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Abstract

Ion—water interactions play a central role in determining the properties of aqueous systems in
a wide range of environments. However, a quantitative understanding of how the hydration
properties of ions evolve from small aqueous clusters to bulk solutions and interfaces remains
elusive. Here, we introduce the second generation of data-driven many-body energy (MB-
nrg) potential energy functions (PEFs) representing bromide—water and iodide—water interac-
tions. The MB-nrg PEFs use permutationally invariant polynomials to reproduce two-body
and three-body energies calculated at the coupled cluster level of theory, and implicitly repre-
sent all higher-body energies using classical many-body polarization. A systematic analysis of
the hydration structure of small Br~(H,0),, and I" (H,0), clusters demonstrates that the MB-
nrg PEFs predict interaction energies in quantitative agreement with “gold standard” coupled
cluster reference values. Importantly, when used in molecular dynamics simulations carried
out in the isothermal-isobaric ensemble for single bromide and iodide ions in liquid water, the
MB-nrg PEFs predict extended X-ray absorption fine structure (EXAFS) spectra that accu-
rately reproduce the experimental spectra, which thus allows for characterizing the hydration

structure of the two ions with high level of confidence.



Introduction

Halide ions are among the most studied electrolytes, both in experiments and in simulations, due
to their role in various natural and industrial processes.'™ They are frequently encountered in
biological systems> and found to play important roles in electrochemistry,® and environmental
chemistry.” Moreover, due to their spherical symmetry and short-lived interactions with water
molecules, halide ions are frequently used as benchmarks in fundamental studies of hydration
phenomena of negative ions. '

Developing a molecular-level understanding of the properties of hydrated ions from small
gas-phase clusters to aqueous solutions poses several challenges to both experiment and simu-
lation. 1922 Specific ion effects on the local structure of the hydrogen-bond (H-bond) network of
water have been the focus of extensive investigations. %2332 It is established that the presence of
ionic species in aqueous environments gives rise to structural rearrangements of the water H-bond
network. However, the extent of these rearrangements remains matter of debate. Until recently, the
common view has been to classify ions as “structure makers” or “structure breakers” depending on
whether they strengthen or disrupt the H-bond network of the surrounding water molecules. Ac-
cording to this classification, “structure makers” correspond to ions with high charge density while
“structure breakers” are ions with small and diffuse charge density. This classification, inspired
by Hofmeister’s series on protein stability,>* has often appeared to be too simplistic and has been
repeatedly challenged by experimental measurements. 16:29-30-34.35

Several theoretical and computational studies of the hydration properties of bromide and iodide
ions based on either force fields (FFs) or density functional theory (DFT) have been reported in the
literature, starting from pioneering simulations showing enhanced propensity of these ions for the
water surface.?3-26-36 A polarizable FF derived from first principles3’ was used to characterize the
hydration structure and calculate the extended X-ray absorption fine structure (EXAFS) spectrum
of bromide in solution which was found to be in qualitative agreement with the corresponding

experimental data.3® Molecular dynamics (MD) simulations carried out with the AMOEBA po-

larizable force field found that the interactions among water molecules in the first solvation shell



around a bromide ion are similar to those in pure bulk water.3 A systematic analysis of the hydra-
tion properties in ion—water clusters, including Br~ (H;0), clusters, carried out at the DFT level
found that the differences in dipole moments between molecules residing inside and outside of
the first hydration shell of the ion become smaller as the cluster size increases, which was inter-
preted as evidence in support of the use of nonpolarizable FFs in MD simulations.*? Car-Parrinello
MD simulations of bromide in water carried out with the BLYP functional were used to calculate
the EXAFS spectrum that was found to be in better agreement with the experimental data than
the analogous spectrum calculated using the TIP3P and OPLS models.*! The BLYP functional
was also used in DFT and quantum mechanics/molecular mechanics (QM/MM) simulations of io0-
dide in water.*> Somewhat surprisingly, it was found that the EXAFS spectrum calculated from
the QM/MM simulations was in better agreement with the experimental data than the analogous
spectrum calculated from the DFT simulations. DFT simulations carried out with the BLYP-D
functional were used to calculate the EXAFS spectra of iodide in water which were found to be in
qualitative agreement with the experimental data, displaying some differences in both phases and
amplitudes.*? More recently, polarizable FFs based on the BK3 water model were used to deter-
mine the hydration structure of both halide and alkali-metal ions.** A subsequent study found that
these BK3-based FFs overpredict water structuring around the ions in solution and concluded that
the ion—water interactions are not adequately represented by these FFs.*> MD simulations carried
out with the ONIOM-XS approach found that bromide—water interactions in solution are weak and

give rise to a loosely bound first shell. *®

In previous studies,*~>"

we introduced the many-body energy (MB-nrg) theoretical/computa-
tional framework for data-driven many-body potential energy functions (PEFs) that are rigorously
derived from the many-body expansion (MBE) of the energy calculated using coupled cluster the-
ory, including single, double, and perturbative triple excitations, i.e., CCSD(T), which is currently
considered as the “gold standard” for molecular interactions.”! When used to model halide—water

interactions, the MB-nrg PEFs were shown to provide high accuracy, quantitatively reproducing

the energetics of small X~ (H,O)y clusters, with X = F, Cl, Br, and 15253 as well as the vibrational



spectra and tunneling splitting of halide monohydrate>* and dihydrate complexes.3>* More re-
cently, we demonstrated that the original chloride—water MB-nrg PEF*’ could be improved by re-
fining the training set of the 2-body energies via active learning> and including an explicit 3-body
energy term.>® The new chloride—water MB-nrg PEF was shown to achieve CCSD(T) accuracy in
representing the interaction energies of Cl1~ (H,0),, clusters and, when used in MD simulations, it
predicted the correct hydration structure of chloride in water as demonstrated by the quantitative
agreement between the experimental and calculated extended EXAFS spectra.>®

In this study, we continue our analysis of many-body effects in ion hydration by introducing
second-generation bromide—water and iodide—water MB-nrg PEFs. The article is structured as
follows: in the “Methods” section, we present the new MB-nrg PEFs that are developed from
expanded training sets for 2-body and 3-body energies generated using the active learning scheme
of Ref. 55. We assess the overall accuracy of the new MB-nrg PEFs in the "Results” section by
analyzing their ability to reproduce the energetics of small Br~ (H,0), and I (H,O), clusters as
well as the hydration structure of each ion in solution. In the "Conclusion”, we summarize our

work and provide an outlook for potential future applications of the MB-nrg PEFs.

Methods

MB-nrg PEFs

The MB-nrg PEFs for bromide and iodide in water were developed following Ref. 56. Within
the MBE, the energy of a system is obtained as the sum of individual n-body energy terms, "B

according to

Mz

Ey(1,..,N) = +ZeZB (i,7)+ Z e3B(i, j k) +...+eNB(1,..,N), (1)
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Since the MB-nrg theoretical/computational framework has already been described in the liter-

47-50,57

ature, we will only describe here the salient features and provide details specific to the



bromide—water and iodide—water PEFs. Briefly, the MB-nrg PEFs use a combination of short-range
permutationally invariant polynomials (PIPs)>® trained on electronic structure data and physics-
based functions to represent the 1B, 2B, and 3B terms of the MBE in Eq. 1,°7° while all other nB
terms with n > 3 are represented by an implicit many-body term derived from the Thole model of
60

classical polarization.

Within the MB-nrg theoretical/computational framework, Eq. 1 is thus expressed as

N
En Z -I-ZEZB (i,))+ Z g8 (i, ],k Vpi?B, 2)
i=1 i>j i>j>k

where £!B(i) is the distortion energy of the ith monomer in the system, and all other nB terms are

defined recursively as

eB(1,...,n) = E,(1,...,n)— Z ZSZBIJ

i i<j
— Y Bk~ —eUB( 1) (3)
i<j<k
Here, €"B is the n-body energy, and E,,(1,...,n) is the energy of a subsystem containing 7 monomers.

Since the halide ions are monoatomic species, the 1-body term of the halide—water MB-nrg PEFs
contains contributions only from the intramolecular distortions of the water molecules, which are
described by the MB-pol PEF®!-03 through the model developed by Partridge and Schwenke. %*

In Eq. 2, the 2-body energy, €8, takes the form
= VS%B + Velec + lesp + sz(}? “4)

where VS%B is a short-range term expressed by a PIP that is fitted to reproduce CCSD(T) 2-body
energies and switched off when the distance between the halide ion (X) and the oxygen atom (O)

of the water molecule within the dimer is larger than a predefined cutoff,

V2B =5 (Rx-0) Vislp )



The switching function, s, (Rx o), is given by>%

(

1, if IQ(Rx—O) <0
52(Rx-0) = § cos®[2(Rx-0)7/2], if0<n(Rx-0) <1 (6)
0, if 1< IZ(RX*O)
\
with
Rx-o—RyY
H(Rx-0) = B (N
R%Et - Risz

R?B and R2B are the inner and outer cutoffs of s, (Rx-o) which are chosen in order to ensure a

smooth and continuous variation of €28 in the switching region. (Rizf‘, R%Et) =(5.9A,79A) and
(6.2 A, 8.2 A) for the bromide—water and iodide—water MB-nrg PEFs, respectively.

Velee In Eq. 4 represents electrostatic interactions between the negative (-1e) charge of the
halide ions and the geometry-dependent point charges of the water molecule which are obtained

by fitting the ab initio dipole moment of an isolated water molecule calculated in Ref. 64.

V2B in Eq. 4 represents the 2-body dispersion energy and is expressed as

disp
Csx-0 Cox-H Co x-H
Vd2i153p = —f(6x-0) 6 —f(5fo1)R5—1 — f(0x-n,) 26 2 ®)
X-0 X-H, X~ H,

where Rx-o, Rx-p,, and Rx-y, are the distances between the ion (X™), and the oxygen (O) and
the two hydrogen (H) atoms of the water molecule within a X~—H,O dimer, and f(6) and Cg are
the corresponding Tang-Toennies damping functions® and dispersion coefficients determined in
Ref. 47.

The 3-body energy in Eq. 2, €3B, is given by

e =VaP + Vol ©)

As in €2B of Eq. 4, V3B is a short-range term expressed by a PIP that is fitted to reproduce CCSD(T)



3-body energies and switched off when two or more of the X-O and O-O distances are larger than

a predefined cutoff value according to:

Vil =53 (Rx-0,)83(Rx-0,)
+53(Rx-0,)$3(Ro,0,)
(10)
+53(Rx-0,)53(Ro,0,)

—2-53(Rx-0,)53(Rx-0,)s3(Ro,0,)] - Voip

A combination of switching functions s3(Ry;) acting on each (X,0) and (O,0) pair is used to

guarantee that £3B transitions smoothly between (VSI% +V3B) at short range and V38

bol bol At long range,

with s3(Ry;) given by

1, ift3(Rkl) <0
53(Rkl> = 4 cos? [l‘3(Rkl)TE/2] , 1if0< l‘3(Rk1) <1 (1)
0, ifl1 < (Rkl)
\

Here, the variable 73(Ry;) depends on the inner (Rf’f) and outer (R3B) cutoff values according to:

Ry — R

t3(Ryr) = R _ R (12)
ou n

As discussed in Ref. 56, the MB-nrg framework provides the user with complete freedom for the
choice of the inner and outer cutoffs. To account for the relatively large size and polarizability of

the two halide ions, (Ri%3 R3B) were set equal to (3.9 A, 5.9 A)and (5.5 A, 6.0 A) for bromide and

out

iodide, respectively.
Finally, szg? in Eq. 4, Vp3£ in Eq. 9, and fo)fB in Eq. 2 are implicitly included in a classical
N-body polarization term, V;:HB, derived from the Thole model.®® The effective atomic polariz-

abilities, acff, for the bromide and iodide ions in water were determined from exchange-dipole

moment (XDM)%0-67 calculations carried out with Gaussian 16 and postg69’70 for Br— (H,O),



and I7(H,0), clusters. Specifically, clusters of increasingly larger radius were extracted from
MD simulations for systems containing a single ion and 277 water molecules carried out in the
isothermal-isobaric (NPT) ensemble at 298 K and 1 atm using the TTM-nrg PEFs.”! For each

radius, 20 clusters were randomly selected and the corresponding effective atomic polarizabilities

4/3
aeff _ afree ( Veff ) (13)
o y free

were determined as’?

Here V°'T and V™ are the effective and free volumes of the halide ions, respectively, obtained
from the XDM calculations. Fig. 1 shows the average values of a° for the bromide and ions
as a function of the cluster size. The bulk values of a°f were determined from the asymptotic
limit of the two curves, which results in the values of 3.7819 A3 and 5.9563 A3 for Br— and I,

respectively.

a) Br~ b) I~

&
oL 5.9563
3

44 3.7819

3 4 5 6 3 4 5 6

r (R) r (R)

Figure 1: Variation of bromide (panel a) and iodide (panel b) polarizabilities calculated with XDM
as a function of the radius () of the corresponding Br~ (H;0),, and Br~ (H,0),, clusters. The error
bars are determined as 95% confidence interval.



Pemutationally invariant polynomials

Both VPZI% and VPz’I% are functions of the pairwise distances between the ion (X), the hydrogen and
oxygen atoms (H and O), and the lone-pair sites of the MB-pol water molecules (L and L,). 61 VPZI%
contains 496 symmetrized monomials (&;): 3 first-degree monomials, 15 second-degree monomi-
als, 49 third-degree monomials, 130 fourth-degree monomials, and 299 fifth degree monomials.
sz[% thus contains 496 linear fitting parameters (c;) and 9 nonlinear fitting parameters. 4’ VSI%
contains 1575 symmetrized monomials, &;: 39 second-degree monomials, 613 third-degree mono-

mials, and 923 fourth-degree monomials. Therefore, VSI% contains 1575 linear fitting parameters

and 13 nonlinear fitting parameters.

Fitting procedure

As in MB-pol®:6% and other MB-nrg PEFs,*'~0°6.73 the linear parameters of the 2- and 3-body
PIPs were fitted through singular value decomposition while the simplex algorithm was used for
the non-linear parameters.

The regularized weighted sum of squared deviations, x2, was minimized over the training set

-, while the L linear parameters were regularized with I = 0.0005:

L
762 = Z Wn[gmodel(n) - gref(”)]z +F2 Z cl2 (14)
ne.s =1

Here, w,, are weights to emphasize low binding energy configurations according to

AE r
Ei_Emin+AE '

W(E;) = [ (15)

where Ep, is the lowest binding energy in . and AE is the range of favorable configurations
which was set to 30 kcal /mol and 42.5 kcal /mol for the 2-body and 3-body energies, respectively.

The fitting process was performed using a development version of the MB-Fit software.”’-"4
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Reference energies

The training sets for the 2-body energies were generated using the method described in Refs. 55
and 56. A pool of ~ 150000 configurations was generated from different sources: a spherical grid
with the water molecule in a ~ 2 — 8 A shell from the ion, normal modes of the ion—water dimer,
and MD simulations carried out in periodic boundary conditions using the TTM-nrg PEFs’! for a
box containing a single ion and 277 water molecules (see Section “Molecular dynamics simula-
tions”. The reference 2-body energies were obtained at the CCSD(T)-F12b level of theory’>76 in
the complete basis set (CBS) limit that was achieved via a two-point extrapolation’”’® between 2-
body energies calculated with the augmented correlation-consistent polarized valence triple- (aug-
cc-pVTZ) and quadruple-{ (aug-cc-pVQZ) basis sets.’*32 The final 2-body training sets consist
of 17057 bromide—water and 15810 iodide—water dimers, while the corresponding test sets consist
of 1795 and 1668 dimer configurations, respectively.

3-body training sets consisting of 33830 Br~ (H,0O); and 33985 I (H,0)3 trimers were also
generated from MD simulations carried with the TTM-nrg PEFs.”! The corresponding tests consist
of 3576 and 3621 trimer configurations, respectively. The 3-body energies were calculated at
the CCSD(T)-F12b level of theory7>7¢ using the aug-cc-pVTZ basis set.”*82 All CCSD(T)-F12b

calculations were carried out using MOLPRO (version 2020.1). 83

Molecular dynamics simulations

All the MD simulations were carried out in the NPT ensemble at 298.15 K and 1.0 atm for an
orthorhombic box containing a single ion and 277 water molecules, which corresponds to a con-
centration of ~0.2 M concentration. The velocity-Verlet algorithm was used to propagate the
equations of motion with a time step of 0.5 fs according to Ref. 84. The temperature and pressure
were maintained using a global Nosé—Hoover chain of 3 thermostats with a relaxation time of 0.05
ps, and a global Nosé—Hoover barostat with a relaxation time of 0.5 ps which was thermosttated
by a chain of three thermostats. The NPT simulations consisted of 0.1 ns of equilibration followed

by 1 ns of production. Short-range interactions were evaluated with a real-space cutoff of 9 A,

11



while long-range interactions (including electrostatic, dispersion, and polarization contributions)
were calculated in reciprocal space using a particle—particle particle—mesh solver.% All MD sim-
ulations were carried out using the Large-scale Atomic/Molecular Massively Parallel Simulator

(LAMMPS)® package interfaced with the MBX software for many-body PEFs.3

Extended X-ray absorption spectroscopy

Two different EXAFS analysis methods were used to compare the experimentally measured struc-
tures with the structures obtained from MD simulations. The first method is exact and consists in
generating an ensemble average of EXAFS spectra calculated for a set of snapshots extracted from
the simulated trajectory (MD-EXAFS). The MD-EXAFS method has previously been described
in Ref. 88. From the equilibrated portion of the MD trajectory, 2000 equally spaced frames are
selected and the Cartesian coordinates of the halide ion, and oxygen and hydrogen atoms of the
water molecules are retrieved. Each set is used as input to the EXAFS scattering code, FEFF9, 89-91
in order to generate the ensemble average y (k) spectra. As in Refs. 92 and 56, all FEFF calcula-
tions were performed using clusters containing the halide ion and its 33 closest water molecules,
extracted from the corresponding NPT trajectories.

The second method involves fitting a small set of theoretical standards to measured or calcu-
lated spectra. The EXAFS analysis software Artemis was used for this approach.’® The method
adopts a Gaussian model and thus approximates the position of each atom with a normal distri-
bution centered on its average value. The limitations of this approach have been discussed with

respect to its application to disordered systems.*%>

Fitting to the theoretical standards requires
some a priori insight into the chemical makeup of the system in order to judiciously select a set of
the most important nearby neighbor atoms for which 3 or 4 scattering paths are created. Then using

a least-squares fitting procedure, refinements to coordination numbers, distances, and disorder are

used to provide a best-fit to the measured or simulated spectrum.
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Results

To assess the accuracy of the 2-body terms of the MB-nrg PEFs, Fig. 2 shows correlation plots
between the CCSD(T)-F12b/CBS reference 2-body energies and the corresponding MB-nrg val-
ues calculated for the bromide—water and iodide—water dimers in the test sets. The associated
root mean square errors (RMSEs) for both training and test sets are reported in Table 1. Both
MB-nrg PEFs achieve CCSD(T)/CBS accuracy over the entire energy range from -25 kcal/mol
to 105 kcal/mol. The ability of the MB-nrg PEFs to provide a high-fidelity representation of the
CCSD(T)/CBS dimer multidimensional energy landscape is further demonstrated in Fig. 3 that
shows comparisons between CCSD(T)/CBS and MB-nrg one-dimensional potential energy radial
scans calculated for various orientations (0, @) of each ion relative to the water molecule within a
ion—water dimer.

Fig. 4 shows correlation plots between the CCSD(T)-F12b/CBS reference 3-body energies and

the corresponding MB-nrg values calculated for the bromide—water and iodide—water trimers in the

100 ~

80 A

60 -

40 A

20 A

O_

MB-nrg energy (kcal/mol)

a) Br~ b) I~

—-20 A

—25 0 25 50 75 100 -25 0 25 50 75 100
CCSD(T)-F12b/CBS energy (kcal/mol) CCSD(T)-F12b/CBS energy (kcal/mol)
Figure 2: 2-body energy correlation plots between the CCSD(T)-F12b/CBS reference values (x

axis) and corresponding MB-nrg values (y axis) for the bromide—water (panel a) and iodide—water
(panel b) test sets.
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Table 1: Root mean square errors (RMSEs) associated with bromide-water and iodide—water
2-body and 3-body energies calculated with the MB-nrg PEFs relative to the corresponding
CCSD(T)-F12b/CBS reference values of the training and test sets.

2-body RMSE (kcal/mol) 3-body RMSE (kcal/mol)

MB-nrg PEF
Training Test Training Test
bromide—water  0.1947 0.1871 0.0404 0.0470
iodide—water 0.2010 0.2287 0.0513 0.0677
| TRV
545,990
~ 304 |l | —90 6=
s i s,
= 204 \ 6=45¢=0
© 6 =90, ¢ =52.345
¢ —— 9=90,¢=0
> 1 \x*
o
g o
(A1]
104
a) Br~
-20 T T T T T
3 4 5 6 7 8
Rero (R) Ri-o (A)

Figure 3: Interaction energy scans along the X~ —O distance (Ry-) for selected orientations (6,
¢) of the halide ion relative to the water molecule in a X~ (H,O) dimer, with X = Br (panel a) and
I (panel b). Ry-p, 0, and ¢ are defined in panel c). The symbols correspond to the CCSD(T)-
F12b/CBS reference interaction energies, while the corresponding MB-nrg values are shown as
solid lines.

test sets, while the RMSEs calculated for both training and test sets are reported in Table 1. The
comparisons shown in Figs. 2 and 4 demonstrate that the both bromide—water and iodide—water
MB-nrg PEFs are able to quantitatively reproduce the corresponding CCSD(T)/CBS 2-body and
3-body energies, without overfitting.

While the accuracy exhibited by the 2-body and 3-body terms of the bromide—water and iodide—
water PEFs is certainly remarkable, it is also somewhat expected since these terms are explicitly
fitted to reproduce the corresponding CCSD(T)-F12b/CBS reference energies. In this context, one
of the most arduous challenges for data-driven PEFs is achieving full transferability across phases
and/or thermodynamic state points different from those represented in the training sets. To ad-
dress this challenge, we first analyze the ability of the MB-nrg PEFs to correctly reproduce the

CCSD(T)-F12b/CBS interaction energies of small X~ (H,0),, clusters shown in Fig. 5. It is im-
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Figure 4: 3-body energy correlation plots between the CCSD(T)-F12b/CBS reference values (x
axis) and corresponding MB-nrg values (y axis) for the bromide—water (panel a) and iodide—water
(panel b) test sets.

portant to emphasize that the calculations carried out for systems containing a single ion and more
than two water molecules correspond to actual predictions since, by construction, the MB-nrg PEFs
were only trained up to the 3-body energies in the trimers and all higher many-body terms are rep-
resented by classical polarization. Fig. 6 shows comparisons between the CCSD(T)-F12b/CBS
reference interaction energies 2> and the corresponding values calculated with the MB-nrg PEFs
for 15 different X~ (H,0), clusters (with n = 1 —4), with X = Br and 1. Besides the full MB-nrg
PEFs, hereafter referred to as (2B+3B+NB)-MB-nrg PEFs, which include explicit PIP-based rep-
resentations of both 2-body and 3-body energies (Eqs. 6-14), Fig. 6 also shows results obtained
with MB-nrg PEFs that include PIP terms only for the 2-body energies and are hereafter referred to
as (2B+NB)-MB-nrg PEFs. The comparisons in Fig. 6, therefore, allow for assessing not only the
overall accuracy of the full MB-nrg PEFs but also the relative importance of 2-body, 3-body, and
higher n-body contributions to the interactions energies of larger bromide—water and iodide—water
systems. The (2B+3B+NB)-MB-nrg PEFs quantitatively reproduce the CCSD(T)-F12b/CBS ref-

erence energies of both Br~ (H,0),, and I (H,0),,, independently of the cluster size and structure.

15



Figure 5: Low-lying energy isomers of Br~ (H;0), (top panels) and I" (H,0), (bottom panels)
clusters (n =1—4).
Importantly, the performance of the (2B+3B+NB)-MB-nrg and (2B+NB)-MB-nrg PEFs is very
similar, with only small differences found for the isomers with relatively higher interaction energy
(e.g., isomers 3d and 4e), which indicates that n-body energy contributions with n > 2 are primarily
due to classical electrostatic interactions.

The last challenge that remains to be addressed in order to assess the transferability of the MB-

nrg PEFs is to determine if the high accuracy displayed in predicting the interaction energies of
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Figure 6: Comparison between the interaction energies calculated for the low-energy isomers of
Br~(H,0), (panel a) and I~ (H,0),, (panel b) clusters (n = 1 —4) using the (2B+NB)-MB-nrg and
(2B+3B+NB)-MB-nrg PEFs. For each cluster, the CCSD(T)-F12b reference values 52.53 are shown
as horizontal dashed lines.

small clusters in the gas phase translates into realistic descriptions of the hydration structure of the
bromide and iodide ions in solution at finite temperature.

In this regard, Fig. 7 shows the radial distribution functions (RDFs) and corresponding coor-
dination numbers calculated from NPT simulations carried out with both (2B+NB)-MB-nrg and
(2B+3B+NB)-MB-nrg PEFs at 298 K and 1 atm for a box containing a single ion and 277 water
molecules in periodic boundary conditions. The RDFs describing spatial 2-body correlations be-
tween the Br™ ion and the oxygen (O) atoms of the water molecules exhibit a well-define hydration
sttructure, with a prominent, first-shell peak at ~3.4 A. Both (2B+NB)-MB-nrg and (2B+3B+NB)-
MB-nrg PEFs effectively predict the same position and shape for this first peak. Some minor

differences exist between the two MB-nrg PEFs in the region of the second, broader peak cor-
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Figure 7: Bromide-oxygen (panel a) and iodide-oxygen (panel b) radial distribution functions,
g(r), and corresponding coordination numbers, n(r), calculated from NPT simulations carried out
at 298 K and 1 atm with the (2B+NB)-MB-nrg (blue) and (2B+3B+NB)-MB-nrg (red) PEFs.

responding to the second hydration shell that extends between ~4.2 A and ~6.2 A. Specifically,
the (2B+3B+NB)-MB-nrg PEF predicts a small shift of the second hydration shell towards shorter
distances, signalling relatively stronger bromide—water interactions. The variation of the water co-
ordination number as a function of the distance from the bromide ion shows an inflection point at
~4.2 A, indicating that the first hydration shell contains ~ 7-8 water molecules.

The iodide—oxygen RDFs predicted by both (2B+NB)-MB-nrg and (2B+3B+NB)-MB-nrg PEFs
shows a first peak similar to that observed in the corresponding bromide—oxygen RDFs, but at
slightly larger distances due to the larger size of the iodide ion. However, the evolution of the subse-
quent hydration shells around iodide is appreciably different. In particular, both (2B+NB)-MB-nrg
and (2B+3B+NB)-MB-nrg PEFs predict a shallow hydration structure beyond 4.5 A, with the pres-
ence of a second and third hydration shell only barely visible in the (2B+3B+NB)-MB-nrg PEF. In
this regard, it should be noted that the presence of the “kink” at ~5.5 A in the iodide-oxygen RDF
calculated with the (2B+3B+NB)-MB-nrg PEF might also be due to a less-than-perfect transition

from the data-driven component (i.e., PIPs + polarization) to the purely classical component (i.e.,
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polarization) of the 3-body term in Eq. 9. The role of the switching functions in the 2-body (Eq. 5)
and 3-body (Eq. 10) terms of the MB-nrg potentials will be the subject of a forthcoming study.

As expected from the shape of the iodide-oxygen RDFs calculated with the (2B+NB)-MB-
nrg and (2B+3B+NB)-MB-nrg PEFs, the water coordination number calculated with both PEFs
effectively shows a monotonic increase as a function of the distance from the iodide ion, with
only a weak inflection point at ~4.5 A which precludes a precise determination of the first-shell
coordination number. The differences between the bromide—oxygen and iodide—oxygen RDFs
primarily arise from the competition between 2-body halide—water and water—water interactions
that are further modulated by 3-body iodide—water—water interactions. As shown in Refs. 32, the
strength of 2-body halide—water interactions decreases with the size of the halide ions and becomes
comparable to the strength of 2-body water—water interactions in the case of the iodide ion. The
competition between iodide—water and water—water interactions thus results in a shallower iodide—
oxygen RDF beyond the first hydration shell. When compared to the theoretical models of Ref. 43,
the MB-nrg model predicts a nearly identical first peak. However, DFT-based MD and the Dang
and Chang (D/C) model predict less interstitial water between the first and the second solvation
shell, as reported in the Supporting Information.

While the analysis of the RDFs discussed above allows for gaining insights into the hydra-

0.6

= (2B+NB)-MB-nrg
s (2B+3B+NB)-MB-nrg
O exp

0.4

k2 - x(k)

-0.6

Figure 8: K-edge EXAFS spectrum, k?x(k), of bromide in water calculated from NPT simulations
carried out at 298 K and 1 atm with the (2B+NB)-MB-nrg and (2B+3B+NB)-MB-nrg PEFs. The
experimental EXAFS spectrum from Ref. 96 is shown as black circles.
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Figure 9: K-edge (panel a), L1-edge (panel b), and L3-edge (panel ¢c) EXAFS spectra, k> (k), of
iodide in water calculated from NPT simulations carried out at 298 K and 1 atm with the (2B+NB)-
MB-nrg and (2B+3B+NB)-MB-nrg PEFs. The corresponding experimental EXAFS spectra from
Ref. 43 are shown as black circles.

tion structure of bromide and iodide ions in solution, it does not provide any evidence for the
accuracy and realism of the RDFs predicted by the MB-nrg PEFs. To address this last challenge,
in Figs. 8 and 9, we show comparisons between the experimental and simulated EXAFS spec-
tra, calculated with the MD-EXAFS methodology introduced in the Methods section, for bromide
and iodide in water, respectively. The K-edge spectra calculated with the (2B+NB)-MB-nrg and
(2B+3B+NB)-MB-nrg PEFs for bromide in water are effectively indistinguishable from each other
and in quantitative agreement with the experimental spectrum, with only small deviations for k in
the 3-3.5 A~! range. Similar agreement between the experimental and MB-nrg results was reported
for the K-edge spectrum of chloride in water.”®

In Fig. 9, we report results relative to three different absorption edges for iodide (K-, L1-, and
L3-edges). With regard to the EXAFS single scattering paths, there is a simple 90° phase shift in
the x (k) oscillations from the K- or L1- edge spectra (1s and 2s initial states, respectively) with
respect to those observed for the L.3-edge (2p initial state). However, the symmetry selection rules
dictate that the K-, L1-, and L3-edge spectra provide independent, non-redundant, measurements
of the local symmetry with respect to multiple scattering paths.®’

All three EXAFS spectra calculated with the iodide—water MB-nrg PEFs are also in good agree-

ment with the experimental data, with the agreement improving as k increases. However, while the
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phase of each spectrum is quantitatively reproduced by the MB-nrg PEFs over the entire range of
k values, some discrepancies in the amplitudes of the oscillations exist at small values of k, espe-
cially in the case of the K-edge spectrum. Interestingly, the differences seen in the second shells
of the RDFs predicted by the (2B+NB)-MB-nrg and (2B+3B+NB)-MB-nrg PEFs appear to only
have minimal effects on the corresponding EXAFS spectra. This provides further evidence for the
local nature of the EXAFS measurements that are primarily sensitive to the first hydration shell.
The amplitude discrepancies for the K- and L.1-edge spectra (1s and 2s initial states, respectively),
especially in the region around 2.5 A" and 42 A_l, are due to multi-electron excitations that are
part of the atomic background function present in the experimental spectra.*>°® Importantly, the
multi-electron excitations for the L3-edge (2p initial state) have different distributions and inten-
sities of transitions. The complete set of K-, L1- and L.3-edge atomic-background multi-electron
excitation features are also observed in the residuals for the model fit to the experimental spectra
that is shown in the y (k) spectra of Fig. S6a in the Supporting Information. In the light of these
moderate distortions of the experimental EXAFS spectra, the MB-nrg provides excellent overall
agreement.

For comparison, EXAFS spectra calculated only including water molecules within the the first
hydration shell of the halide ions are shown in Figs. S2 and S3 in the Supporting Information.
Although very similar to those calculated by including 33 water molecules, i.e., including water
molecules residing beyond the first hydration shell, the EXAFS spectra calculated with only water
molecules within the first solvation shell show small differences in the amplitudes as well as at
large k values for both halide ions. This suggests that, when possible, including a larger number
of water molecules beyond the first hydration shell in the FEFF calculations may lead to better
converged EXAFS spectra. For comparisons, the EXAFS spectra calculated for I~ using DFT-
based simulations as well as simulations with the D/C polarizable model reported in Ref. 43 are
shown in Fig. S4.

It is important to emphasize that all the structural details of the RDFs are encoded into the

various regions of the calculated EXAFS spectra. For instance, the EXAFS spectra contain infor-
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Table 2: Top: Comparison of the structural parameters from K-edge fits to experimental
EXAFS gathered from Ref. 96 and MD-EXAFS from this work for the aqueous Br~ first-
shell structure. Bottom: Comparison of the structural parameters from simultaneous K-,
L1-, and L3-edge fits to experimental EXAFS and MD-EXAFS gathered from Ref. 43 with
MD-EXAFS fits from this work for the aqueous I~ first-shell structure. N is the coordination
number, R refers to the measured X-H and X-O distances, 6 is the Debye-Waller factor,
0x.g.o is the X-H-O angle, and the subscript XHO refers to three-leg I-H-O paths. The
goodness of the fit, 7, is calculated as the sum of the errors squared scaled by the magnitude
of the data. See main text for details.

System Structure
Scatterer N RA)  2x103(A%) 0Zyox 103 A" o 2
01,0 6 3.274(024)  13.0(4.2) .
0.5m RbBr Hio e 2357049 21606 12.4(2.0) 158°  0.020
O,0 6 3.3920017)  13.2(2.4) R
MB-ng MD i e 250103 271015 18.4(4.8) 154 0.016
System Structure
Scatterer N RA)  02x103 A% o2, x100A%) o #
Omo  6.3(0.9) 3498025  17.1(4.7) R
0.4m Nal o 6309 2649028 356045 20.9(6.8) 1480 0.046
Omo  6.0(0.4) 3584(007)  144(1.1) O
DFT MD Hu,o  6.004) 2.686(026)  36.6(5.1) 15.9(1.6) 156 0.008
Omo  5.0(04) 3526(007)  12.7(1.0) R
D/CMD Hupo 5.0004) 2597(017)  22.7(2.7) 21427 1630013
MBargMp 0o 3605 35690100 16.6(1.4) 19.101.0) 4 00l

Hy,o  5.6(0.5) 2723(029)  34.9(5.4)

* Fixed parameter.

mation about the rather broad and asymmetric first peak in the calculated RDFs for which both
halide ions show a relatively large amount of disorder. Furthermore, the EXAFS spectra are sen-
sitive to interstitial water molecules that reside in the region from 4 to 4.5 A. At larger distances,
however, the lack of any or the presence of very weak structures makes detection more difficult.
The signals (k) also contain angular correlation components that are a feature of photoelectron
multiple scattering paths.*?

In order to explore these characteristics of the EXAFS spectra, in Table 2 we report the struc-
tural parameters obtained from fitting the K-edge of bromide and simultaneously fitting the K-,
L1-, and L3-edge of iodide to the theoretical standards, using the second methodology discussed

in the Methods section. Specifically, listed in Table 2 are the coordination number N, the measured
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I-H and I-O distances R, the Debye-Waller factor 62, and the X-H-O angle ¢x_y1.0. The resulting
fits are shown in Figs. S5 and S6 of the Supporting Information. For both bromide and iodide (X
= Br, I), the X-O, X-H, and X-H-O scattering paths were selected. The bromide K-edge EXAFS
data were weighted by k2, and fitted over the range 1.8 < k < 10.0 A™". Both the real and imag-
inary parts of x(R) are in the region of 1.25 < R < 4.5 A. A value S(z) = 0.91 of the core hole
factor was used. Given the small number of independent points collected, the coordination number
was kept fixed at 6 for bromide; for the same reason, the fitted parameters generally show a larger
error when compared to iodide. In the case of iodide, the K-, L1- and L3-edge experimental data
were weighted by &, and fitted simultaneously over the ranges 1.9 < k < 8.8, 1.9 < k < 8.6, and
19<k<7.8 A_l, respectively. In all cases, both the real and imaginary parts of the resulting
X (R) are in the region of 1.25 < R < 4.5 A. A value S3 = 1.0 of the core hole factor was used. It
is important to note that, since the exact same fitting model was applied to the experimental, DFT-
based, D/C model, and MB-nrg model spectra, their differences can be quantitatively compared.
As shown in Table 2, the I-O and I-H distance from the MB-nrg model fit are within 0.07 A of the
experimental values. The Debye Waller factors for I-O, I-H, and I-H-O from MB-nrg are identical
to those of the experimental values within fitting errors; this is especially striking when compared
to other reported MD-EXAFS results. Similar agreement is observed for the bromide-water struc-
ture. Moreover, the MB-nrg iodide-water model is capable of faithfully reproducing the I-H-O
angle. The small differences observed in the coordination number are within the error recorded for

the experimental fit.

Conclusions

In this work, we have introduced second-generation bromide—water and iodide—water MB-nrg
PEFs. Within the MB-nrg theoretical/computational framework, the two MB-nrg PEFs are derived
from the MBE of the energy and includes explicit data-driven 2-body and 3-body energy terms

along with an implicit term describing all n-body energy contributions with n > 3. The 2-body and
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3-body terms are represented by PIP optimized to reproduce the corresponding CCSD(T)-F12b
reference data, while the implicit term is represented by classical many-body polarization.

The two MB-nrg PEFs are able to quantitatively reproduce the interaction energies of Br~ (H,O),,
and I” (H,0),, effectively achieving CCSD(T)-F12b accuracy in all cases examined in this study.
A systematic analysis of the interaction energies show that 3-body energy contributions are pri-
marily due to classical polarization. However, the inclusion of an explicit, short-range 3-body term
is shown to be important for retrieving specific features of the hydration shells around the two ions
in solution. The second solvation shell is found to be particularly sensitive to 3-body interactions:
while in the case of bromide the shell slightly shifts to shorter distances when the short-range PIP
is included in the MB-nrg PEF, neglecting short-range iodide-water-water interactions leads to a
shallow and nearly featureless iodide—oxygen radial distribution function beyond the first hydration
shell.

The structural features that characterize the hydration structure of bromide and iodide in so-
lution predicted by the MB-nrg PEFs are confirmed by the agreement between the experimental
and simulated EXAFS spectra. It should, however, be noted that while the phases of the EXAFS
spectra simulated with the MB-nrg PEFs correctly reproduce the experimental values, small varia-
tions in the amplitudes, especially in the case of the K-edge of iodide, exist, which may be due to
inaccuracies in the MB-nrg PEFs and/or multielectron scattering effects that are not accounted for
in the simulated spectra.

We believe that the results presented in this study further demonstrate the ability of the MB-nrg
PEFs to correctly predict the physics of hydrated halide ions, providing a quantitative representa-
tion of halide—water interactions from the gas to the condensed phase and enabling affordable MD

simulations of ionic aqueous solutions with CCSD(T) accuracy.
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Supporting Information

Additional analyses of the EXAFS spectra and comparisons with previous simulations of iodide in

solution carried out using a polarizable force field as well as a DFT model.
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