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We show that the solvation free energy and vapor pressure, important thermodynamic properties of pure substances in liq-
uid or solid states, can be obtained from short, about 20 ps, molecular dynamics simulations. The method combines the
determination of free energy of a chemical in vacuum using the normal-mode analysis (NMA, energy minimization), and in
the condensed phase using the two-phase thermodynamic (2PT) model. We have examined the calculation results for com-
mon liquids and solids, including water, alcohol, acid, aromatics, and alkanes. The results, referred to as 2PT-NMA, is
comparable to those calculated from thermodynamic integration (TI) for liquids, and is readily applicable to solids, where
simple TI is not applicable. Furthermore, the free energy from 2PT-NMA converges (20 ps) much faster than that from TI
(1 ns). The new method could be a very useful tool for fast screening of condensed phase pressure from the trajectory of
MD simulations. VC 2015 American Institute of Chemical Engineers AIChE J, 61: 2298–2306, 2015
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Introduction

The solvation free energy, describing the interactions
between a solute and its surrounding solvent, is one of the
important properties for research in different areas, such as
phase equilibrium,1 drug design,2 protein folding,3 molecule
blending,4 and membrane design5 etc. There have been many
methods developed to determine free energy from molecular
simulations, such as the Widom insertion method,6 free energy
perturbation method,7,8 umbrella sampling method,9 histogram
analysis method,10 expend ensemble method,11 potential of
mean force method,12 and thermodynamic integration (TI)
method etc.1,13–17 The solvation free energy is often determined
by varying the state of the solute from none interaction to full
interaction via tuning a coupling parameter k base on Krikwood
thermodynamic integration equation.3,18–20 However, in order
to remain reversibility, only small incremental changes of k are
allowed. Therefore, the simulation times required in such TI
process are often very long, on the order of 1 ns.17

In this work, we proposed a new approach to calculate sol-
vation free energy and vapor pressure base on separate deter-
mination of Gibbs energy in the vapor and liquid phases,

respectively. In the vapor phase, the system is ideal and the
free energy can be easily determined from the translation, rota-
tion, and intramolecular vibrations (normal mode analysis
[NMA]). In the liquid phase, the free energy is obtained from
a short, about 20 ps, trajectory of molecular dynamic simula-
tion based on the two-phase thermodynamic (2PT) model. The
2PT determines the free energy of a fluid based on the vibra-
tional density of states (DOS), obtained from the Fourier trans-
fer of the velocity auto-correlation function. In particular, the
anharmonicity of diffusive modes and quantum corrections for
the high frequency modes are readily included in the 2PT
model. The 2PT model has been successful in the prediction
of many physical chemistry properties such as diffusion,21

heat capacity,22 absolute entropy,23 and free energy.24 The
challenge is that the small solvation free energy is obtained
from taking the difference of two (often) large Gibbs energies
in the vapor and liquid states. We show that such systematic
differences between the NMA and 2PT calculations can be
minimized by scaling of the vibrational frequencies in the gas
phase. Therefore, the resulting approach, referred to as 2PT-
NMA(svib), can be used for rapid determination of solvation
free energy and vapor pressure from MD simulations.

Theory

The solvation energy and vapor pressure

The solvation free energy is defined as the work needed to
transfer a molecule from a fixed position in the ideal gas
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phase to another fixed position in solution under constant
temperature and pressure
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where G�;L
i

and G�;IG
i

are the “pseudo” chemical potential of
solute i in the solution and ideal gas phase, respectively,25

with the asterisk in the superscripts denoting the fact that the
solute molecule is not allowed to move. It can be shown that
the same work can be attained from transferring the mole-
cule from the ideal gas phase having the same temperature
and molar volume as the solution, that is25

DG�sol
i
ðT;PÞ5GL

i
ðT;V L

i
Þ2GIG

i
ðT;V L

i
Þ (2)

where Vi
L is the molar volume of the solution at temperature

T and pressure P. The advantage of this process is that the
position of solute molecule is not fixed and the formal chem-
ical potential (rather than the pseudo chemical potential) can
be used to determine the solvation free energy.

The vapor pressure of a liquid can be obtained by solving
the pressure of the system at vapor-liquid equilibrium25
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If the vapor pressure is sufficiently low such that the
vapor phase can be assumed ideal, the solvation free energy
is related to the vapor pressure as25
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where the first two terms of the second identity cancel
because of Eq. 3. As the solvation free energy is not sensi-
tive to small pressure variations, the vapor pressure can be
evaluated based on solvation free energy evaluated at any
pressure of convenience, that is25
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The two-phase thermodynamic model for Gibbs free
energy

The Gibbs free energy can be calculated from the trajec-
tory of molecular dynamic simulation using the 2PT
model.21,22,24,26,27 The vibrational DOS function S(t) is
defined as the distribution of vibrational normal modes in
the system. The number of modes of a system at some fre-
quency t is calculated as the sum of contributions from all
atoms in the system21
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where mj is the mass of atom j, N is the total number of
atoms. The velocity spectral density sk

j(t) of atom j in the
kth coordinate (k 5 x, y, and z in the Cartesian coordinate) is

determined from the square of the Fourier transform of the
velocities as21
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where vk
j(t) is the kth velocity component of atom j at time

t. The DOS function can also be obtained from the Fourier
transform of the velocity autocorrelation function.28 Several
important features of DOS should be noted. First of all, the
integration of S(t) over the whole frequency domain gives
the total degree of freedom (3N) of the system. In other
words, S(t)dt is the number of normal modes with frequen-
cies between t and t 1 dt. Furthermore, the zero frequency
intensity, S(0), is related to the diffusivity (motion of zero
frequency) of the system. For system of polyatomic mole-
cules the S(t) is decomposed into three components, transla-
tion (trn), rotation (rot), and intramolecular vibration motions
(vib)

S tð Þ5Strn tð Þ1Srot tð Þ1Svib tð Þ (8)

Each DOS component is determined from the center of
mass velocity, angular velocity, and vibrational velocities.24

The essence of the 2PT model is the decomposition of the
DOS of the system with 3N degrees of freedom to a gas-like
and a solid-like portion21
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m tð Þ1Ss
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where the subscript m can be translation (trn), rotation (rot),
or vibration (vib). For internal vibration, the gas-like compo-
nent is zero. For translation and rotation, the hard sphere
model is used to describe the gas-like diffusive component,29

aiming to take up all the diffusive and anharmonic modes
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The fluidicity factor f, whose value falls between 0 and 1,
represents the fraction of gas-like component, and is deter-
mined from the dimensionless diffusivity constant Dm as

2D29=2
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(11)

with Dm determined as a function of material properties21
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Once the gas-like component is determined, the solid-like
component can be obtained from the difference of the total
DoS and the gas-like DoS.

The thermodynamic properties Pm (energy E or entropy S)
associated with molecular motion m is determined from the
weighting the individual DOS component with proper
functions21

Pm5

ð1
0

dt SS
m tð ÞWS

P;m tð Þ1
ð1
0

dtSg
m tð ÞWg

P;m tð Þ (13)

where WS
P;m tð Þ and W

g
P;m tð Þ are the weighting functions of a

harmonic oscillator and the corresponding gas part of com-
ponent, respectively. For the absolute entropy and energy,
they are
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where b 5 1/kbT, SHS and SFR are the hard-sphere entropy
and rotational entropy of molecules at the ideal gas state,
respectively
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where y 5 ftrn
5/2/Dtrm

3 and z(y) is the compressibility factor
of hard sphere gases from the Carnahan-Starling equation of
state,30 H is the rotation temperature, and r is the rotational
symmetry number. The thermodynamic properties are deter-
mined from the sum of translation, rotation, and intramolecu-
lar vibration contributions

E5E01Etrn1Erot1Evib (21)

S5Strn1Srot1Svib (22)

where the reference energy form E0 is described as
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The reference energy is obtained by comparing the MD
potential energy to the 2PT energy based on classical har-
monic oscillators.21 The Helmholtz energy and Gibbs energy
can be calculated through thermodynamic relationship equa-
tion as following

A5E2ST (24)

G5A1PV (25)

where P and V are total pressure and volume of system,
respectively.

The normal mode analysis for Gibbs free energy of an
ideal gas

Although the 2PT method is applicable to all types of state of
aggregation of a chemical, the DOS converges much slowly in
the vapor phase as enough collisions would be necessary.24,26 A
more efficient approach to obtain the ideal gas free energy is
from the NMA,29 where the property Q of an ideal gas is calcu-
lated with contributions from molecular translation, rotation,
and vibration as in Eqs. 21 and 22. For energy, they are29
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Srot is the same as Eq. 20.
The reference value for entropy is zero. For energy, E0 is

potential energy is calculated based on force field at refer-
ence temperature during energy minimization (0 K). In order
to match the reference energy E0 from 2PT (Eq. 21), the fol-
lowing equation is used
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The Helmholtz and Gibbs energy are calculated the same
manner as in Eq. 24 and 25.

Computational Details

The solvation free energies of 18 molecules are used to vali-
date the proposed method. Molecular dynamic simulations are
performed using the GROMACS 4.5.7 package.23,31 All
organic molecules are described by the optimized potentials for
liquid simulations for all atoms (OPLS-AA) force field32,33

which has been widely used for pure liquid simulation of com-
mon chemicals. The TraPPE united-atom force field34 was also
employed for alkane molecules. The non-bonded interaction or
van der Waals interaction of the atoms was carried in Lennard-
Jones (LJ) potential and electrostatic potential
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rij

rij

� �12

2
rij

rij

� �6
" #

1
qiqj

4pe0rij
(32)

where the Vij is the sum of potential energy, the first term on the
right of Eq. 36 is LJ formula, the second term on the right of Eq.
36 is Columbic interaction. A spherical cutoff of 12 Å was both
used to evaluate van der Waals and Columbic interactions. The
calculation of LJ potential is corrected using Switch algorithm.
The long range Columbic interaction was calculated by PME
(fast Particle-Mesh Ewald) method.23 Three types of intramolec-
ular interactions were employed for calculation of intramolecular
potential including bond, angle and dihedral torsions, respec-
tively.32–34 The water molecule was described by three rigid
water models, SPC, TIP3P, and TIP4P. The bonds and angles
are fixed in special values using the SETTLE algorithm.22

The liquid phase simulations were conducted using cubic
boxes containing 500 molecules, with the initial density set to
that of pure solvent. Energy minimization was then performed
with the box volume allowed to vary in order to relax extra-
stresses in the system. Then a 10-ns simulation under constant
temperature and pressure (NPT) were conducted to equilibrate
the system. The temperature was controlled at desired temper-
ature using the Nose-Hoover extended ensemble,31 and the
Berendsen barostat method31 was employed to stabilize

2300 DOI 10.1002/aic Published on behalf of the AIChE July 2015 Vol. 61, No. 7 AIChE Journal



pressure at 1 atm. The equilibrated system serves as the initial
state of the subsequent simulations for 2PT or TI analysis. The
solid phase simulations were conducted using triclinic or
orthorhombic boxes based upon the crystallographic data. All
crystal structures of solid phase were downloaded from Cam-
bridge Structural Database.35 The process of simulation was
employed the same way as for the liquid phase simulations.

For 2PT analysis additional 20 ps NVT simulation was
performed with the coordinates and velocities saved every 2
fs. Five independent simulations were performed in order to
obtain the statistical uncertainty.

For the TI analysis, 10 ns NPT simulation was used to
slowly turn on the LJ interaction (with the coupling parame-
ter k increased from 0 [start point] to 1 [end point]). Addi-
tional 10 ns simulation followed to incorporate the Columbic
interactions (with the coupling parameter k increased from 0
[start point] to 1 [end point]). The temperature was con-
trolled at desired value using the Langevin stochastic
dynamic method and the Berendsen barostat method was
used to stabilize pressures at 1 atm. The detailed simulation
results from TI are provided in the supporting information.

Results and Discussion

Solvation free energy and vapor pressure from 2PT
model for fluids

Table 1 summarizes the calculated solvation free energy
from 2PT and TI. Although the solvation free energies from

2PT-NMA for most chemicals are consistent with those from
the TI method, the results for alkanes are obviously errone-
ous both in the absolute values and the change of solvation
free energy with the number of carbon atoms: the solvation
free energy becomes more negative in TI as the alkane chain
length increases. This results in a low overall correlation
coefficient R2 between 2PT-NMA and TI of 0.41.

An analysis regarding the free energy components helps to
understand the source of problem. Table 2 shows the five
solvation free energy components from reference energy
(DE0), translation (DA*sol (trn)), rotation (DA*sol (rot)),
vibrational (DA*sol (vib)) motions, and the pressure-volume
term (DPV). Note that DG*sol (2PT-NMA) 5 DE0 1 DA*sol

(trn) 1 DA*sol (rot) 1 DA*sol (vib) 1 DPV. It can be seen that
the solvation energy is dominated by the large negative con-
tributions from DE0, with positive corrections from DA*sol

(trn) and DA*sol (rot). The internal vibration DA*sol (vib) is
usually small, except for a few cases, such as tetrahydrofuran
(THF) (262.68 kJ/mol) and acetic acid (222.43 kJ/mol). In
the case of THF, the contribution from DE0 becomes posi-
tive. Figure 1 illustrates the vibrational DOS from 2PT and
NMA for THF. It is quite clear that there is a significant dis-
crepancy in the two methods in the high frequency modes
(>2500 cm21). The large difference in the vibration frequen-
cies in the gas phase and in liquid implies that a very differ-
ent valence potential energy and zero point energy in these
two states, such a large different results in a positive value
of DE0 and a large negative of DA*sol (vib) for THF. One

Table 1. The Solvation Free Energy Determined from 2PT and TI Methods at 298.15 K and 1 bar

Compounds
DG*sol (2PT-NMA)

(kJ/mol)
DG*sol (2PT-NMA(novib))

(kJ/mol)
DG*sol (2PT-NMA(svib))

(kJ/mol) SD (kJ/mol)
DG*sol (TI)

(kJ/mol)

OPLS-AA (all-atoms)
Water(spc) 228.58 228.58 228.58 60.03 227.01 6 0.11
Water(tip3p) 228.42 228.42 228.42 60.03 226.28 6 0.03
Water(tip4p) 227.51 227.51 227.51 60.04 225.72 6 0.09
Methanea 25.42 24.84 27.35 60.64 25.36 6 0.01
Methanol 222.65 224.94 225.36 60.83 218.48 6 0.26
Acetone 218.05 219.27 222.61 60.79 216.05 6 0.09
Acetic acid 229.64 232.62 232.25 60.76 229.07 6 0.88
Acetonitrile 220.84 220.75 222.93 60.63 217.54 6 0.09
Benzene 218.45 218.40 224.21 60.32 217.87 6 0.09
Chloroform 212.80 214.89 214.03 60.71 216.61 6 0.20
Ethanol 218.02 221.45 222.33 60.31 219.39 6 0.33
1,4-Dioxane 212.42 215.52 218.53 60.94 218.06 6 0.23
Furan 215.25 214.25 219.05 60.30 215.60 6 0.09
THF 214.23 213.86 219.96 60.57 216.51 6 0.37
Toluene 210.33 218.54 217.79 60.79 221.10 6 0.35
Butane 27.03 210.66 214.17 60.50 210.62 6 0.10
Pentane 24.76 210.36 213.63 60.76 213.62 6 0.19
Hexane 24.21 211.88 214.97 60.24 215.96 6 0.19
Heptane 24.33 214.11 217.25 60.40 219.13 6 0.46
Octane 23.74 216.26 218.86 60.12 221.73 6 0.50

TraPPE (united-atoms)
Butane 216.52 215.49 216.54 60.64 210.84 6 0.10
Pentane 216.93 215.51 217.10 60.35 213.16 6 0.18
Hexane 217.47 216.06 217.52 60.55 216.04 6 0.29
Heptane 218.47 217.11 218.65 60.36 218.54 6 0.10
Octane 218.84 217.95 219.26 60.62 220.84 6 0.15
R2 0.41 0.77 0.73 —
RMSD 6.44 3.06 3.47 —

aMethane simulations were conducted at 111.65 K and 1 bar.
2PT-NMA5GL(2PT) 2 GV(NMA).
2PT-NMA(novib): without including contributions from the intramolecular vibration.
2PT-NMA(svib): the vibrational frequencies from NMA are scaled as given in Eq. 35.
SD: standard deviation from 2PT.
R2: correlation coefficient against results from TI.
RMSD: root mean square deviation against results from TI.
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possible cause of the shift of vibrational frequencies is the
use of 0 K molecular structure in NMA, whereas the liquid
phase is equilibrated at 298 K. Figure 2 shows the DOS
from 2PT and NMA for octane. It can be seen that the shifts
of the high frequency modes are similar as in the case of
THF. We thus performed additional simulations for alkanes
using the united atom force field, TraPPE, where the high
frequency bond stretching modes do not appear. As can be
seen in Figure 2b, the high frequency modes (>2500 cm21)
associated with CH stretching are not present in the DOS.
Furthermore, correct dependence of solvation free energy on
carbon number can be retained and good agreement between
2PT and TI can be achieved, as seen in Table 1.

Note that in TI the contributions from internal vibrations
are completely ignored. In the case of rigid waters, the agree-
ments between 2PT-NMA and TI are pretty good. It is thus
intriguing to see how the calculation changes without consid-
eration of the internal vibration modes. The DG*sol (2PT-
NMA(novib)) in Table 1 (third column) are results without
considering internal vibrations in both 2PT and NMA analy-
sis. In other words, the solvation free energy is calculated as
DG*sol (2PT-NMA(novib)) 5 DE0(novib) 1 DA*sol (trn)
1DA*sol (rot) 1DPV given in Table 2. The reference energy
needs to be modified (adding back MD energy of intramolecu-
lar vibration) in order to match the reference state in 2PT and
NMA. The agreement between 2PT-NMA and TI improves
significantly when the internal vibrations are ignored, with the
correlation coefficient R2 improves to 0.77 (root mean square
deviation [RMSD] error improves from about 6.44 kJ/mol to
3.06 kJ/mol), as shown in Figure 3.

While in practice the internal vibrations should vary with
the chemical environment, the complete neglect of such con-
tributions in TI and 2PT-NMA(novib) is not strictly correct.

Since the high frequency modes should be less affected by
the environment where a solute molecule is situated, we sug-
gest a different treatment that the vibrational frequencies
from the NMA can be rescaled by a constant factor j deter-
mined from the highest frequency from both calculations as

Table 2. The Solvation Free Energy Components from the 2PT-NMA Method

Compounds
DE0

(kJ/mol)
DE0 (novib)

(kJ/mol)
DA*sol (trn)

(kJ/mol)
DA*sol (rot)

(kJ/mol)
DA*sol (vib)

(kJ/mol)
DA*sol (svib)

(kJ/mol)
DPV

(kJ/mol)

OPLS-AA (all-atom)
Water(spc) 262.75 262.75 16.14 20.51 0.00 0.00 22.48
Water(tip3p) 260.90 260.90 15.21 19.74 0.00 0.00 22.48
Water(tip4p) 262.56 262.56 16.43 21.09 0.00 0.00 22.48
Methane 216.10 215.30 7.46 3.92 0.23 21.71 20.93
Methanol 255.44 255.47 17.15 15.86 2.26 20.45 22.47
Acetone 238.64 249.19 16.30 16.10 29.34 213.89 22.47
Acetic acid 248.05 273.47 20.89 22.42 222.43 225.04 22.47
Acetonitrile 247.85 247.90 15.58 14.04 20.15 22.24 22.47
Benzene 245.92 252.00 18.66 17.41 26.15 211.90 22.47
Chloroform 247.89 247.24 18.25 16.56 2.74 1.52 22.47
Ethanol 238.08 259.97 19.56 21.43 218.46 222.77 22.47
1,4-Dioxane 242.30 251.72 18.86 19.80 26.32 212.42 22.47
Furan 232.55 247.47 16.53 19.16 215.92 219.72 22.47
Tetrahydrofuran 14.75 247.55 17.87 18.29 262.68 268.41 22.47
Toluene 249.73 259.14 19.51 23.55 21.18 28.65 22.47
Butane 231.29 237.74 14.83 14.72 22.82 29.95 22.47
Pentane 233.21 242.31 16.63 17.78 23.50 212.37 22.47
Hexane 236.53 247.23 18.01 19.81 23.04 213.81 22.47
Heptane 239.87 252.32 19.12 21.55 22.67 215.59 22.46
Octane 243.13 257.16 20.24 23.12 21.51 216.63 22.46

TraPPE (united-atom)
Butane 235.12 235.11 12.74 9.35 21.02 21.04 22.47
Pentane 239.33 239.12 13.83 12.25 21.20 21.37 22.47
Hexane 243.51 243.03 15.13 14.30 20.92 20.97 22.47
Heptane 247.49 246.77 16.14 15.98 20.63 20.81 22.46
Octane 251.71 250.56 17.38 17.70 20.25 20.17 22.46

DG*sol (2PT-NMA) 5 DE0 1 DA*sol (trn) 1DA*sol (rot) 1DA*sol (vib) 1DPV
DG*sol (2PT-NMA(novib)) 5 DE0(novib) 1 DA*sol (trn) 1DA*sol (rot) 1DPV
DG*sol (2PT-NMA(svib)) 5 DE0 1 DA*sol (trn) 1DA*sol (rot) 1DA*sol (svib) 1DPV

Figure 1. The vibrational DOSs of tetrahydrofuran from
2PT (black line), NMA (red line), and NMA with
the frequencies rescaled (dotted blue line).

The inset figure emphasizes the data in the low frequency

region. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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j5
f 2PT
highest

f NMA
old;highest

(33)

The value of j is found to range from 1.01 to 1.04 for the
18 molecules studied here. The NMA frequencies are then
scaled as

f NMA
new;i 5jf NMA

old;i (34)

The modified vibrational frequencies of NMA model have
a better matching with 2PT model as the blue dash line
shown on Figures 1 and 2. The solvation free energy
obtained from this method (denoted as 2PT-NMA(svib)) still
gives much improved agreement with the TI results (RMSD
error reduces to 3.47 kJ/mol, and correlation coefficient
R2 5 0.73), as shown in Figure 3. The rescaling of internal

vibration frequency also provides a correct solvation free
energy dependency on alkane chain length for both all atom
and united atom force fields. In other words, 2PT-NMA(s-
vib) may minimize the systematic error caused by the used
of different simulation methods in the liquid and vapor
phases and produces satisfactory accuracy for the solvation
free energy for a variety of species. It is noteworthy that an
exact agreement between TI and 2PT-NMA should not be
expected as the latter approach includes quantum corrections
by applying quantum harmonic statistics (Eq. 14, 15, 29,
31), whereas TI produces purely classical results.

The vapor pressure determined from the calculated solva-
tion free energy (Eq. 5) are summarized in Table 3 and com-
pared in Figure 4. The RMSD of calculated vapor pressure
from 2PT-NMA, 2PT-NMA(novib), 2PT-NMA(svib), and TI
are 2.75, 1.43, 1.38, and 0.61 (unit is ln(pa)), respectively.
The results from TI best agree with experiment36 perhaps
because that the classical force fields were developed with
inclusion of phase transition data.27 The larger errors from
2PT-NMA methods can be expected since the force fields
were developed without consideration of quantum effects,
which is important for proper description of other properties
such as enthalpy and heat capacities.37

Solvation free energy and vapor pressure from 2PT
model for solid crystals

One prevailing advantage of 2PT-NMA method over TI is
the determination of properties of solid crystals, where quan-
tum effects are significant. To determine the free energy of a
solid with TI, one often need to choose a solid model (e.g.,
Einstein crystal) to be the reference state, and then device a
TI path to transform the ideal crystal to the system of inter-
est.38,39 Recently, Aragones et al.40 demonstrated the evalua-
tion of free energy of solids with TI without consideration of
intramolecular vibrations (i.e., rigid molecules). To evaluate
the solvation free energy or sublimation pressure, one would
also need to change the reference state the ideal gas phase.
In contrast, the 2PT-NMA method, which inherently includes
the quantum corrections to the calculated properties, can

Figure 2. The vibrational DOSs of octane, using all-
atom model (a) and united-atom model (b),
from 2PT (black line), NMA (red line), and
NMA with the frequencies rescaled (dotted
blue line).

The inset figure emphasizes the data in the low fre-

quency region. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 3. The comparison of solvation free energies
determined from 2PT-NMA and TI.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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readily provide the properties of solids without devising any
additional simulations.

In this work, several typical compounds were chosen to
calculate their solid solvation free energy below their melt-
ing temperatures by about 50 K. The use of a lower tempera-
ture is to ensure a stable solid phase using the OPLS force
field. Every crystal configuration contained about 250 mole-
cules to 640 molecules base on the crystalline unit cell
obtained from the CCDC database.35 The calculated solva-
tion free energy and vapor pressure of solid were shown in
Table 4. The solvation energy is dominated by the large neg-
ative contributions from DE0 with a small negative contribu-
tions form DA*sol (svib) and DPV and positive corrections
from DA*sol (trn) and DA*sol (rot). The predicted sublimation
pressure of solid agrees reasonably with experiments. Note
that the some of the experimental values36 (denoted by sym-
bol “†” in Table 4) were extrapolated from data at higher
temperatures. The results show that the 2PT-NMA method is
useful for estimating the sublimation pressure of solids,
whose values are often very small and difficult to be meas-
ured accurately by experiment.

Comparison of merits between 2PT and TI methods

One important merit of the proposed 2PT-NMA method is
its efficiency. Figure 5 illustrates the solvation free energies
determined from different lengths of a MD trajectory for
octane. It can be seen that the 2PT-NMA results are con-
verged within 20ps. In contrast, TI requires at least 200 ps
to achieve convergence. TI usually requires a long simula-
tion time to allow slow changes in the coupling parameter k.
The simulation time would increase significantly especially
for large sized molecules. The convergence of 2PT is not

much affected by the size of molecules. On other hand,
while TI is convenient for obtaining free energy in the liquid
phase, additional modifications (as discussed previously) are
necessary for the solid phase. The 2PT-NMA method is
readily applicable to all condensed phases because the 2PT
method includes both diffusive effects (important for liquids)
and quantum corrections (important for solids). Therefore,
there is a great potential for its application in different scien-
tific areas.

Table 3. The Vapor Pressure Determined from 2PT and TI Methods at 298.15 K

Compounds

lnPcal(Pa)

2PT-NMA 2PT-NMA (novib) 2PT-NMA (svib) TI Exp36

OPLS-AA (all-atoms)
Water(spc) 7.2 7.2 7.2 7.8 8.1
Water(tip3p) 7.3 7.3 7.3 8.1 8.1
Water(tip4p) 7.6 7.6 7.6 8.3 8.1
Methanea 11.4 12.0 9.3 11.3 11.5
Methanol 8.8 7.9 7.7 10.6 9.7
Acetone 10.1 9.6 8.2 10.8 10.3
Acetic acid 5.6 4.4 4.6 5.9 7.6
Acetonitrile 9.2 9.3 8.4 10.5 9.4
Benzene 10.1 9.7 7.8 9.9 9.4
Chloroform 12.1 11.3 11.6 10.5 10.2
Ethanol 10.3 8.9 8.6 9.7 9.0
1,4-Dioxane 12.1 10.9 9.7 9.8 8.5
Furan 11.2 11.6 9.7 11.1 11.3
THF 11.5 11.6 9.2 10.5 10.0
Toluene 12.8 9.5 9.8 8.5 8.2
Butane 14.2 12.7 11.3 12.7 12.4
Pentane 15.0 12.7 11.4 11.4 11.1
Hexane 15.1 12.0 10.7 10.3 9.9
Heptane 14.9 11.0 9.7 8.9 8.7
Octane 15.0 10.0 8.9 7.8 7.5

TraPPE (united-atoms)
Butane 10.3 10.8 10.3 12.6 12.4
Pentane 10.1 10.6 10.0 11.5 11.1
Hexane 9.7 10.3 9.7 10.3 9.9
Heptane 9.2 9.7 9.1 9.1 8.7
Octane 8.9 9.3 8.8 8.1 7.5
RMSD 2.75 1.43 1.38 0.61

aVapor pressure of methane is determined at 111.65 K.

Figure 4. The comparison of vapor pressure predic-
tions from 2PT-NMA(svib) and TI against
experimental data.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Conclusion

In this research, we propose a new method to determine
the solvation free energy from the results of MD simulations.
This new method combines the Gibbs free energy deter-
mined from NMA in ideal gas phase and 2PT analysis in the
condensed phase. The systematic error from taking the free
energy difference between two methods are minimized by
rescaling the internal vibration frequencies based on the
highest vibration frequency in the real phase. The resulting
method, 2PT-NMA(svib) produces solvation free energies
that correlates reasonably with those from TI in fluid phase.
The advantages of the proposed approach are to include
quantum effects (zero point energy, harmonic vibrations) in
the solvation free energies. Because of the inclusion of quan-
tum corrections, this method can be readily employed for the
calculation of solvation free energy in solid phase. There-
fore, the proposed method has the potential applications for
chemicals in all kinds of states, liquid, solid, glassy or rub-
bery states. The method produces converged free energy
within about 20 ps simulation trajectory, which is orders of
magnitude faster than that of TI. This opens up opportunities
of studying solvation driving forces using ab initio MD or
systems involving macromolecules.
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