TT) methods to be computa-
tionally inefficient. In this paper, slow-growth TI is used to
introduce a Lennard-Jones particle, which is coupled to the
matrix up to a value of the coupling parameter where the parti-
cle is still sufficiently “soft” to explore all cavity spaces of the
matrix. On the basis of this system, a long “soft cavity reference
state” trajectory has been generated from which the excess
chemical potentials of several solutes have been calculated using
a thermodynamic perturbation analysis. This single-step per-
turbation method® offers a useful route to calculating solubilities
of bulky additive molecules inside polymeric microstructures,
achieving efficient averaging over the microstructure volume
on nanosecond time scales.

In this paper the method has been applied to various solutes
in liquid octadecane and bisphenol A—polycarbonate (BPA—PC).
The excess chemical potentials (free energies) of the solutes
propane, chloroform, and dimethyl sulfoxide have been calcu-
lated and (for BPA—PC) compared with results obtained by an
alternative—equally well applicable—fast-growth thermody-
namic integration method.?® The comparison illustrates excellent
agreement for soft cavity references in which the soft-
core—matrix atom (repulsive) interaction does not appreciably
exceed a value of k7. Because a single simulation of an
appropriate reference state potentially provides information for
many different solutes, the method is particularly useful for
calculating solubility ratios of large-sized penetrant pairs, which
are of comparable size but are chemically different (e.g., toluene/
phenol, ethylbenzene/xylene, etc.). We note that the method is
not limited to systems with dissolved molecules present at
infinite dilution and can be employed at any solute concentration
of interest.
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