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Improving the Description of Solvent Pairwise Interactions
Using Local Solute/Solvent Three-Body Functions. The Case
of Halides and Carboxylates in Aqueous Environment

Florent Réal, © Valérie Vallet ®,2 and Michel Masella ©*!

We propose a general strategy to remediate force-field artifacts
in describing pairwise interactions among similar molecules M in
the vicinity of another chemical species, C, like water molecules
interacting at short distance from a monoatomic ion. This strat-
egy is based on introducing a three-body potential energy term
that alters the pairwise interactions among M-type molecules
when they lie at short range from the species C. In other words
the species C is the center of a space domain where the pairwise
interactions among the molecules M is altered. Here, we apply it
to improve the description of the water interactions provided by

Introduction

The structuring of water molecules lying in the vicinity of an
ion (cation or anion) is highly improbable in pure liquid water,
as it corresponds to unfavorable water/water interactions. For
instance, we showed!" from high level quantum computations
that the interaction energy AU™ of water molecules interact-
ing in the first hydration sphere of the highly charged heavy
cation Th** to range in gas phase from +3 to +45 kcal mol™
when considering from 3 to 10 water molecules. Even if the
hydration structures around halide anions are different (see
Fig. 1), they are energetically not very favorable. For instance
AU"™ ranges from —4.7 to —11.0 kcal mol™" when considering
the most stable chloride hydrated clusters in gas phase com-
prising from 3 to 6 water molecules from our own quantum
computations. The latter two values have to be compared to
high end quantum binding energy (BE), estimates for the most
stable water trimer and hexamer, —15.7 and —46.1 kcal mol™"
respectively. The hydration energy of an ion thus results from a
competition between strongly favorable ion/water and strongly
unfavorable water/water interactions. To accurately model ion
hydration processes both the latter kind of interactions should
be thus described at an equal level of accuracy.

Most of the water models proposed to date, from standard
additive ones like SPC/E,”® TIP3P,™ and TIP4P,”™ to much more
sophisticated ones, like the model HBB2-pol® or the Drude
oscillator based model SWM4-DP,"”! were all developed to accu-
rately reproduce water properties in finite size systems or in
bulk phases where the above ion hydration structures are not
observed. This explains that the water models used commonly
to investigate ion hydration processes, like SPC/E and TIP3P, are
usually not able to accurately model water interactions in the
vicinity of an ion. For instance the water energy AU"" corre-
sponding to the cluster [Th(H,0);0]*" (see Fig. 1) computed
using the above mentioned force fields is larger than its
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the polarizable water model TCPE/2013 in the vicinity of halides,
from F~ to At", and of the prototypical carboxylate anion
CH3COO™. We show the accuracy and the transferability of such
an approach to investigate not only the hydration process of sin-
gle anions but also of a salt solution NH; /CI" in aqueous phase.
This strategy can be used to remediate the drawbacks of any
kind of force fields. © 2019 Wiley Periodicals, Inc.

DOI:10.1002/jcc.25779

quantum counterpart by about +110 (SPC/E and TIP3P), +80
(TIP4P) and + 67 (SWM4-DP) kcal mol™. This represents an error
ranging from 100 to 180 kgT at ambient conditions.

The standard approach to remediate the potential bias
induced by erroneously quantified water interactions in the
vicinity of an ion is to assign the ion/water force-field parame-
ters to reproduce the binding energies of ion/water clusters
and/or the hydration free energies of ions (see among others
Refs. (8-11). This approach thus leads to large cancellations of
errors and that does not ensure such kind of force fields to be
well suited to model ion/water interactions in a different chemi-
cal environment (for instance to model the chelation of an ion
at the interface of a macromolecule or the ion solvation process
in a solvent mixture).

Recently, we proposed the water many-body model
TCPE/2013"% whose parameters were in particular assigned to
reproduce the energies AU"" of the water molecules belonging
to first hydration sphere (comprising from 3 to 10 water mole-
cules) of the heavy cation Th**. This model is shown to accu-
rately model pure water systems (gas-phase clusters and liquid
water under a large domain of temperature and pressure condi-
tions!'?). It was applied to study the hydration processes of
organic cations (like methylated ammonium cations!*'¥ and
guanidinium!™) and of anions (like halides, from fluoride, F~ to
astatide, At™1'® and linearly alkylated carboxylates”). We
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Figure 1. Examples of first hydration shell structures in gas phase for the highly charged heavy cation Th** interacting with 10 water molecules (note this
structure to correspond to an extremum of the cation/water potential energy surface in vacuum) (a), the chloride anion in gas phase (b) and in aqueous
phase (c) (as extracted from a MD bulk simulation reported in Ref. 16). For chloride in bulk water, the anion and the two highlighted water molecules
correspond to the structure Sz discussed in the present study. [Color figure can be viewed at wileyonlinelibrary.com]

provide Supporting Information Appendix ST as a comparison
between the TCPE/2013 predictions regarding small gas-phase
water clusters and bulk liquid water and those derived from the
above mentioned water models.

Compared to recent ion/water modeling approaches, highly
specialized,!"®'? or showing some degree of transferability (and
based on a many body polarization term used in conjunction
with an ion/water pairwise interaction energy term2°-2%), we
modeled hydrated halide clusters using the water TCPE/2013
model and an ion/water potential including both a many-body
polarization and a short range anisotropic many-body term to
account for halide/water charge-transfer effects.!'>%3! That
approach was shown to reproduce the water interaction ener-
gies in small halide/water clusters comprising up to eight water
molecules compared to high end quantum computations at the
complete basis set limit, within less than 1 kcal mol™" on aver-
age.l"® However halide first hydration shells in aqueous phase
result from an equilibrium between ion hydrated clusters that
encompass from 7 to 10 water molecules and whose structures
are more disordered than the gas-phase structures used to
assign our force-field parameters; see for instance the Cl™/first
hydration shell structure extracted from a simulation of CI™ in
aqueous phase shown in Figure 1. Anticipating our results, we
show TCPE/2013 to be less accurate to describe such kind of
large sized hydrated halide clusters. This arises from an inaccu-
rate description of the water pairwise interactions corresponding
to a particular water dimer conformation. In particular that yields
the proton hydration enthalpy, AHny4(H*), extrapolated from
halide or carboxylate/water nanodroplet data, to be from 3 to
8 kcal mol™ weaker than the well accepted experimental range
of values, while our TCPE/2013-based Athd(H+) estimate extrap-
olated from methylated ammonium/water nanodroplets is in
much better agreement with experiment.'>'”!

In the present study, we show how to remediate such kind of
force-field drawbacks by means of a three-body energy term that
only alters the original TCPE/2013 water/water potential energy
surface, PES, at short range from anionic centers. This three-body
term is built by considering the specific case of chloride, CI™. We
organize the Section “Results and Discussion” of the present

J. Comput. Chem. 2019, 40, 1209-1218

manuscript to show first how we identify the physical origin of
the drawbacks, then how we build a physically founded three-
body potential energy term, and lastly we demonstrate the three-
body term transferability in studying the hydration of the full
halide series, from F~ to At™ and of the organic carboxylate anion
CH;COO™, as well as in investigating ion pairing in a CI'/NH,
diluted salt solution (at the 0.05 M scale).

Methods and Computational Details

Quantum computations

To compute all the necessary quantities at the best level of the-
ory, here the second-order perturbation theory (MP2), we used
for the lighter elements of the periodic tables, i.e., the oxygen,
hydrogen, carbon, fluorine, and chlorine aug-cc-pVTZ basis
sets.** The heavier halides for which scalar relativistic effects are
important, are described by small-core relativistic pseudopoten-
tials that replace 10, 28, and 60 core electrons of Br, |, and At,
respectively, with the associated aug-cc-pVTZ-PP basis sets.[*”
The density fitting approximation at Hartree-Fock and MP2 levels,
was used to fasten the calculation except for systems containing
bromide, because no auxiliary basis set is available.”*” In the
DF-MP2 calculations (or standard MP2 calculations for Br- clus-
ters), the 1 s orbitals of each oxygen, carbon, nitrogen, fluor atoms
as well as the 15,2 s, 2p ones for CI7, the 3 s, 3p, 3d ones for Br,
the 4 s, 4p, 4d ones for I~ and the 5 s, 5p, 5d ones for At™ are fro-
zen. The BEs and interaction energies of the water molecules
belonging to the first coordination sphere, AU"", were computed
thanks to the MOLPRO quantum chemistry package.l®

The water and the halide/water force field

The rigid and polarizable water model TCPE/2013"? includes
four different components: a repulsive U, a Coulombic U9, a
polarization UP® (based on an induced point dipole moment
approach), and a short-range anisotropic many-body U™
energy term. The halide/water interaction energy term AU™ is
also a sum of the first three last terms to which is added a spe-
cific short-range many-body potential U™ to accurately model

WWW.CHEMISTRYVIEWS.COM », ChemistryViews®
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strong hydrogen bond interactions. Its analytical form is close
to the water/water U" one. These two many-body potentials
are denoted U™ below. Both AU"™ and AU™ functions (mea-
suring the interaction energies with respect to, wrt, individual
unbound gas-phase molecules), obey

AUW/W = 1P 499 4 UPO 4 ymoP, (1)

The repulsive U™®P, Coulombic U%, and polarization UP®
terms are defined as:

NN
U= ZZA,]- exp(-Bjry), (2)

N N
qu/: ZZ quJ (3)
‘ 477,'80I’,'j'

PiT;p;: (4)

S WL

Here, ry is the distance between atoms i and j, g; are the
static charges located on the N atomic centers, and A; and B;
are adjustable parameters. p; is the induced dipole moment of
the polarizable center i (all the N, nonhydrogen atoms) whose
isotropic polarizability is a;. E{ is the static electric field gener-
ated on the center i by the surrounding charges g; and T is the
dipolar tensor. Both the static electric field and the dipolar ten-
sor include a short range Thole’s-like damping function.!'>%*
As the repulsive term, these damping functions are smoothly
zeroed between 4.5 and 5.0 A using a fifth order B-spline poly-
nome. The dipoles p; obey

N,
pi=a | B+ Typy | (5)
j=1

In the above equations, the superscript " indicates the sum
to include only atom pairs separated by more than two chemi-
cal bonds (as for the U™" and U sums).

The terms U™P is a short-range anisotropic many-body
energy term introduced to accurately model water/water hydro-
gen bond (HB) networks or strong hydrogen bond ones (SHB)

U™ =3"f(r)g(®). (6)

The sum runs over all HB/SHB pairs, r and r. are the HB/SHB
length and its equilibrium value, respectively. @ is a set of specific
intermolecular angles. For SHBs, ® reduces to the sole angle
w'= 2 X ---H — O. For HBs, it is a set of two angles (', y?),
namely £0---H — O and the angle between the bisector of the
water angle #HOH and the hydrogen of the second water mole-
cule involved in a HB, respectively. The functions f and g are
defined as
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g(0fy'}) = Hexp( v’ "’e)>, (8)

For a given HB (SHB), the intensity of its U™ term is modu-
lated by the chemical environment of the water molecule
(anion) accepting the water hydrogen. This is achieved by tak-
ing D, as a linear function of the local density ny,, of the water
oxygen (HB) or of the O—H bonds (SHB) in the vicinity of hydro-
gen acceptor species, i.e., Do = do(1 — £ny), de and & being two
adjustable parameters. The local density ny, is computed as

=S -), ®

in which, r and r, are defined as for function f. y/,; is a parame-
ter adjusted to take into account only water molecules in the
first hydration sphere of the hydrogen acceptor species and the
sum runs over all the molecules surrounding it (apart from the
local one considered explicitly in the present function f). umee
is a short-range energy term which is smoothly zeroed for dis-
tances r included between 5.75 and 6.25 A. We discussed this
energy term as mainly mimicking charge-transfer effects in
SHBs®® even if it also accounts for halide/water dispersion.
Regarding U™, its relation with water/water dispersion is shown
in Supporting Information Figure S2.

At the exception of the isotropic polarizability (whose value
is set to match gas-phase experimental or high-end quantum
computation data'’®??), all the model parameters are assigned
to reproduce geometrical and energetic properties of small
clusters (comprising up to eight water molecules) as computed
from high-end quantum computations.['%1623

Regarding the carboxylate CH3COO™, the interactions
between water molecules and its anionic head are handled
using the AU™ potential energy described for halides. However,
water/methyl interactions are modeled by substituting U™ by
a basic dispersion term

Udisp —

Nuwater oxygen Nmethyl carbon o 6
!
- > (r—’) . (10)
i=1 j=1 ij

here o; is an adjustable parameter expressed in (kcal mol™
Aye, NH, /water interactions are modeled accordingly, i.e., we
use the above dispersion term instead of a specific U™ one
(the above second sum then runs on ammonium centers). The
carboxylate methyl and ammonium dispersion parameters are
provided in our former studies.!'>'”!

The TCPE/2013 model is rigid. No intramolecular relaxation
term is needed to model halide/NH, /water systems. Moreover,
all the above energy terms converge to zero for large intera-
tomic distances. The sum AU + AUY thus yields the halide/-
water cluster BEs. For the carboxylate CH;COO™, we add to the
latter two intermolecular terms an intramolecular relaxation
one as discussed in Ref. 17. In the following we denote FF'® the
global force field corresponding the halide/water model pro-
posed in Ref. 16 and the water/water model TCPE/2013.'?

J. Comput. Chem. 2019, 40, 1209-1218
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Molecular dynamics and potential of mean force

We detail here briefly our molecular dynamics (MD), protocols that
correspond to those used in our former studies!*>'>'”! More
details can be found in Supporting Information. Bulk phase systems
(comprising all 1000 water molecules) are simulated in the NPT
(constant-temperature, constant-pressure) ensembles using peri-
odic boundary conditions. Droplet systems (comprising 200, 400,
and 600 water molecules) were simulated in the NVT (constant-
temperature, constant-colume) ensemble, with the droplet embed-
ded in a cavity to prevent evaporation phenomena (the droplet is
large enough to minimize its effect on the droplet dynamics).
The water intramolecular degrees of freedom are restrained during
the simulations that are all performed at the 10 ns scale.

The potential of mean force (PMF), corresponding to the
elongation of an ion pair r distance in aqueous phase or to the
elongation of the r distance between an ion and the droplet
center of mass (COM), are computed from a standard Umbrella
Sampling scheme of 20 windows (bulk phase) and 40 windows
(droplets). The window duration is 10 ns. The target distances
larget are equally spaced among the windows and the
r distance is constrained to the value rirgec in @ particular win-
dow using a harmonic potential whose constant is set to
5.0 kcal mol™". The PMFs are computed from the latter simula-
tions by means of the Umbrella Integration method® and they
all account for the entropic contribution 2kgT In (r).

To compute the statistical averages, we sampled the last 9 ns
segment of our MD simulations each 1 ps. The statistical
ensembles thus comprise all 9000 points.

Definition of ion first hydration shell clusters and of their
interaction energies

We classically define the first hydration shell of a mono atomic
ion as the water molecules lying within less than the distance
corresponding to the location r., of the first minimum after
the first peak of the ion/water oxygen radial distribution func-
tion computed from a bulk simulation. We define the ion coor-
dination number N. as the number of water molecules
belonging to the ion's first hydration shell. For the organic
anion CH;COO™, we set the anion center to one of its oxygens.

We define the quantity F’:nethod to be the mean interaction
energy of ion first hydration shell clusters comprising k water
molecules as extracted each 1 ps from a bulk phase ion MD
simulation segment of 500 ps. Here “method” refers to quan-
tum (QM) or force-field (MM) computations. Denoting wy the
weight (population) of the sized k clusters along the MD seg-
ment, the latter mean energies allows us to define the mean
total difference AEqwmm in the interaction energy of ion first
hydration shell clusters as follows

= =k ok
AEom/mm = ZWk5Ek: ZWk (EQM—EMM). (11)
k k

=k

Similarly we define the energy components E 4 as the

methol
R . . .

above energies E o4 t0 Which the difference in the mean

water/water interaction energies in the k-clusters is subtracted.

=k ~
From the £ ,0q We compute the quantity AEqu/mwm:

J. Comput. Chem. 2019, 40, 1209-1218
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that measures the difference in the intensity of the sole anion/-
water interactions in the ion’s first hydration shell clusters from
both quantum and force-field computations.

Note that a 500 ps segment can not be considered as a long
enough MD trajectory allowing to exhaustively sample the PES
of the molecular systems here considered. We provide as
Supporting Information a plot showing the fluctuations of the

quantity >, kal,i,,M, i.e, the mean ion/first hydration shell
interaction energy computed for all the continuous 500 ps seg-
ments that can be extracted from a 4 ns MD trajectory of CI™
solvated in bulk water. These fluctuations can be as large as
2 kcal mol™, a value that matches the order of magnitude of
the values AEqm/mm discussed below. Hence, AEqymm provides
only a crude estimate of the force-field uncertainty compared
to quantum computations. It is thus recommended to not use
it to postcorrect force-field energy estimates, like ion’s hydra-
tion enthalpy.

Extrapolation of single ion hydration enthalpy

We estimate the single ion hydration enthalpy AHy,q by extrap-
olating ion/water droplet data as in our former studies dealing
about ammonium, carboxylate, and guanidinium ions.'>7'>'”
Denoting M the number of water molecules of a droplet, we

estimate the average ion/water energy AUiW(M) from droplet
simulations where the ion distance to the droplet COM is
restrained using a harmonic potential. Then we extrapolate the

bulk value Ain(oo) by linearly fitting the droplet data to the
power-law function:

AT" (M) =AT" (o) +a/M'3. (13)

Here we consider only three water droplets comprising
200, 400, and 600 water molecules, respectively. By reanalyzing
our former data regarding ammonium and carboxylate ions,

the extrapolated values AU’W(oo) computed from this droplet
set equal the values extrapolated from larger droplet sets
within the linear regression uncertainty, about 0.4 kcal mol™".

The water destabilization energy in bulk phase AUWW(oo)
due to the presence of an ion is computed as in our former
studies.!">">'7 A single ion is simulated in aqueous phase and
the water/water mean interaction energy U () is computed
along the bulk trajectory by ignoring the ion. The same quan-
tity is obtained for a pure water solution and subtracted to the
previous quantity to obtain AU"" (o). Summing the above
two energy contributions yields the single hydration enthalpy
AHyyq of a mono atomic ion

AHpya=AT" (00) + AT™ (c0)—kgT. (14)

There are three main sources of uncertainty affecting the
AHyyq4 estimates, namely the uncertainty SE™ tied to the linear

WWW.CHEMISTRYVIEWS.COM =, ChemistryViews®
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Figure 2. Thermodynamical cycle allowing to compute the proton hydration
enthalpy from theoretical single anion hydration enthalpy values and well
accepted experimental halide thermodynamic quantities.

fitting process corresponding to eq. (13) (at most +0.4

kcal mol™") and the uncertainties sU" and 50" arising from
the finite size of the sampled data sets from which the energies

AT" (M) and AU"™ (c0) are computed. For all the anions, the
root mean square deviations corresponding to the water/water
destabilization energy and to the ion/water droplet energy are
at most 6.0 and 7.4 kcal mol™', respectively. Assuming the
points extracted each 1 ps from the trajectories as temporally

uncorrelated, 80" + 50" then is +0.15 kcal mol™. The total
uncertainty affecting our computed values AHn,q is thus
40.6 kcal mol™, regardless of the anion.

Single halide hydration enthalpy values allow to estimate the
proton hydration enthalpy AH,4(H") according to the thermo-
dynamic cycle shown in Figure 2, leading to the formula

Athd(H+)=AHdd+APAX'—Athd(X7). (15)

Here AH4q is the enthalpy cost of the two step reaction cor-
responding to the dissolution of a protonated acid HX from gas
phase to liquid water, followed by its dissociation HX — H* + X~
in aqueous phase. APAy- is the gas-phase enthalpy cost of the
anion X~ protonation reaction. The experimental values of the
latter quantities that we consider in the present study are pro-
vided as Supporting Information.

Results and Discussion

Quality of the original water model TCPE/2013 to model large
anion first hydration shells

We discuss here the accuracy of the original model TCPE/2013 to
describe water/water interactions occurring in the vicinity of an
ion by considering the energy differences SE;, defined in
Section “Definition of ion first hydration shell clusters and of their
interaction energies”. For chloride, the distribution of the first
hydration shell clusters extracted from a 500 ps segment of a bulk
phase MD trajectory wrt to their water size k is shown in Figure 3.
The most frequent clusters comprise 8 and 9 water molecules
(their weights wg/g are larger than 30%). However, 7 and 10 water
clusters are far from being negligible, their weights w, being
larger than 10%.

The components 5E, and (fk are plotted wrt the cluster size
k in Figure 3. These plots show FF'® to reproduce accurately
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Figure 3. Mean errors SEx (full diamonds) and 5Ek (empty diamonds) for CI~
hydrated clusters extracted along a bulk simulation wrt their water size
k (right axis). The distribution of the sized k clusters along that simulation is
shown by the histogram plot (left axis).

the quantum results regarding the ion/water interaction ener-

gies SEx within less than 1 kcal mol™ for all the cluster sizes
and even within less 0.5 kcal mol™ for the most frequent ones
(k = 7 — 11). However, a much larger difference in the values
SEx is observed, a difference that increases from 3.3 (k = 7) up
to 8.8 kcal mol™ (k = 10). Hence, TCPE/2013 does not provide
an accurate enough description of the water/water interactions
in large CI™ hydration shell clusters as compared to quantum
computations.

To investigate the origin of that disagreement between our
water model and quantum computations, we dissected the
water/water interactions in large CI~ hydrated clusters as a sum
of water/water pairs whose interaction energies are estimated
from quantum computations and compared to force-field
estimates. For that purpose we selected a set of extracted hali-
de/water first hydration shell clusters whose values SE; are the
largest. The analysis of the pair energies shows large 6E; values
to arise systematically from a small set of water pairs whose
structure corresponds to the S; one highlighted in Figure 1.
The water pair energies of Ss-like structures are systematically
underestimated when using TCPE/2013 compared to quantum
computations, by 2-3 kcal mol™'. For instance, if we consider
the extracted cluster shown in Figure 1, only two of its 28 water
pairs are in a S; conformation. However, they are responsible
for about 65% of its 5E, value (6.5 kcal mol™ ).

The water dimer conformation S; is close to the TS2 one that
is shown to be a transition state of the water dimer gas-phase
potential energy surface from high-end quantum computa-
tions.2% However, both quantum computations®®” and
TCPE/2013 predict the inter oxygen and hydrogen distances
between the two OH parallel bonds to be noticeably larger in
TS2 than in S;, by, about 0.15 and 0.75 A, respectively. Note
also that both TCPE/2013 and high end quantum computations
agree within 0.1 kcal mol™' for the TS2 BE (46 and
45 kcal mol™, respectively), and they predict both the

J. Comput. Chem. 2019, 40, 1209-1218
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conformation S; to be unstable (it evolves toward the confor-
mation TS2 when performing a geometrical optimization,
regardless of the theoretical method used).

Compared to quantum computations, the overall large error
in the model interaction energy computed for large CI™ first
hydration shell clusters thus arises from the water model
TCPE/2013 that is not able to accurately reproduce the interac-
tion energy of the particular water pair conformation S;
observed a priori only in large-sized halide first hydration-shell
structures. The conformation S; does not correspond to an
extremum of the water dimer PES in gas phase and it is charac-
terized by short inter oxygen and hydrogen distances between
its two OH parallel bonds.

The three-body correction term U3 (X)

To remediate the TCPE/2013 artifacts in accurately modeling
water/water interactions in the first hydration shells of large-
sized halide clusters, we can either reoptimize the full set of the
force-field parameters or introduce an ad hoc short-range
three-body term to improve the description of water interac-
tions in the vicinity of an anion. The second option allows both
faster developments and to preserve the features of the original
TCPE/2013 model in describing other kinds of water systems.
For instance, we may consider the following three-body
function

Uggrr= Zurep(foo)f(’;o)f(rio) = ZAfvb exp(_stb"oo)f(f;o)f(’ﬁo)'
(16)

here, roo and ry, are the water inter oxygen and the anion cen-
ter/water oxygen distances, respectively. u™? is defined as the
pair component of the repulsive term U™ discussed in
Section “The water and the halide/water force field". It is also
smoothly zeroed for inter oxygen distances included between
45 and 5.0 A and A3® and B3 are two adjustable parameters.
To modulate the intensity of u"® based on the anion/water oxy-
gen distances, we take f as the gaussian function of the energy
term U*M® defined in eq. (7).

U3 is introduced to improve in an averaged way the
description of water/water pairwise interactions in the vicinity
of an anion. A priori to its two parameters A3 and B3 have not
to depend on the anion. This is the assumption that we made
for the present study by considering for all the anions the set
(A, = 29 A", B, = 120000 kcal mol™) minimizing the differ-
ence AEqmmm for CI™. We will denote hereafter FF'® the 2016
force field from Ref. 16, and FF®" the new force field for which
the halide/water interactions are modeled by the term AUM
defined as

AU%rr = AUiW + Usgrr =U"P + qu’ + UPOI + UShb + Uggrr' (1 7)

Because of its analytical form, the function U3 can be com-

puted together with U™®. As both terms are short ranged,
their computational complexity scales as O(N) and their
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Figure 4. Cl'/water oxygen radial distribution function (left axis) and its
integral (right axis) from MD bulk simulations. Black line: FF"; gray line:
FF'®. [Color figure can be viewed at wileyonlinelibrary.com]

computational cost is negligible when simulating a halide anion
solvated in bulk phase.

Earlier authors already proposed to improve the description
of short range repulsion-exchange effects in modeling water/-
water and water/ion interactions by means of three-body
energy terms. We may quote among others the pioneering
work of Lybrand and Kollman,®" the SIBFA approach devel-
oped by Gresh and coworkers®? and the more recent AMOEBA
approach,’®*7® for instance. At the difference of these former
approaches, the three atoms that we consider to compute our
U2 three-body term do not play a symmetric role. Here the
ion center acts as a filter delimiting a space domain where the
original water/water two body repulsion is altered. We may
note that such kind of potentials was already used by one of us
to improve the accuracy of a water coarse grained approach in
describing ion hydration.2”! However in that case, the many-
body potential parameters were assigned to provide a reason-
able ion first hydration shell structure and not to improve the
description of the ion/water interaction energy.

Effect of U3?

22 on anion hydration properties in bulk phase

In Figure 4 we plot the halide center/water oxygen radial distribu-
tion functions gyo and their integrals Gyo computed along two
MD simulations of CI™ solvated in bulk water at the 10 ns scale by
using the force field FF'® and FF®”, respectively. The plots for the
other halides are provided as Supporting Information.

For all the halides, the main features of their functions gyo
are close, regardless of the force field used. For instance, the
positions of the first three extrema of these functions are close
within at most 0.1 A. However, compared to FF'é, the height of
the first peak of the FF<" gyo s is smaller by about 25%. That
yields thus smaller FF®" coordination numbers N,, the shift N,
ranging from 0.5 (F7) to 1.7 (I") water molecules. These data are
in line with the expected destabilizing effect of the correction

3b
term U2,

on the halide first hydration shell.
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AHpyg(H") are provided with their root-mean-square deviations.

Table 1. Extrapolated anion/water energies AU" (o), water destabilization energies AUy due to the anion presence, difference in quantum versus
force-field energies AEquww, Single anion hydration enthalpies AHhyq(X7), and absolute proton hydration enthalpies AHn,4(H*) from FF" and FF'®
(in parentheses and italic) All energy data in kcal mol™". N, is the anion coordination number, in molecules. The uncertainty affecting the hydration
enthalpy values is +0.6 kcal mol™, regardless of the anion (see Section “Molecular dynamics and potential of mean force”). The anion-based mean values

-AU" (c0) AUy AEqm/mm -AHpyq(X? —AHhyq(H") N

F~ 154.7 (164.0) 44.2 (47.4) 45 (8.8) 100.5 (116.8) 275.9 (269.8) 5.9 (6.4)
- 129.3 (137.3) 474 (54.1) 2.2 (4.8 81.9 (83.2) 269.4 (268.1) 7.5 (8.8)
Br~ 121.1 (128.7) 48.1 (53.7) 3.9 (6.4 73.0 (75.6) 270.9 (268.3) 7.9 (9.1)
I~ 104.4 (113.0) 454 (51.8) 1.2 (6.4) 59.0 (61.2) 275.2 (273.1) 6.8 (9.1)
At™ 102.4 (110.6) 43.3 (50.4) 5.2 (6.0 59.1 (60.2) na 6.5 (9.1)
CH;COO™ 126.0 (143.5) 38.9 (47.4) 44 (8.8) 85.7 (98.5) 275.6 (262.8)

Average 2734 4+ 3.0 (2684 + 3.7)

We computed the halide center/water hydrogen radial distri-
bution functions gyy and the mean water molecular dipole
moment functions 7 as a function of the anion/water oxygen
distance from the above MD simulations (their plots are pro-
vided as Supporting Information). The gy features are fully in
line with the gxo ones. Regarding water dipoles, the use of U3,
yields slightly larger z values at short range from the halide
center, at most by 0.1 Debye and regardless of the halide.

Regarding the water destabilization energy AU"" (o) in bulk
phase due to the ion presence, we got close values for all the
halides, see Table 1. They range from 47 to 54 kcal mol™" for
FF'® and from 43 to 48 kcal mol™" for FF*". The use of the cor-
rection term U3 leads to less hydrated halide structures in
bulk phase (by about 1.2 water molecules on average). In turn,
that weakens the magnitude of the water bulk destabilization
due to the halide presence and that favors the halide hydration
in aqueous phase by about 5 kcal mol™" on average.

We also computed the halide diffusion coefficient Dy, from
the autocorrelation functions of their velocities sampled each 5 fs
along a 9 ns MD segments of the halide bulk simulation according
to the methodology described in Ref. 16. The FF°" Dy, values
are close (and included within the error bars) to the FF'® ones for
F~ to Br™ (ie. 1.79, 1.84 and 1.84 + 0.1 107> cm? s, respectively),
whereas they are noticeably smaller for I” and At™, 1.58 and 1.54
107> cm? s7' (the FF'® values are about 1.85 107> cm? s7'). It is
not obvious to explain the stronger effect of the term U35, on the
diffusion properties of I”/At™ compared to the lighter halides.
However, both our FF'® and FF®" estimates of D, values for
the latter two heavier halides are in line with the experimental
data recently reported by Guo et al.® within the experimental
error bars.

Our results for the carboxylate anion CH;COO™ are in line with
the halide ones. However, the shift 6N, for the carboxylate oxygen
is slightly smaller, only 0.3 water molecules. See the results summa-
rized in Table 1 and the plots provided as Supporting Information.

Effect of U, on single anion hydration enthalpies

The CI~ FF'® and FF®" PMFs are plotted as a function of the
anion/droplet COM distance R in Figure 5. The U3 effect on
these PMFs is weak. For all droplets, the CI~ PMFs present a
shallow minimum close to the droplet surface that is shifted to

larger distances R when using FF®" compared to FF'®. The
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Figure 5. Cl7/droplet PMFs computed from the FF'® and FF“" (up) and

mean halide/water droplet interaction energies AU’W(M) (down). For the
PMFs (full line, FF<°" and dashed line, FF'®), the vertical lines are located at
the droplet radius""* and the 200, 400, and 600 droplet PMFs are shown in
black, blue, and green, respectively. For the mean interaction energies,
black, blue, green, orange, and red symbols correspond to the series F~-At™.
The linear regression fit corresponding to these energies, see eq. (13), are
plotted in dashed lines. The corresponding linear regression coefficients are
all larger than 0.999. The mean interaction energies corresponding to
M = oo are plotted at the origin of the bottom axis. [Color figure can be
viewed at wileyonlinelibrary.com]
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propensity of CI~ for the droplet surface is thus slightly rein-
forced when using FF". That seems to be in line with the
overall destabilizing character of U2 on anion/water interac-
tions. We reported as Supporting Information the FF®" PMFs
for all the halides. The halide propensity for the droplet surfaces
increases along the series. This is in agreement with earlier sim-
ulation studies, see among others Refs. 39-41 In particular the
depth of the PMF minimum close to the 600-droplet surface for
I”/At™ is predicted by our approach to be particularly large,
—36 and -50 kcal mol™”, while it is only -02
and — 0.7 kcal mol™ for CI™ and Br~, respectively. Regarding I~
that PMF min value is about twice as large as the one usually
reported for that halide at the water bulk interface (see the
above mentioned studies). However, we showed for alkylated
carboxylates that the PMF minimum value close to the water
surface is still far to be converged in droplets comprising
600 and less water molecules.

The anion/droplet interaction energy AUY(M) values com-
puted from FF" are plotted wrt M in Figure 5 and the
extrapolated FF'® and FF®" anion/water interaction energies
AU" (o) are reported in Table 1. Adding to AU (o) the bulk
water destabilization energy AU™ yields the single anion
hydration enthalpy AHpyq(X™) from which we estimate the pro-
ton hydration enthalpy AHn,4(H") (according to the thermody-
namical cycle shown in Fig. 2). These values for the two force
fields are also summarized in Table 1.

As expected from the repulsive nature of the term U3% , the

extrapolated bulk halide/water interaction energies AUiW(oo)
are all smaller by about 9 kcal mol™' for halides and by
17 kcal mol™" for CH;COO™ when using FF©" as compared to
FF'®. The bulk water destabilization energies AU™" (o) are also
smaller when using FF®" than FF'®, however by a smaller
amount of energy, i.e., from 4 to 5 kcal mol™'. This yields the
FF°" single halide bulk hydration enthalpy to be smaller by
about 2 kcal mol™' for halides and by 13 kcal mol™ for
CH5COO™ as compared to FF'® data.

The halide hydration enthalpies yield the proton hydration
enthalpy estimate to vary from 263 (CH;COO"™) to 273 (I7) kcal mol™
and from 269 (CI7) to 276 (F7) as using FF'® and FF®", respec-
tively. Note that for FF'® we consider the CH;COO™ value!'”!
computed accordingly to the protocol detailed in the present
study. By averaging the values computed for all the anions
here considered, we get AHnyq(H")= 274.0 £ 3.0 kcal mol™' for
FF°" and 269.0 + 3.7 kcal mol™' for FF'. The FF*®" mean value
agrees remarkably with the most current experimental-based
value, 274.9 kcal mol™.*# Moreover our FF®" anion-based
estimate is fully in line with our former ammonium-based pro-
ton hydration estimate, 272.5 kcal mol™" 13!

To assess the improvement in the anion/water energy descrip-
tion arising from the use of FF" compared to FF'®, we may also
consider the AEqgumm Values summarized in Table 1 that are
twice as weak on average for all the anions when using FF<".
Note that we computed the difference in energy AEqummm for
NH, as for the anions. It is almost negligible as it amounts to
0.1 kcal mol™. A priori that demonstrates the ability of our
TCPE/2013 model to accurately describe water interactions
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Figure 6. Potential of mean force of a single ion pair NH; /CI" dissolved in
bulk water. Black line: PMF(FF®™); gray line: PMF(FF'®); dashed gray line:
effective Coulomb potential of two opposite point charges dissolved in bulk
water. The force-field PMF profiles are shifted to meet the coulomb
potential value at a nitrogen/chloride distance of 12 A.

within the small first hydration shells of a cation like NH; (our
approach predicts the ammonium coordination number N, to
be small compared to halides, i.e., 4.5 molecules!).

Effect of U2, on the potential of mean force of the NH; /CI~

ion pair in aqueous phase

Our aim here is to investigate the effect of our three-body term
U3b

corr
tion to check the transferability of U3 to study nonhomoge-
neous hydrated anion microscopic systems. For that purpose, we
built a reasonable ab initio-based model to investigate aqueous
NH; /CI~ salt solutions using the same protocol as for carboxy-
late/ammonium salts.*®) The details are provided as Supple-
mentary Information. The potentials of mean force, PMFs,
corresponding to a single NH, /CI™ pair dissolved in aqueous
phase from FF'® and FF*" MD bulk phase simulations are plotted
in Figure 6. Both the PMF(FF'®) and PMF(FF®") profiles exhibit
two minima at about 3.1 and 5.6 A separated by a maximum at
about 4.1 A, in agreement with the contact ion pair/separated ion
pair picture of ion pairing in aqueous phase.****! However the
depth and the height of the first PMF minimum and maximum
are larger for FF®" compared to FF'®, by about 0.3 kcal mol™.
This is interpreted as resulting from the smaller hydration shell of
CI~ when using FF®" that facilitates the accommodation of the
cation in the halide first hydration sphere compared to FF'6.

We estimate the number of water molecules released Anjp
upon the formation of the NH,; /CI™ ion pair as in our former
study.**! From the constrained simulation corresponding to an
inter ionic target distance rirger that is the closest from the
location of the PMF first minimum, we compute the mean num-
ber of water molecules ny ¢ that lie at a distance smaller than
the first hydration shell radius ry;, of the NH; nitrogen or of
the chloride center. Anp is then the difference between the

on the NH; /CI™ ion pair interaction in a diluted salt solu-
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sum of the coordination numbers N, of NH; and CI~ solvated
alone in bulk water and nyq. We get Ayc=10 (FF'®) and
9 (FF°") molecules and thus Anp = 3 molecules for both force
fields, a value that matches those reported experimentally for
alkali/chloride ion pairs in methanol.l**

In all, the above results show the weak effect of U4, on the
properties of NH, /CI~ diluted salt solutions. This suggests that
the term U2 may be used to investigate the properties of
complex salt solutions without introducing a major source of
drawback. However, it has to be noted that force-fields providing
weak differences in ion pair PMFs may lead to predict large
differences in solution macroscopic properties like the osmotic

pressure, for instance.[*®!

Conclusion

We propose an approach to improve the force-field description
of water/water interactions in the vicinity of an anion that pre-
vents to reassign the full set of water force-field parameters.
That approach is based on introducing an ad hoc short-range
three-body energy term centered on the anion center and
whose parameters are taken constant regardless of the anion.
Here we apply that approach (and its correction three-body
energy term) to improve the description of halide (from F~ to
At") hydration when using the water model TCPE/2013. Our
results show that it is able to noticeably improve the energetic
description of anion hydration with a negligible impact on the
computational time. Interestingly the correction three-body
energy term has a weak effect on the NH; /CI™ ion pairing in
aqueous phase, suggesting that term will not be a source of
drawbacks when modeling complex system involving different
anion/cation species in solvent mixture, for instance. We also
assess the transferability of that approach by using the three-
body energy term (and its halide-based parameter set) to inves-
tigate the hydration properties of the carboxylate CH;COO™.
Even for that organic anion, we note noticeable improvements
in particular to predict the proton hydration enthalpy from sim-
ulated CH;COO™/water droplet data that is in very good agree-
ment with the most well accepted experimental based value.

The correction scheme used here to specifically remediate a
drawback of the water model TCPE/2013 can be used to
improve the quality of any kind of force fields to model the
interactions of solvent or ligand molecules in the vicinity of any
kind of chemical species, from ions to neutral molecules. The
quality of the improvements tied to such a scheme obviously
depends on the quality of the analysis performed to identify
the origin of the original force field drawback in order to pro-
pose a reliable and physically founded three-body correction
energy term. Moreover, we recommend to use it when the
force-field deficiency regarding the description of solvent inter-
actions yields errors amounting to about 10 kgT. The correction
scheme will then correspond to a smooth transition between
the solvent core phase and the solute vicinity.
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