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ABSTRACT: The potential energy surfaces at the B3LYP-D3(BJ) level for eight solutes in
dilute aqueous solutions were mapped into simple pairwise additive force field expressions
using the adaptive force matching (AFM) method. The quality of the fits was validated by
computing the hydration free energy (HFE), enthalpy of hydration, and diffusion constant
for each solute. By force matching B3LYP-D3(BJ), the predictions from the models agree
with the closest experimental HFE and enthalpy of hydration within chemical accuracy.
The diffusion constants from the models are also in good agreement with experimental
references. The good agreement provides confidence on the quality of B3LYP-D3(BJ) in
producing potential energy surfaces for thermodynamic property calculations through AFM
for the molecules studied. Accurate computational predictions could potentially provide
validations to experimental measurements in cases where experimental measurements from
different sources do not agree.
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I. INTRODUCTION

While advances in electronic structure theory have enabled the
computation of highly accurate energies, conformational space
sampling with electronic structure methods is often challenging
as a result of the high computational cost associated with such
methods. Electronic structure based property computations are
frequently performed with minimum energy conformations
instead of averaging over proper ensembles. This limitation
could lead to problems for certain properties. An example
demonstrating such a limitation is liquid water. Geometry
optimizations would lead to conformations that maximize the
number of hydrogen bonds, leading to ice-like conformations
as local minima. If properties were only computed on such ice-
like local minima, important properties of the liquid could be
missed, since spontaneous breaking of hydrogen bonds
happens on a regular basis in the liquid phase.1−3

One way to get ensemble properties based on electronic
structure methods is to performed so-called ab initio molecular
dynamics (MD)4−6 simulation. Depending on how much
electron density is allowed to deviate from the Born−
Oppenheimer solution and what type of electronic structure
method to use,7−10 ab initio MD encompasses a family of
approaches. Although it is debated whether density functional
theory (DFT) should be referred to as ab initio, DFT based
MD is generally considered as one example of ab initio MD. In
fact, most ab initio MD is based on DFT due to its ability to
achieve good accuracy at a relatively low computational cost.

Ab initio MD has many strengths, such as an accurate
description of many body effects and the easiness to model
reactivity. However, despite recent progress with linear scaling
algorithms11,12 and the rapid increase of computational power,
performing ab initio MD with thousands of atoms at
nanosecond time scale is challenging.
One alterative way to perform MD on an ab initio potential

energy surface (PES) is through fitting such a PES to a force
field model. Such a fitting can be accomplished with either
energy matching or force matching.13−20 Electronic structure
based force field development has a long history,21,22 although
such approaches have rarely been considered as a way to
perform ab initio MD. This is at least partly due to the need to
add empirical parameters to early ab initio based potentials.
Without empirical adjustments, such potentials tend to provide
rather poor agreement with experiments. Once empirical
parameters are introduced, the goal of such a potential will no
longer be to reproduce the ab initio PES. If a potential has
reproducing the ab initio PES as its sole objective, we feel
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appropriate to consider such an approach as an indirect way to
perform ab initio MD.
For MD on ab initio PES, some noteworthy approaches23−26

in recent years include advanced potentials that are fit to
energy decompositions based on symmetry adapted perturba-
tion theory (SAPT).27 Another noteworthy direction is to fit
the potential under the framework of force matching.13−15 As
an force matching based approach, the adaptive force matching
(AFM) method has showed some good success.28,29 It has
been shown that AFM derived potentials give good predictions
of hydration free energies (HFEs) for simple salts30 and small
neutral solutes.31,32 With PBE/D3 as a reference, an AFM
based potential predicted the conformation distribution for
hydrated alanine in excellent agreement with experimental
NMR scalar coupling constants.33

With AFM, an energy expression is fitted to condensed
phase reference forces computed with an electronic structure
method. Many-body effects are typically captured implicitly in
favor of minimizing the computational cost by utilizing a
simple pairwise additive energy expression. A pairwise
potential fitted through AFM will not be as accurate as a
direct ab initio MD. However, with a simple molecular
mechanics energy expression, it is much easier to address
systems where finite size effects are significant and to compute
properties where long time fluctuation needs be averaged out.
Another advantage of a molecular mechanistic potential is the
ability to do alchemical transformations.34,35 Such an ability
allows the construction of efficient thermodynamic pathways
to compute free energy differences.
In this work, we demonstrate the use of B3LYP to create

force field models with AFM and validate such force fields by
computing the HFEs for eight different molecules, ethanol,
isobutanol, 2-butanol, 1,2-butanediol, 1,4-butanediol, 1-hex-
anol, menthol, and piperidine. For some of these molecules,
force fields based on MP2 and local MP2 (LMP2) have been
developed.32 However, LMP2 with projected atomic orbitals
(PAO)36 has been shown to be provide unsatisfactory accuracy
for alcohols.32 Seven of the eight molecules in this study are
alcohols. An exchange-correlation functional with dispersion-
correction is selected to match the CCSD(T)37−40 PES for
ethanol.
Our work showed that models for simple alcohols can be

reliably created with B3LYP-D3(BJ), which overcomes the
deficiency shown previously with LMP2.32 Identifying a good
DFT functional for computing thermodynamic properties is
valuable, as such a functional would allow larger molecules to
be studied in the framework of AFM. Of the eight molecules
studied, piperidine is an amine. Experimental determination of
amine HFE is complicated by the need to account for
hydrolysis. Menthol is a widely used drug and is the largest
molecule of this group.
Our approach bears some resemblance to quantum

mechanics/molecular mechanics (QM/MM) based free energy
calculations.41−43 However, in typical QM/MM based HFE
calculations, only the solute is treated with QM. The fitting
step in our approach treats both the solute and water with QM.
Thus, the model captures the PES of QM solute in QM
solvent. A typical free energy perturbation44−49 (FEP) based
QM/MM HFE calculation performs sampling only with a force
field that is not iteratively improved. If the sampling is less than
satisfactory, the Zwanzig based FEP50 will be slow to converge.
AFM relies on a water model that is fitted to electronic
structure calculations at an appropriate quality. The solute−

water cross terms are iteratively improved during the AFM
iterations based on QM data. Our approach thus enables the
sampling of the hydration structure also at the quality of the
reference method.
The paper is organized in four sections, after the

introduction, a brief description of the fitting protocol is
provided in Section II. The computational details for property
calculations are provided in Section III, the results and
discussion in Section IV, and a summary and conclusion in
Section V.

II. SPECIFIC DETAILS OF THE FITTING PROTOCOL
FOR THE DEVELOPMENT OF THE SOLUTE−WATER
MODELS

In this work, only the solute−water interactions will be fitted
with AFM. The BLYPSP-4F water model, which was also
developed with AFM,29 will be used to model hydration water.
This model was fitted to a coupled-cluster quality PES for
liquid water obtained using the DFT with supplemental
potential approach.51,52 It has been shown that the BLYPSP-4F
model gives good water properties, such as diffusion constant,
surface tension, dielectric constant, heat of vaporization,
etc.29,53,54 The atom typing for the solutes is shown in Figure
1. The atom types are constructed with the name of the
element followed by a number. In principle, we prefer to give
each symmetry unique atom a different atom type. For 1-
hexanol and menthol, atoms with very similar chemical
environments are allowed to share the same atom type. For
example, in 1-hexanol, the α and β carbons of the hydroxyl
have different types, and subsequent secondary carbons share

Figure 1. Atom type definitions for the solutes investigated.

ACS Physical Chemistry Au pubs.acs.org/physchemau Article

https://doi.org/10.1021/acsphyschemau.1c00006
ACS Phys. Chem Au 2021, 1, 14−24

15

https://pubs.acs.org/doi/10.1021/acsphyschemau.1c00006?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.1c00006?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.1c00006?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.1c00006?fig=fig1&ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.1c00006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the same atom type. We also note that the parameters are
specific to each molecule. In other words, the same atom type
in different molecules will not have the same parameter.
A typical AFM iteration contains three steps: the MD step,

the QM/MM step, and the force matching (FM) step. The
MD step samples conformations to be used for FM, and the
QM/MM step performs single point force calculations using
the conformations sampled in the MD step. We note that
although forces are computed, they are only used for fitting a
force field and are not used to propagate the equations of
motion. The FM step refits the force field to best reproduce
the QM forces obtained in the QM/MM step.
In this study, the MD step was performed with a single

solute in a box of 343 waters at 298 and 328 K as done
previously for other solute models. Although we design the
force field to work under the ambient temperature, simulations
at the slightly higher temperature improve the sampling of the
repulsive wall of the potential and are expected to improve the
convergence of AFM, especially when the training set is small.
In the QM/MM step, the system is divided into a QM

region and an MM region. The MM region is represented by
partial charges. The QM region is further divided into a central
region and a buffer region. Only forces on the central region
atoms are fitted. The forces on the buffer region atoms are
discarded to remove potential boundary effects when electrons
in the QM region spill over to partial charges in the MM
region. The protocol for selecting the QM/MM region is the
same as that used in our previous work for developing MP2
and LMP2 based solute models and is thus only provided in
the Supporting Information.
In the QM/MM step, DFT forces are computed with the

B3LYP exchange correlation functional.55−57 The aug-cc-
pVTZ basis set was used for heavy atoms and the cc-pVTZ
basis set for hydrogens. The removal of diffuse augmented
functions on hydrogens reduces basis set linear dependency.

The long-range dispersion is modeled by Grimme’s D3
approach58 with Becke−Johnson (BJ) damping.59,60

Figure 2 shows potential energy surface scans of ethanol−
water dimers around the methyl and hydroxyl groups of
ethanol. In orientation A, where a water approaches the methyl
group of ethanol on its side, reference calculations were
performed with CCSD(T) using both the aug-cc-pVTZ61 and
aug-cc-pVQZ basis sets62 with the counterpoise correction
(CP).63 At least for this orientation, the difference between
aug-cc-pVTZ and aug-cc-pVQZ is very small, probably as a
result of the counterpoise correction. For other orientations,
only CCSD(T) with aug-cc-pVTZ and counterpoise correction
was used as reference. Of all the functionals tested, B3LYP-
D3(BJ) seems to provide the best agreement with CCSD(T)-
CP with ωB97XD64 being a close second. We note that no
counter-poise correction was used for any of the DFT
calculations. Based on this finding, B3LYP-D3(BJ) is used to
provide reference forces for this study.
A three step fitting procedure is performed as in our

previous study.32 Only the second and third step fittings were
done iteratively with AFM. The objective of the first step is to
determine the dispersion parameters, which will be held
constant in the subsequent fits using AFM.
Proper damping of dispersion is important especially when

the short-range repulsion is modeled with an exponential term
that does not approach infinity at short-range. In our models,
dispersion will be modeled with the short-range damped
form,33

=
+

V r
C

r r
( )disp ij

ij

6

0
6 6

(1)

where the r0 is 0.6 times the sum of the atomic van der Waals
radius taken from the work of Tkatchenko.65 The dispersion
terms are only placed between heavy atoms. The intermo-
lecular dispersion is fitted to the D3(BJ) dispersion energy

Figure 2. Potential energy scans for the ethanol−water dimer with four different orientations around the methyl and hydroxyl group of ethanol.
The scans were performed with Gaussian 16.129 All DFT calculations were performed with the aug-cc-pVTZ basis set. The CCSD(T) calculations
were performed with counter-poise correction, aug-cc-pVTZ(AVTZ), and aug-cc-pVQZ(AVQZ). Note that the aug-cc-pVQZ CCSD(T)
calculation is only performed for orientation A.
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gradient between a solute and a water. The intramolecular
dispersion is fitted with two isolated solutes without water. The
two solute molecules were sampled with an MD simulation in
an aqueous solution with Optimized Potentials for Liquid
Simulations All Atom (OPLS-AA).66,67 All water molecules are
discarded for the fitting of intramolecular dispersion.
The first fitting step only fits the C6 parameters in eq 1 to

D3(BJ) dispersion. After the dispersion parameters are
determined, other intermolecular parameters, such as partial
charges and short-range repulsion terms, are fitted in AFM
iterations to reproduce total forces and total torques of each
molecule using the B3LYP-D3(BJ) reference. The short-range
repulsion is modeled using a simple exponential form,

= −U r A r( ) exp( )rep ij ij (2)

where rij is the distance between atoms i on the solute and
atom j on a water. A repulsion term is placed between every
heavy atom of the solute and the water oxygen. In addition,
every pair of atoms with opposite charges will also have a
repulsion term between them.
After the intermolecular parameters are determined, the

intramolecular parameters were fitted to reproduce B3LYP-
D3(BJ) atomic forces. The intramolecular Coulombic and
dispersion terms had been fitted in the previous steps. The
intramolecular parameters to be determined in this step
include bond, angle, torsional, and short-range nonbonded
repulsion terms. The intramolecular nonbonded interactions
are placed between all atom pairs separated by three or more
covalent bonds. While the α for intermolecular repulsion is
fitted, the α for intramolecular repulsion is fixed to 3.6 Å−1.
Fixing α for intramolecular repulsion will lead to a small
reduction in accuracy but significantly reduces the number of
nonlinear parameters to be determined. Our results do not
seem to indicate any problem associated with using a fixed
value for the intramolecular α parameters.
Overall, the fitting protocols are essentially the same as we

did previously for several molecules with MP2 and LMP2 as
reference methods. The only major difference is to use B3LYP-
D3(BJ) to provide reference forces. To be consistent with the
B3LYP-D3(BJ) reference, the dispersion in this work was fitted
to D3(BJ) dispersion rather than to the E2 dispersion from
SAPT.32

III. COMPUTATIONAL DETAILS FOR PROPERTY
CALCULATIONS

The HFEs were computed with an alchemical path using the
Bennett acceptance ratio (BAR) method68,69 as implemented
in Gromacs. It is worth noting that by default Gromacs will
automatically remove gas phase contributions of the solute
with the couple-intramol keyword set to no. This option has
severe limitations when used with tabulated potentials. Our
force fields used different tabulated potentials for each pair and
are not compatible with the default implementation in
Gromacs. We perform alchemical integrations in both the
solution and the gas phase with the couple-intramol keyword
set to yes. The HFE is computed as the difference between the
two BAR free energies.
A soft-core potential is used to avoid numerical issues when

particles overlap.70 The soft-core parameters were chosen with
α and σ being 1 and 0.3 nm, respectively. A total of 21
alchemical windows were used with 11 windows for removing
Coulombic interactions followed by 10 windows for removing

the short-range nonbonded interactions. For each window, a
total of 5 ns of simulation was performed with stochastic
Langevin dynamics in the NPT ensemble at 298 K and 1 bar
with a 0.5 fs time step. For solution phase simulations, the
pressure was enforced with the Parrinello−Rahman71,72

barostat with a relaxation constant of 5 ps. The gas phase
simulation was performed under constant volume at the mean
box size of the solution.
The HFEs of the Generalized AMBER Force field

(GAFF)73,74 and OPLS-AA66,67 were also computed in
TIP4P water.32 The GAFF simulations used the restrained
electrostatic potential (RESP) charges computed with
Hartree−Fock/6-31G*.75,76 The measurement of the HFEs
for the GAFF/RESP and OPLS-AA models followed the same
BAR based procedure with the same simulation length except
with a 1 fs time step. Although the couple-intramol keyword
does function correctly for GAFF and OPLS-AA, the HFEs
were computed still with the finite difference and couple-
intramol set to yes. For rigid molecules, removing intra-
molecular coupling automatically by Gromacs might be more
convenient. For flexible molecules, the solute might sample
different conformations in the gas phase and the liquid
phase.18,77 Thus, using the finite difference should be more
accurate, although it increases statistical uncertainty.
The heat of hydration is computed with the finite difference

method according to the formula,

Δ = ⟨ ⟩ − ⟨ ⟩ + ⟨ ⟩ +

− ⟨ ⟩ −

H E E E PV

P V RT

( )solution sol water solute sol

water (3)

where ⟨E⟩ is the average internal energy of the solution (sol),
water, and solute and ⟨V⟩ is the average volume. The ideal gas
law is used to estimate the gas phase PV term. For each solute,
the internal energy E was measured from a 200 ns simulation
in solution and 100 ns simulation in the gas phase.
Diffusion constants were measured from the root-mean-

square displacement of the solute from 10 independent 5 ns
MD simulations performed in the canonical ensemble at 298
K. The temperature is also controlled with the Nose−́Hoover
thermostat with a relatively long 5 ps relaxation time. The heat
of hydration and the diffusion constants were measured only
for AFM based models.

IV. RESULTS AND DISCUSSION

The parameters for all the force fields developed are
summarized in Tables S1−S8 of the Supporting Information.
Gromacs input files for all the models are provided at http://
wanglab.uark.edu/Models.
With the B3LYP-D3(BJ) based AFM model, the HFE of

ethanol is −22.24 kJ/mol. The experimental values range from
−19.61 kJ/mol to −21.44 kJ/mol. The −22.24 kJ/mol
estimate is thus within 1 kJ/mol of the most negative
experimental value. Two MP2 based AFM models have been
developed previously with slightly different placements of
short-range repulsion sites. One study with the repulsion sites
optimized give an HFE of −20.45 kJ/mol.31 The other with a
simple approach similar to this work predicted an HFE of
−19.65 kJ/mol.32 Thus, the B3LYP-D3(BJ) HFE is slightly
more negative than the MP2 one by about 2 kJ/mol. The
difference between the B3LYP-D3(BJ) HFE and the MP2
HFE is not greater than the difference between different
experiments.
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We note that previously the MP2 and B3LYP HFEs have
been computed in the context of QM/MM FEP and found to
be close to each other for the same water model.49 On the
other hand, different water models could have a large influence
on the HFE of the solute computed with QM/MM. With
AFM, both solute and water were included in the QM region;
thus, the solute−water cross terms are fitted against QM. This
is advantageous as the HFE has a significant contribution from
the cavitation energy in water. Hydrogen bonds between water
molecules have to be broken to accommodate the solute, and
the cavitation energy depends on the size of the solute. Fitting
the solute−water interactions at the QM level will ensure a
good description of the size of the cavity. Along with the use of
a high-quality water model, a reliable estimate of the cavitation
energy is obtained. With AFM based cross terms, it has been
shown that the solute HFE has little dependence on the choice
of model for water−water interactions.78
For 2-butanol and isobutanol, experimental values from

different groups span a range of 4 kJ/mol. The B3LYP-D3(BJ)
based AFM models gave HFEs of −21.85 kJ/mol for 2-butanol
and −18.91 kJ/mol for isobutanol. The 2-butanol HFE is more
negative than the most negative experimental value by 2 kJ/
mol, and the isobutanol HFE is in good agreement with the
most negative experimental value of −18.82 kJ/mol. We note
that the chemical accuracy is generally considered to be 1 kcal/
mol, and the 2 kJ/mol difference for 2-butanol is thus within
the chemical accuracy.
It is interesting that the isobutanol seems to have a smaller

absolute HFE than 2-butanol based on experimental values,
although the trend is not entirely clear considering the large
variance in experimental HFEs. The B3LYP-D3(BJ) based
AFM models predict a trend similar to experiments with the
isobutanol absolute HFE smaller by 3 kJ/mol, while both
OPLS-AA and GAFF/RESP predict isobutanol to have a larger
absolute HFE.
For 1-hexanol, the experimental HFEs span a range of 3 kJ/

mol. The B3LYP-D3(BJ) value obtained through AFM is
−17.01 kJ/mol in close agreement with the more positive
experimental values of −16.07 kJ/mol or −17.70 kJ/mol. The
OPLS-AA HFE is too negative even when compared to the
most negative references.
For 1,2-butanediol, B3LYP-D3(BJ) gave a HFE of −34.44

kJ/mol, which is in good agreement with the more positive
experimental reference of −33.78 kJ/mol or lower. For 1,4-
butanediol, the predicted HFE of −49.14 kJ/mol is about 3.8
kJ/mol more negative than the most negative experimental
reference of −45.31 kJ/mol. This is the worst agreement
among all the solutes studied. However, even for this molecule,
the agreement is within the commonly accepted chemical

accuracy of 4 kJ/mol. We note that 1,2-butanediol and 1,4-
butanediol are challenging molecules for HFE computations
since the solute can form intramolecular hydrogen bonds.79−81

Considering a possible correlation of the hydration structure
with intramolecular hydrogen bonds, the proper sampling of
solute conformations could be important. Previously, we
validated that the 5 ns alchemical windows are sufficient to
converge the HFE for 1,4-butanediol for an LMP2 based AFM
model. In the case of 1,4-butanediol, for some conformations, a
water can form hydrogen bonds with both hydroxyl groups
simultaneously. This would be a challenging molecule to study
if only the solute is treated quantum mechanically. AFM has
the advantage that both solute and nearby solvent molecules
are treated quantum mechanically in the QM/MM calcu-
lations.
The largest alcohol studied is menthol. Menthol has three

chiral atoms and eight stereoisomers.82 Two groups of four
with different physical properties are formed. The form
investigated in this work is the most occurring stereoisomer
in nature: (1R,2S,5R), also known as l-menthol. Some
clarification in our experimental references are required.
While Mobley et al. reported the HFE of menthol to be
−13.39 kJ/mol,83 the value cannot be reproduced from the
Guthrie database,84 which was the source of the experimental
reference for the Mobley SAMPL4 study. For l-menthol, the
database lists one source for the experimental vapor pressure
from Chickos et al.85 and two solubility measurements, one by
Weidenhamer et al.86 and another by Ajisaka et al.87 The
Chickos study provided a fit to the Clausius−Clapeyron
equation. From the reported parameters for the Clapeyron
equation, the vapor pressure at 298 K is 7.32 × 10−5 atm,
which is used as our experimental vapor pressure rather than
the 7.90 × 10−5 atm in the curated database of Guthrie. We
note the measured and the Clapeyron based vapor pressures
lead to a very small 0.3 kJ/mol difference in the experimental
HFE estimate. With the Clapeyron equation based vapor
pressure, the Ajisaka et al.87 solubility value would give a
menthol HFE of −17.83 kJ/mol, and the Weidenhamer
solubility would lead to a menthol HFE of −14.80 kJ/mol. The
B3LYP-D3(BJ) based AFM model predicts a HFE of −17.65
kJ/mol, which is in good agreement with the estimate based
the Ajisaka et al.87 solubility. The −13.39 kJ/mol value
reported by Mobley et al. is not included in Table 1 due to our
inability to confirm its origin.
Piperidine is the only molecule investigated that is an amine.

Experimental measurements of amine HFEs are complicated
by the need to account for hydrolysis to ensure the measured
thermodynamic data corresponds to the neutral molecule. An
amine may change its protonation state in water, and such a

Table 1. HFEs of the Molecules and Various Experimental Referencesa

solute B3LYP-D3(BJ) OPLS-AA GAFF/RESP experiment

ethanol −22.24 ± 0.12 −19.80 ± 0.11 −19.32 ± 0.06 −19.61,102 −20.02,103 −20.83,104 −20.96,105 −21.21,106 −21.44107

2-butanol −21.85 ± 0.26 −21.34 ± 0.26 −19.16 ± 0.19 −15.02,108 −19.32,109 −19.61105

isobutanol −18.91 ± 0.21 −22.01 ± 0.27 −22.46 ± 0.94 −14.62,108 −15.62,110 −16.91,111 −18.82112

1,2-butanediol −34.44 ± 0.13 −34.72 ± 0.74 −39.83 ± 0.25 <−33.78,103 −38.3497

1,4-butanediol −49.14 ± 0.12 −50.75 ± 0.63 −47.19 ± 0.17 <−36.21,103 −41.52,109 −45.3197

1-hexanol −17.01 ± 0.27 −25.18 ± 0.22 −22.09 ± 0.20 −16.07,108 −17.70,113 −17.98,114 −18.27,115 −18.45,116 −19.32103

piperidine −19.02 ± 0.10 −14.34 ± 0.24 −20.03 ± 0.20 −3.48,90 −21.13,89 −21.9388

menthol −17.65 ± 0.32 −14.78 ± 0.32 −26.90 ± 0.37 −14.80,85,86 −17.8385,87
aThe B3LYP-D3(BJ) values were determined with the AFM potentials reported in this work. Both OPLS-AA and GAFF/RESP HFEs were
computed in this work in TIP4P water. All values are in kJ/mol.

ACS Physical Chemistry Au pubs.acs.org/physchemau Article

https://doi.org/10.1021/acsphyschemau.1c00006
ACS Phys. Chem Au 2021, 1, 14−24

18

pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.1c00006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


process is frequently referred to as hydrolysis. Although
hydrolysis is small under the condition of measurements by
Bernauer et al.,88 it is was nonetheless accounted for in
deriving their experimental value. Whereas the experimental
HFEs of Bernauer et al.88 and Amoore et al.89 agree, that of
Cabani90 et al. is quite different. The B3LYP-D3(BJ) HFE is in
very good agreement with the experimental values by Bernauer
or Amoore.
Table 1 also compared B3LYP-D3(BJ) HFEs to those

computed with the GAFF/RESP and OPLS-AA models in
TIP4P water. Several other small molecule force fields, such as
GROMOS91,92 and CHARMM General Force Fields
(CGenFF),93,94 also have parameters for these molecules but
are not studied in this work. Both GAFF/RESP and OPLS-AA
performed quite well overall.95 OPLS-AA produced larger
errors for piperidine and 1-hexanol. The HFEs based on
GAFF/RESP are not very satisfactory only for menthol.
To provide a quantitative judgement of the performance of

our B3LYP-D3(BJ) based AFM models, the root-mean-square
error (RMSE) is computed using the median of experimental
values as a reference. The use of the median removes strong
influences from experimental values that do not agree well with
the rest. The HFE RMSE is 3.2 kJ/mol for the AFM models,
5.3 kJ/mol for OPLS-AA, and 5.2 kJ/mol for GAFF/RESP.
The B3LYP-D3(BJ) based AFM models are thus in better
agreement with experiments compared to the other two
models studied. It is worth noting that no experimental
information is used to create these AFM models. All the
parameters were only fit to best reproduce the B3LYP-D3(BJ)
energy gradients.
Table 2 reports the enthalpy of hydration for the eight

solutes computed with the finite difference method mentioned

in Section III using the B3LYP-D3(BJ) based AFM models.
Experimental values were found only for seven of the eight
solutes. Overall the agreement is excellent. The computed
estimate is consistently within 2 kJ/mol of the closest
experimental reference. The most surprising result is the
close agreement with experimental heat of hydration for
piperidine since the experimental value was taken from the
work of Cabani,90 which gives a very different HFE. The
Cabani measurements of the enthalpy of hydration and HFE
are independent from each other. The Cabani enthalpy
measurement carefully considered hydrolysis by extrapolating
in HCl, NaOH, and water solutions and checked measured

value against that of Sacconi.96 This suggests that the Cabani
enthalpy measurement is reliable.
The enthalpy of hydration of 1,2-butanediol is worthy of

additional discussion. The −82.1 kJ/mol reference was taken
from the Compernolle and Müller compilation of experimental
data from various sources97, and the −73.8 kJ/mol value is
computed by us based on published experimental data. For the
enthalpy of hydration, the Compernolle and Müller work used
Hess’s Law and computed the enthalpy of hydration as

Δ = Δ − Δ∞H H Hhyd sol vap (4)

Equation 4 assumes the vapor first condenses into liquid and
then dissolves at infinite dissolution in the solvent. ΔHsol is the
enthalpy of the solution at low concentration of the pure solute
in the liquid state measured by Lopes Jesus,98 and the ΔHvap is
the heat of vaporization measured by Verevkin.99

Following the discussion by Compernolle and Müller,
another experimental estimate of ΔHsol can be obtained with
the van Hoff equation from the temperature dependent activity
coefficients at infinite dilution, γs

∞, measured by Suleiman and
Eckert,100

γ
Δ =

∞

H R
T

d ln

d(1/ )sol
s

(5)

The fit shows excellent linearity and is reported in the
Supporting Information. Linear regression of eq 5 based on the
Suleiman and Eckert data gives a ΔHsol of −3.4 kJ/mol. When
combined with the same ΔHvap measured by Verevkin, an
experimental value of −73.8 kJ/mol can be reached for the
enthalpy of hydration for 1,2-butanediol. It is worth
mentioning that multiple estimates of ΔHvap are available
with the span of 3 kJ/mol.99 The less positive ΔHvap estimate
would give an enthalpy of hydration estimate of −72.8 kJ/mol
in even better agreement with our computed value.
It is interesting to note that the difference in HFEs between

the two diols, 1,2-butanediol and 1,4-butanediol, is 14.7 kJ/
mol and the difference in enthalpy of hydration is 17.2 kJ/mol.
1,2-Butanediol is stabilized less by the solvent than 1,4-
butanediol for both quantities. It is easier for 1,2-butanediol to
form an intramolecular hydrogen bond since such a hydrogen
bond will result in a five-member ring. In the gas phase, our
simulation indicates that 1,2-butanediol will form an intra-
molecular hydrogen bond in 75% of the cases and 1,4-
butanediol will form an intramolecular hydrogen bond in 45%
of the configurations. We note that intramolecular hydrogen
bonds will not affect the solution phase stability appreciably.
There would be little difference in the total number of
hydrogen bonds in an aqueous solution as the hydroxyl groups
can also form hydrogen bonds with water. The 30% extra
hydrogen bond stabilizes 1,2-butanediol more in the gas phase.
This stabilization would lead to less favorable enthalpy of
solution when compared to that of 1,4-butanediol. The
observed 2.8 kJ/mol less enthalpic cost associated with the
dehydration of 1,2-butanediol is consistent with 30% extra
hydrogen bonds in the gas phase, which corresponds to a
hydrogen bond strength of 9.3 kJ/mol (2.2 kcal/mol).
The diffusion constants of the solutes are reported in Table

3. Very good agreement can be observed between experimental
values and predictions based on B3LYP-D3(BJ) through AFM.
For the six molecules where experimental references are
available, the RMSE is 0.10 × 10−5 cm2/ps, the largest error
being 2-butanol at 0.14 × 10−5 cm2/ps. This indicates that

Table 2. Enthalpies of Hydration at 298 K Computed with
the AFM Force Fields Fitted to B3LYP-D3(BJ)a

solute B3LYP-D3(BJ) experiment

ethanol −52.03 ± 0.23 −52.40,117 −50.42,118 −50.6,119
−52.62,120 −52.65121

2-butanol −62.47 ± 0.14 −62.7,119 −62.72,117 −62.83121

isobutanol −58.27 ± 0.48 −60.2,119 −60.15,117 −60.11121

1,2-
butanediol

−72.19 ± 0.26 −82.1,97 −73.899,100

1,4-
butanediol

−89.10 ± 0.45 −89.697

1-hexanol −66.28 ± 0.25 −66.20,117 −67.4,119 −68.02,120 −68.17122

piperidine −65.87 ± 0.41 −65.4,90 −63.9,96 −66.41117

menthol −76.99 ± 0.52
aThe various experimental references are listed, where available. All
values are in kJ/mol.
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AFM models based on B3LYP-D3(BJ) are able to predict good
diffusivity for simple alcohols and also for the amine. The good
agreements definitely benefitted from the good diffusivity of
the BLYPSP-4F model, and one could argue that diffusion
constants are not particularly challenging to predict given their
narrow range for these compounds.
It has been seen with our MP2 and LMP2 based models that

the AFM model diffusion constants are in excellent agreement
with experiments even when the agreement in HFE is less than
satisfactory. We thus anticipate that for the two molecules
where experimental references are unavailable, the prediction
from our force fields is likely to be the best available estimate.

V. SUMMARY AND CONCLUSION
Simple pairwise additive force fields for seven alcohols and one
amine, piperidine, are developed to reproduce the B3LYP-
D3(BJ) PES of these molecules in dilute aqueous solutions.
With counterpoise corrected CCSD(T) as a reference, B3LYP-
D3(BJ) is found to produce a good description of the ethanol−
water dimer PES. The force fields were developed with the
AFM method by fitting B3LYP-D3(BJ) gradients from QM/
MM calculations designed to capture many-body effects in the
condensed phase. The adequacy of simple energy expressions
to fit DFT can only be justified with the realization that the
mapping of the PES is only for a specific solute under a
particular thermodynamic condition of interest. In this narrow
window of applicability, our results indicate that the mapping
of B3LYP-D3(BJ) PES with AFM performed satisfactorily for
investigating many ensemble properties that would be
challenging to study directly with DFT.
With the B3LYP-D3(BJ) PES, the HFE, enthalpy of

hydration, and diffusion constants are computed and compared
to experimental values to validate the performance of the
models developed by AFM. In all the cases, the force fields
developed were able to accurately reproduce HFEs of the
solutes, outperforming both GAFF/RESP and OPLS-AA.
Comparison with experiments are complicated by the large
differences between experimental values from different
measurements. The B3LYP-D3(BJ) based predictions are
always within chemical accuracy from the closest experimental
value and produce an RMSE of 3.2 kJ/mol when the medians
of the experimental values were used as a reference. Similar
agreements of chemical accuracy or better are also observed for
enthalpies of hydration for all the molecules. For 1,2-
butanediol, the computed value is different from the compiled
experimental value from Compernolle and Müller. It is,
however, in good agreement with our estimate based on the
experimental activity coefficients of Suleiman and Eckert.

Diffusion constants predicted by the B3LYP-D3(BJ) based
models in the BLYPSP-4F water are also in excellent
agreement with experiments for all the solutes where
experimental diffusivities are available. Our previous studies
based on MP2 and LMP2 showed that the AFM based
diffusion constants were in good agreement with experiments
even when the agreement for HFE was less than satisfactory.32

Thus, there is good confidence that the AFM based diffusion
constants are reliable even for the molecules, where
experimental references are not available.
We believe the good agreements for the solute properties

indicate that the models from AFM are faithfully mapping the
underlying B3LYP-D3(BJ) PES. Mapping B3LYP-D3(BJ) with
AFM provides a powerful method to obtain DFT based
thermodynamic properties for small molecules. While the
typical QM/MM based approach for prediction of HFE only
models the solute with QM, one clear advantage of an AFM
based approach is that the training is performed with both the
solute and the nearby solvent molecules modeled with QM. In
addition, AFM produces a customized model for each solute
that is able to study many thermodynamic properties. It is thus
not limited to the prediction of HFE.
This study investigated seven alcohols and one amine as a

demonstration. It is worth noting that although only a few
properties were computed in this work, our force fields were
designed to capture the B3LYP-D3(BJ) PES rather than
reproducing any particular property. Thus, the models are
expected to capture other properties of the dilute solution. We
note that the pairwise additive potentials can only capture the
B3LYP-D3(BJ) PES in an average sense, since detailed many-
body effects are not modeled explicitly. For some properties,
the simplistic energy expressions used would cause important
physics to be missed, and thus the prediction may not be
accurate. Also, some properties may require explicit consid-
erations of nuclear quantum effects.101 While we are confident
that there are other properties where AFM based models
would provide accurate predictions, the actual performance for
properties not studied in this work would need to be further
investigated and validated.
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