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ABSTRACT: Couplings between vibrational motions are driven by electronic
interactions, and these couplings carry special significance in vibrational energy transfer,
multidimensional spectroscopy experiments, and simulations of vibrational spectra. In this
investigation, the many-body contributions to these couplings are analyzed computation-
ally in the context of clathrate-like alkali metal cation hydrates, including Cs*(H,0),,,
Rb*(H,0),0, and K" (H,0),, using both analytic and quantum-chemistry potential energy
surfaces. Although the harmonic spectra and one-dimensional anharmonic spectra depend
strongly on these many-body interactions, the mode-pair couplings were, perhaps
surprisingly, found to be dominated by one-body effects, even in cases of couplings to low-
frequency modes that involved the motion of multiple water molecules. The origin of this
effect was traced mainly to geometric distortion within water monomers and cancellation
of many-body effects in differential couplings, and the effect was also shown to be agnostic
to the identity of the ion. These outcomes provide new understanding of vibrational
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couplings and suggest the possibility of improved computational methods for the simulation of infrared and Raman spectra.

1. INTRODUCTION

The characteristic vibrational motions of atoms serve as
signatures for the identification of molecules and functional
groups, as well as drivers of thermodynamic functions during
chemical transformations." The nuanced shifts in these
frequencies reflect essential electronic-structure characteristics
deriving from both covalent bonding and noncovalent
interactions.” >’ Infrared and Raman spectroscopies probe
this vibrational behavior and, albeit indirectly, the potential
energy and dipole/polarizability surfaces that govern vibra-
tional dynamics. Couplings between vibrational motions serve
as the physical mechanism by which heat and vibrational
energy transfer occur,”’ > and the same couplings—now
probed by multidimensional spectroscopy experiments”' ~*°—
also serve as the dominant contributor to deviations from a
canonical harmonic reference picture.*’”

Experimental advances in cold-ion sources and action
spectroscopies have yielded considerable new insight into
these vibrational dynamics, including the spectral signatures of
ion hydration, hydrogen bonding, and biomolecular struc-
ture.””'%?7~* Because of the intrinsic need to “invert” such
spectra into molecular structure and properties, theory and
computational simulations have become vital partners in the
interpretation of these modern experiments,”?”*%*%¢757
particularly in the many cases that deviate strongly from a
traditional harmonic analysis. A series of mature computational
methods now exists for this purpose, including variational
solvers"”™>**® (on all or a targeted subset of vibrational
modes) and more general methods that are often analogues of
well-known methods in electronic structure theory.””>”~"* The
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accuracy of these methods on relatively small chemical systems
engenders considerable optimism for their ability to lend
insight into the types of systems now accessed with modern
experiments.

General usage of these approaches is hampered, however, by
the practical need for nonlocal (or at least semilocal)
representations of the vibrational potential energy surface
(PES). Although “one-dimensional” anharmonicity—the devi-
ation from the harmonic reference picture within a single
vibrational mode—can sometimes be significant and likely
forms the mental image of anharmonicity for many chemists,
the multidimensional coupling between vibrational modes
often serves as the dominant contribution to anharmonic
spectra. It is also, unfortunately, the computational bottleneck
for accurately modeling this anharmonic behavior. The
ostensibly exponential scaling of such representations has
limited these techniques to relatively small molecules/
complexes’>* or small subspaces of larger molecules.”” The
origin of this vibrational coupling is the central focus of the
present study. Existing routes to alleviate this computational
challenge include (1) new approaches to the numerical
quadrature of the potential surface,”*™** (2) the development
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of analytical representations of potential energy surfaces,

and (3) new physical insights into the nature of vibrational-
coupling behavior.”*”*'%*~''® The present analysis focuses on
the latter approach, which has received relatively less attention
but holds the potential to open entirely new avenues for the
simulation and understanding of vibrational phenomena. The
same analysis will exploit tools that have been provided by the
second approach, however, including modern many-body
potentials.

The many-body expansion is one of the oldest conceptual
approaches in science, wherein the interaction between
subunits of an n-component system is successively com-
pounded in accuracy via one-body, two-body, ..., n-body terms
and is typically truncated at some low order that is ideally long
before n. In chemistry, such approaches have been used
successfully to describe ion hydration,"””""*~"** molecular
clusters,"**~"** and even biomolecules’”'**"**~"3* and hydro-
carbons.””"** This many-body framework is deployed in two
ways in the present investigation, and it also serves to motivate
the guiding questions. For clarity in nomenclature in the
following analysis, n-mode terms will refer to a many-body
expansion in vibrational modes, and n-body terms will refer to
a many-body expansion of the potential energy surface in
predetermined atomic/molecular fragments.

From the vibrational perspective, one of the standard routes
to reducing the complexity of the §overning PES is the “n-
mode representation” (n-MR),>*°"®® which is effectively a
many-body expansion in the space of vibrational modes (in
selected vibrational coordinates, {g}, for an N-atom system of
Noode = 3N-6 vibrational modes):

mode

Vn_MR(ql; qz) Y q3N_6)

Ninode Ninoge Niode
=W+ 2, vWg) + D D Aavig, q)
i i i
Ninoge Ninode Nimoge
+ 2 2 D aviy, 4, q,) + -
i i k>j (1)

In this expansion, the one-mode (“1-MR”) terms are
comprised of one-dimensional cuts along vibrational modes
and capture the aforementioned 1D anharmonicity. Unfortu-
nately, they are also often qualitatively incorrect—at least in
rectilinear displacements—and often even yield the wrong sign
of the anharmonicity. Instead, higher-order couplings, such as
the pairwise couplings (“2-MR”) of all modes in A 2, provide
the necessary corrections that properly account for the strong
anharmonicities and resonant effects that can cflualitatively alter
spectra from their harmonic reference.”?”'3%*

Recent developments in analytic PES construction have
taken a philosophically similar approach to potentials for water,
hydrated ions, and some covalently linked systems:

VMB(EC'U 9_52) ) 9_57,)
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where each set of collective coordinates X; represents all
degrees of freedom of fragment i. In this form, the incremental

energies, such as AV;Z) = V:'/('Z)' Vi(l) - VI(I), account for the
differential electronic many-body effects that describe the
mutual interaction of fragments. In the MBX (Many-Body
eXpansion) representation'’’ from Paesani, for example,
predefined fragments (such as water molecules) exhibit their
own intrinsic PES, V{Upol using polynomial representa-
tions'*>'**'*! fit to high-level quantum chemistry data. For
the present ion hydrates, this reference quantum methodology
was the coupled-cluster with singles, doubles, and perturbative
triples [CCSD(T)] method,"** combined with extrapolated cc-
pwCVTZ-PP/cc-pwCVQZ-PP basis sets'* for the alkali metal
ions, along with their matched core potentials,'** and the aug-
cc-pVTZ/aug-cc-pVQZ basis sets' ™ for oxygen and hydrogen
atoms. Two-body terms include polynomial fits for short-range
interactions, Vz)”ly, in addition to contributions from
dispersion, V(®¥ via damped Cj interactions, and permanent
electrostatics, Vel The three-body terms, V(3)P°1y, similarly
include polynomial fits to quantum chemistry data. Higher-
order effects are captured via dipole Ipolarization in a collective,
induced-electrostatics correction V¥ 7°L The total potential is

thus:
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Although the MBX potential’s expansion truncates at this
three-body term (with implicit higher-order effects stemming
from dipole-polarization terms), more generic potentials,
including those based directly on fragments computed from
quantum chemistry computations,' > ~'2#1267 1381467199 14
also be included. Systematic analyses of these many-body
quantum chemistry effects have shown that electronically
insulating systems typically converge with three- to five-body
terms,"*’ depending on the types of interactions involved and
the basis sets employed in calculations.

The clear formal similarity between these approaches
naturally motivates the guiding questions of this investigation:
namely, which many-body contributions in the PES contribute
most significantly to the couplings that dictate vibrational
anharmonicity? Are, for example, two-body terms in the
underlying PES sufficient (or even necessary) to describe two-
mode coupling for anharmonic vibrations? Or alternatively, is
the full, many-body potential required in order to describe
these sometimes-subtle electronic-response effects? The
answers to these questions hold considerable significance for
computational simulation methods, two-dimensional vibra-
tional spectroscopies, vibrational energy transfer, and the
interpretation of infrared and Raman spectra.

This dual usage of the many-body expansion aligns in
concept with the “double-incremental” approach of Christian-
sen and coworkers,""”""® wherein FALCON-localized coor-
dinates'*® have been employed to access linearly scaling
anharmonic simulations of systems with well-defined frag-
ments, including covalently linked systems. The present
approach does not require or enforce strict localization of
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vibrational modes to the same fragments as the many-body
potential method, although the selected localized coordinates
often yield this outcome in practice for most of the modes. But
this computational nuance aside, the present investigation
complements this previous work by directly addressing the
underlying physics of vibrational couplings and the reasons
that a rapid convergence of the many-body expansion of the
PES could still be obtained with multimode vibrational
couplings.

Using hydrated-ion clusters as a first testing platform (Figure
1), this investigation addressed these questions using MBX and
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Figure 1. Optimized structures of hydrated-ion clusters considered in
this work. All three clusters were optimized with the MBX
potential.'”” The cesium starting structure was taken from ref 40,
and the rubidium and potassium structures were relaxed upon ion
substitution. All three structures maintain the known clathrate-like
form of the cesium-containing cluster.

density functional theory (DFT) potentials. The main—and
perhaps surprising—outcome is that, although all terms in the
MBX potential are critical for describing harmonic frequencies
and one-dimensional anharmonicity, only one-body terms
contribute substantively to the anharmonic couplings between
vibrational motions. These dominant one-body terms are also
naturally short-ranged. From the outset, these conclusions
must be tempered by the fact that they are tested on only a
single class of chemical systems. Although we suspect that they
are reasonably general, for reasons that will be discussed below,
considerable future analysis on disparate chemical systems is
encouraged.

2. METHODS

The aim of the present investigation was to assess the role of
many-body contributions to anharmonic vibrational couplings.
Accordingly, the approach to determining these roles was a
straightforward decomposition of these couplings into their
constituent many-body terms. In broad terms, anharmonic
couplings were computed for a series of hydrated-ion test
systems, and the contribution from each many-body
component of the underlying PES was computed.

The chemical systems studied in this work included the
clathrate-like, hydrated-ion cages of alkali metal cations.
Specifically, Cs*(H,0),o, Rb*"(H,0),,, and K*(H,0),, clusters
were investigated as a convenient preliminary platform. The
structure of Cs"(H,0),, was taken from ref 40 and
reoptimized with the potentials described below. The
structures for the rubidium- and potassium-containing clusters
were optimized using this cesium-containing structure as an
initial guess, and they relaxed to a qualitatively identical
clathrate-like structure, as shown in Figure 1. The resulting
structures for these two ions are not guaranteed to be the
global minimum but nonetheless provide a direct comparison
of vibrational couplings as a function of ion identity.

Coordinates for all equilibrium structures are provided in
Section S1 of the Supporting Information.

The MBX potential was employed for geometry, frequency,
and PES scan calculations in this investigation. The potentials
for these three ions were used with default settings, except for
the removal of the one-body energy cutoft to account for large
displacements during PES scans, using code obtained from
GitHub."”' The MBX code was only modified to (a) print the
relevant components of the total MBX energy, as partitioned in
eq 3, and (b) optimize structures using specific components of
the total MBX gradient for subsequent harmonic analyses. The
MBX libraries were otherwise integrated as-is into parallelized,
in-house code for performing the PES scans for anharmonic
couplings.

The vibrational analysis consisted of computations of
harmonic spectra, variational eigensolvers for one-dimensional
anharmonic states, and 2-MR vibrational couplings. Harmonic
spectra were computed in the traditional normal-mode picture,
using structures that were first optimized for each combination
of energy components to a tolerance of 107 kcal mol™ A~
Hessians were computed via finite differences of analytic first
derivatives of the MBX energies, using a step size of 107> A.
For the harmonic spectra, only total dipole contributions were
considered in this work since the many-body decomposition of
dipole moments in MBX follows a different partitioning
scheme. Thus, only the impact on frequencies, rather than
intensities, was analyzed. Anharmonic couplings were limited
to pairwise (2-MR) terms for the sake of isolating many-body
contributions in this first analysis. This two-mode coupling
approximation has been the most commonly employed
approach for larger molecules’” and is almost invariably the
strongest coupling observed in molecular systems, although
truncating the n-MR expansion at this order can sometimes
lead to pathological potentials for large molecules and low-
frequency motions.'>” Nonetheless, it provides the most direct
assessment of the role of many-body effects in vibrational
anharmonicity. Only the values of these couplings were
examined, and their overall role in the final spectrum has
intentionally not been assessed, due to both the sensitivity of
the latter effect to the choice of anharmonic simulation method
(VSCF, VCI, etc.) and the pathological contribution of low-
frequency modes to the X*(H,0),, spectra unless high-order
n-MR potentials are employed. As a conceptual guide to the
reader, however, we note that the magnitude of the
anharmonic shift in a vibrational state energy by a single
coupling matrix element would be bounded, from above, by
the value of this coupling in a 2 X 2 mode-pair problem. Of
course, the effect of these couplings could become additive (or
cancel) in a multimode chemical system. Without a priori
knowledge of the strength or origin of these couplings,
however, the user would have no means to predict these shifts,
hence the daunting computational challenge of anharmonic
simulations. As a preliminary estimate of these effects, two-
dimensional anharmonic spectra for selected, strongly coupled
mode pairs were computed by diagonalizing the (rotationless)
vibrational Hamiltonian in the same harmonic basis set used
for coupling integration.

Within the anharmonic analysis, integration over the 2-MR
PES was performed with Gauss—Hermite quadrature'>” using
11 grid points (G). For pairwise couplings on the present ion—

. Nypode (Npoge = 1
water clusters, these quadratures consist of % G =

1.88 X 10° PES evaluations. A harmonic-oscillator basis of 10
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states, centered at equilibrium and with widths matched to the
harmonic or local-mode pseudoharmonic'**"''? frequencies, as
appropriate, was employed for integrating all coupling matrix
elements. For most of the analysis, window-localized (500
cm™' window), rectilinear vibrational modes'”” were em-
ployed, using the simple Jacobi sweeps-based, unitary-rotation
approach of refs 109 and 110. The full potential was used to
determine local-mode displacements, regardless of the many-
body term(s) used to perform the anharmonic PES quadrature.
Although a root-mean-squared (RMS) definition of the

integrated anharmonic coupling, (001(AV®)2100)/? (where
state labels correspond to harmonic basis states and integration
is performed over the two involved vibrational degrees of
freedom), has been employed in previous local-mode
analyses, *>'%">* this approach posed two problems for the
present investigation. First, it is an unsigned quantity that does
not allow for an assessment of cancellation of component
terms; second, the squared integrand would introduce cross-
terms between many-body components. For these reasons—in
addition to the fact that the following alternative terms are the
ones that actually enter anharmonic simulations—specific
anharmonic-coupling matrix elements,

vyt = (szjIAV(Z)(qi, q]_)ll/,-/l/]-’), were instead investigated.
All matrix elements were computed, and a series of relevant
coupling matrix elements will be discussed in the following
analysis, as a function of both mode-pair distance and many-
body truncation order.

Finally, to confirm that the qualitative conclusions of this
analysis were not limited to MBX-type many-body potentials, a
series of representative mode-pair couplings was reanalyzed
with density functional theory (DFT) potentials for
Cs*(H,0),,. After assessing a series of functionals for
congruence with MBX harmonic spectra, the B97M-V
functional ** was employed and paired with the pruned SG-
3 electronic quadrature grid."*® The cc-pVDZ basis set was
used for oxygen and hydrogen atoms; the cc-pVDZ-PP basis
set (obtained from ccRepo'”’) and matched ECP46MDF core
potential were used for the cesium atom. All supersystem and
fragment computations were performed in the Q-Chem
quantum chemistry software package,””® and many-body
decomposition of the total cluster was performed with in-
house code to generate the fragment calculations at each
quadrature point.

3. RESULTS AND DISCUSSION

As spectroscopic reference points and to set the scale for the
anharmonic-coupling analysis that follows, harmonic and 1D
anharmonic spectra are first presented. Analysis of mode-pair
couplings will follow thereafter.

3.1. Harmonic Spectra. The normal-mode, unscaled,
harmonic spectra for Cs*(H,0),, are depicted in Figure 2. The
total MBX spectrum [2(a)] consists of the expected bands of
symmetric and antisymmetric O—H stretches (3238—3828
ecm™!); H-O—H bends (1665—1739 cm™); and a series of
low-frequency, heavy-atom, and librational motions (26—1026
cm™). The one-body spectrum [2(d)] is, by construction,
solely comprised of 20 identical water-monomer spectra and
excludes this low-frequency response as well as all bilinear
interactions between high-frequency motions. The two-body
MBX terms lead to substantial perturbations to the harmonic
spectrum [2(c)], including shifts in the O—H stretch region,
modest splitting of the water bends, and the appearance of the
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Figure 2. Harmonic infrared absorption spectra of Cs*(H,0),,
computed with the (a) total potential, (b) summed one-, two-, and
three-body potentials, (c) summed one- and two-body potentials
(including polynomials, dispersion, and permanent electrostatics),
and (d) one-body potentials. Spectra for the lower three panels were
computed at structures reoptimized with the accordant forces, using
the total potential’s structure as the starting guess. The inset in the
middle panels overlays the many-body structure (solid) with the total
potential’s structure (translucent) for comparison. (The two
structures were first aligned by minimizing their mutual RMSD via
rigid translations and rotations.) In each panel, blue stick spectra are
depicted along with a summed spectrum from a 30 cm™" Lorentzian
broadening in solid black lines.

entire spectral response below 1000 cm™'. After alignment of
mode displacements, the root-mean-squared deviation
(RMSD) between one- and two-body harmonic spectra was
computed to be 265.8 cm™!, with a modest 35.0 cm™" shift in
just the water bends and stretches. The maximum shift was
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651.1 cm™', corresponding to the activation of a collective
water wagging/rocking motion upon inclusion of two-body
terms. Additional shifts of 7.7 and 6.4 cm™ (RMS) in the total
and bend/stretch regions, respectively, were observed upon
inclusion of three-body MBX terms. The maximum change of
—24.9 cm™" corresponds to a red-shift in a collective, water-
wagging motion. Crucially, the induced-electrostatic terms
engender considerable spectral alteration, particularly in the
O—H stretching region. Evidently, polarization’s contribution
to hydrogen-bonded O—H stretch frequencies is critical, at
least within this partitioning of the potential. These induced
electrostatics recover the remnant 120.0 cm™! error (124.8
cm™ in the bends and stretches) that persists in the three-
body spectrum. The maximum shift of —425.8 cm™ occurs in
a hydrogen-bonded O—H stretching mode. This result is
perhaps intuitive, given the known, partially covalent character
of hydrogen bonds."” This outcome is nonetheless instructive
since this spectral shift is captured by the induced electro-
statics, rather than the short-ranged two- and three-body
polynomials alone. Therefore, the full MBX potential is
evidently necessary for a correct depiction of the
Cs*(H,0),, harmonic vibrational spectra.

As shown in Figures S1—S3, the harmonic spectra exhibit
nontrivial shifts when the identity of the ion is changed,
although the qualitative spectral response is similar among the
ions. Due to both vibrational Stark shifts'*~'%* and
contraction of the hydrogen-bonding network based on the
size and charge density of the ion, all regions of these spectra
exhibit spectroscopically relevant frequency shifts. Most
relevant to the present analysis, however, is the observation
that the many-body contributions to these alternative spectra
remain significant for all ions.

3.2. 1D Anharmonic Shifts. By constructing and
diagonalizing the (rotationless) vibrational Hamiltonian in
the basis of harmonic oscillator states for each of the 177
vibrational modes in the ion-hydrate clusters, the 1D
anharmonicity of each mode was assessed. Results are
presented in Figure 3 for the fundamentals (v =0 — v = 1)
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Figure 3. Many-body decomposition of 1-MR anharmonic shifts for
all window-localized vibrational modes in Cs*(H,0),,. The
anharmonic shifts are defined relative to the harmonic pseudofre-
quencies of the localized modes. The two-body terms include two-
body polynomials, dispersion, and permanent-electrostatic contribu-
tions. Results for two-body and higher methods include the summed
contributions from preceding terms. The “Total” values include
induced-electrostatics contributions.

in Cs*(H,0),o. The RMS anharmonic shift (black data points
in Figure 3), relative to the local-mode, harmonic pseudo-
frequencies, was 159.9 cm™ or 17.8% of the harmonic value.
These total shifts were mainly to the blue for low-frequency
modes and to the red for the water bends and stretches. (This
behavior is already an improvement due to localized modes, as
the sign of the 1D anharmonic shift in the antisymmetric
stretch of an isolated water molecule is typically incorrect in
normal modes.) Not surprisingly, the results for pure one-body
potentials (red data points) are qualitatively in error, just as
was the case for their harmonic counterparts. Without the two-
body and higher interactions, these 1D, one-body potentials
correspond simply to various cuts along the potentials of
isolated water molecules. Thus, the one-body anharmonic
results are in error (RMS) by 155.1 ecm™', which is nearly as
large as the anharmonic shift itself. Just as was observed with
the harmonic spectra, the two-body (green data points) and
three-body (blue data points) terms make meaningful but
modest contributions to the 1D anharmonicity, reducing the
RMS errors to 111.8 and 108.9 cm™’, respectively. The
induced-electrostatic terms are clearly critical here and account
for this extant error, which comprises more than two-thirds of
the overall error. For many of the O—H stretching modes—
particularly the hydrogen-bonded stretches—these induced-
electrostatic contributions change the sign of the anharmo-
nicity, and the RMS shift due to induced electrostatics in this
O—H stretch region is 222.8 cm™". Evidently, all of the many-
body terms are required for even a qualitatively correct
description of this diagonal anharmonicity. The polynomial
three-body terms are least impactful, at least in the partitioning
considered in this subsection, and the induced-electrostatic
terms perform the proverbial lion’s share of the work in
describing these anharmonic effects.

The cation plays a nontrivial role in altering these 1-MR
anharmonic shifts; analogous results for Rb*(H,0),, and
K*(H,0), are depicted in Figure S4. The contraction of the
water network in the vicinity of the more compact and charge-
dense ions leads to an increase in the magnitude of the
anharmonic shifts in the O—H stretching modes. The overall
RMS shifts are reduced to 158.9 cm™" for Rb* and 122.6 cm™
for K, but these values are strongly impacted by the water
bending motions and motions at lower frequencies. In the O—
H stretch region, these RMS shifts remain 200.0 and 120.1
cm™ for the two ions. The need remains for all many-body
terms, however, including the dominant role of induced
electrostatics. These latter terms account for 114.4 cm™ (Rb*)
and 1654 cm™" (K*) of the total RMS shifts. Although the
polarizability of the ion decreases across the {Cs*,Rb*,K'}
series, evidently the ion’s role in polarizing the surrounding
water network increases across the same series and leads to
increased contributions of polarization to the 1-MR
anharmonicities.

3.3. Many-Body Anharmonic Couplings. The outcome
for anharmonic couplings was found to be decidedly different
than their harmonic and one-mode counterparts, however. The
many-body contributions to pairwise, Cyggo couplings (i.e., the
direct shifts in the zero-point state) in Cs'(H,0),, are
depicted in Figure 4. Each panel compares the total pairwise,
local-mode vibrational coupling to the same quantity
computed from many-body contributions from the MBX
potential. The main outcome of this work is shown in Figure
4a: The two-mode vibrational coupling is almost entirely
dictated by one-body terms in the many-body potential
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Although some nonzero two- and three-body contributions
exist, they are invariably small and show little systematic
correlation with the total coupling. [The horizontal axes are
contracted, by 80X and 200X, respectively, in Figure 4b—d. A
version of the same figure with full axes is provided in Figure
S5.] For total couplings with magnitudes >S5 cm™, the one-
body terms comprise an average of 102% of the magnitude of
the total coupling; total two-body terms comprise 1.6%; three-
body and induced-electrostatic terms contribute a mere 0.6%
and 1.6%, respectively, to the total coupling within this ion
hydrate for this matrix element. Some of the polynomial two-
body terms show some modest correlation with the total
coupling, indicating that at least some slight cross-monomer
communication influences the anharmonic couplings, but they
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are uniformly small in magnitude. Furthermore, the permanent
(and induced) electrostatic terms exhibit behavior that partially
offsets this short-ranged two-body coupling, reducing the total
two-body coupling further. The three-body terms were found
to be even smaller (ranging only approximately +0.5 cm™")
and exhibit essentially no correlation with total coupling values.
Anecdotally, we note that some matrix elements were observed
to exhibit a large fractional two-body (or higher) contribution,
but these cases were invariably quite small elements that have
little impact on overall anharmonicity.

Other matrix elements exhibited very similar behavior, as
shown in Figures S and 6; data corresponding to additional
matrix elements can be found in Figure S6. For the Cyy; and
Coo,10 elements (Figure 5) that could also shift the ground-state
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and fundamental energies, for example, the one-body
dominance was once again observed, even for matrix elements
that span approximately three times the coupling magnitude as
Coo,00- Some slight one-body deviation from the total coupling
values was observed for this matrix element for small coupling
values (near the origin in Figure Sa), but the RMS deviation
between one-body and total couplings was only 1.0 cm™
across this singly excited set of elements. In this case, the two-
body contributions were observed to be somewhat larger in
absolute magnitude but remained fractionally small. The
polynomial and permanent-electrostatic pieces were again
found to partially cancel. The qualitative outcomes were nearly
identical for the Cyg, and Cy 9 elements depicted in Figure 6,
for total coupling values that sit intermediate to those of Cyq o
and Cg 91/ Coo,10- Indeed, across the set of all potential matrix
elements Cv.v,v,u,v’v,” the behavior was found to be almost
uniformly similar. This transferability, as shown in Figure S6,
provides reasonable confidence that the total coupling
engendered between, for example, anharmonic states, would
also be one-body-dominant.

The lone exception to this trend was the set of Cy;-type
coupling terms and all other elements where the coupled states
both changed by a single quantum of excitation, C In

vy U1y 410
this case, additional spread in the one-body terms was
observed, as depicted in Figure S7. Upon reflection, this
outcome should reasonably have been anticipated for localized
modes and is not indicative of new behavior for this lone class
of anharmonic coupling. In rectilinear, localized vibrational
modes, the mass-weighted Hessian is no longer diagonal,'**""?
yielding oft-diagonal terms that would correspond to bilinear
v
9q,9q;
PES. Local modes trade this low-order coupling for predictable
distance-decay behavior. In the present case, these couplings
are dominated by pseudoharmonic (bilinear) contributions.
Because the harmonic potentials were already shown to require
all many-body terms in Section 3.1, their significant role in
these bilinear couplings follows logically. Importantly, these
terms can be integrated analytically (and existing methods to
account for this “harmonic correlation” exist'®*) and can be
separated easily from the true anharmonic contributions,

coupling operators 94, in a Taylor representation of the
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leaving behind many-body trends that are once again
analogous to those for all of the other vibrational coupling
terms.

The ion dependence of this behavior is shown in Figures S8
and S9 for Rb*(H,0),, and K*(H,0),, respectively. The
overall trends for the Cyyo anharmonic coupling are
unchanged for these ions. The spread in the coupling values
for total two-body and polarization contributions marginally
increases as the ion becomes more compact; the dominance of
the one-body terms remains intact. The maximum contribu-
tion from the induced electrostatics, for example, is 2.39 cm™,
2.62 cm™, and 2.76 cm™, respectively, for Cs*, Rb*, and K.
All three of these values correspond to couplings involving a
localized O—H stretch that donates a hydrogen bond and the
wag motion of the same O—H bond. The smaller size of the
cation leads to slightly stronger hydrogen bonding and
marginally more contribution to anharmonicity from the
induced electrostatics. These effects, which were shown to be
large for harmonic and 1D anharmonic spectra, are clearly
quite small in the anharmonic couplings, even though the total
anharmonic coupling values span ~250 cm™" for this matrix
element.

The distance-decay behavior of the coupling terms was also
examined, and results are depicted in Figure 7 for Cyggo. A
magnified version of the long-distance tail of these patterns is
first shown in Figure 7a and is generally consistent with the
local-mode distance dependence observed in previous
analyses."%%'%">* At this scale, the long-distance behavior of
one-, (total) two-, three-body, and induced-electrostatic terms
appears to be approximately equal and does not necessarily
suggest the origin of the behavior observed in Figures 4—6. In
Figure 7b, the same data are instead plotted on a logarithmic
vertical axis, with a scale now showing all Cq o, couplings. This
alternative presentation highlights several attributes. First, an
incredible number of local-mode, pairwise couplings exist at
small values (below a few cm™); this attribute is not
necessarily obvious in the linear-axis plots. Second, the general
slopes of the component coupling distributions differ slightly
(although they contain sufficient spread—4 to 10 orders of
magnitude—that linear fits are likely not meaningful),
indicating that they do exhibit slightly different distance-
decay behavior. Third, and most relevant to the present

https://doi.org/10.1021/jacs.4c03198
J. Am. Chem. Soc. 2024, 146, 15376—15392


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03198/suppl_file/ja4c03198_si_002.zip
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03198/suppl_file/ja4c03198_si_002.zip
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03198/suppl_file/ja4c03198_si_002.zip
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03198/suppl_file/ja4c03198_si_002.zip
https://pubs.acs.org/doi/10.1021/jacs.4c03198?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c03198?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c03198?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c03198?fig=fig7&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c03198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

questions, the strong-coupling region is once again almost
entirely dominated by one-body contributions, as indicated by
the dotted line at an arbitrarily chosen 3 cm™" cutoff in Figure
7b. Only short-range (<4 Bohr), one-body couplings are
necessary in order to capture the entirety of this strong-
coupling region. The few two-body contributions that
approach this cutoff also exist only at short distances,
suggesting that established approaches for distance-based
truncations of local modes could perhaps be employed if
remnant two-body contributions are necessary. Interestingly, a
small handful of three-body and induced-electrostatic con-
tributions also approach this strong-coupling cutoff, but these
terms only appear at near-zero mode-pair distances. Evidently,
these nominally many-body terms paradoxically lead to some
slight and indirect intramonomer mode coupling. Whether
these very short-range effects can be exploited by modified
(and, presumably, accelerated) three-body and induced-
electrostatic approaches remains an open question for future
investigation.

3.4. Source of Many-Body Behavior and Coupling
Examples. The obvious question posed by this perhaps-
surprising outcome is why this one-body dominance might
occur. How is it possible, for example, that pairs of vibrational
modes—which clearly involve communication across hydro-
gen-bonded monomers at the harmonic level—could have
their anharmonic couplings be almost entirely described by
one-body terms in a many-body potential? To answer this
question, three representative mode pairs, the local-mode
displacements of which are depicted in Figure 8 and labeled A/
B/C, were examined and will be discussed in turn in this
section. Due to the intrinsic limitations of representing
molecular motion in static images, animations of the same
mode displacements can also be found in Section SS. The
component coupling contributions are listed in Table 1.

The mode pair (A) with the strongest observed ground-
basis-state coupling (Cyg g0 = —177.7 cm™") involves a dangling
O—H stretch mode and wagging mode of the same water
molecule. These two motions exhibit pseudoharmonic local-
mode frequencies of 3894 and 348 cm™, respectively. The
rectilinear displacement of this low-frequency wag motion
would lead to elongation of the O—H bond, and contraction of
this coordinate via the localized O—H stretch is necessary in
order to generate approximately rigid-body motion of this
water molecule. (Such coupling would likely be much smaller
in curvilinear coordinate systems.'®*~'°”) The one-body nature
of this coupling is obvious for this particular mode pair since
the two motions are localized to the same water molecule, and
the window-localized modes yield little motion of the
remaining atoms. Indeed, the one-body coupling for this pair
is —178.6 cm™’, which only overestimates the total coupling by
0.5%. Evidently neither the O—H stretch nor the rocking
reorientation of this single-water motion is sufficiently
perturbed by the two-, three-, or many-body MBX terms to
strongly impact the anharmonic coupling. The total two-body
contribution is only —0.55 cm™, which is comprised of —1.92
cm™' from the short-range, polynomial fit terms, —0.03 cm™
from dispersion terms, and 1.39 cm™! from permanent-
electrostatic terms. Thus, some cancellation of contributions
is partly responsible for the overall small magnitude of the two-
body coupling, but these constituent pieces also remain quite
small. Even though the induced electrostatics played a
prominent role in the harmonic and 1-MR anharmonicities,
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Figure 8. Three representative, strongly coupled mode pairs in
Cs*(H,0),o. Shown are the local-mode displacements, represented by
yellow arrows that are superimposed on the equilibrium structure.
Harmonic pseudofrequencies are also listed for each mode. As a guide
to the eye, dotted lines encircle areas of significant molecular motion.

Table 1. Many-Body Contributions to Two-Mode
Anharmonic Couplings (cm™") for Cs*(H,0),, Mode Pairs
Depicted in Figure 8, Using the MBX Potential

mode pair

many-body component A B C
one-body —178.60 31.46 —4.02
two-body —0.55 —0.47 0.02

polynomials -1.92 —0.52 0.08

dispersion —0.03 0.09 —0.11

permanent electrostatics 1.39 —0.04 0.05
three-body 0.05 0.42 —0.06
induced electrostatics 1.39 —0.21 0.07
total —-177.71 31.20 —3.99

this component only contributed 1.39 cm™! to this 2-MR
anharmonic coupling term.
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Figure 9. Potential energy surfaces for mode pair A of Cs*(H,0),, of Figure 8. (a)—(b) Total 2-MR vibrational potentials using the full MBX
potential and one-body terms only. (c)—(d) 2-MR coupling surfaces AV (944;) using the full MBX potential and one-body terms only. (e)—(g)
Coupling potential error surfaces for a series of many-body components, relative to the full coupling potential depicted in panel (c). The
orientation in panels (a),(b) differs from the orientation in panels (c)—(g) for visual clarity.

To confirm that this outcome is not specific to certain
coupling matrix elements, the potential energy surfaces were
directly investigated, and these surfaces—represented on the
same quadrature grids used for mode-pair integration—are
depicted in Figure 9 for mode pair A. In Figure 9a and b, the
total 2-MR PES is presented for the full MBX potential and the
one-body terms therein and the surfaces are visually
indistinguishable on the admittedly large energy scale of the
plots. Clearly, these surfaces are neither the paraboloids that
would be expected of 2D harmonic surfaces nor are they
simple additions of 1D anharmonic surfaces. As the wag mode
is displaced from equilibrium (the origin in these plots), for
example, displacement along the O—H stretch considerably
changes the potential. These effects are directly probed in the
anharmonic coupling surfaces, AV(Z)(qwag,qst,etch), that are
depicted in Figure 9c—d. The scale of the coupling in these
panels is similar to the scale of the total potential itself,
indicating a strong pairwise interaction between these modes.
The one-body representation of this coupling (Figure 9d),
however, is again a faithful representation of the two-mode
interaction. The error in these coupling surfaces (a AAV term)
is depicted in Figure 9e—g, as a function of many-body
truncation order in the MBX potential. The error in the one-
body representation of this surface (Figure 9e) is nonzero, but
the maximum error across this region of the surface is only
about 3% of the total coupling potential. The exponential
decay of the vibrational basis functions at the corners of these
surfaces further diminishes the role of these deviations and
instead emphasizes the small errors near the origin, which leads
to the subwavenumber error in the Cyygy coupling value for
this mode pair. Addition of two-body contributions (Figure 9f)
recovers more than three-quarters of the remnant maximum
surface error and more than half of the Cyy coupling error.
Three-body (Figure 9¢) and induced-electrostatic contribu-

tions remain small and yield nearly flat errors across the
potential surface.

Similar behavior was observed for the rock-bend pair (B).
Once again, the dominant motions are localized to a common
water molecule. Accordingly, one-body terms in the potential
contribute 31.46 cm™ (100.8%) to the 31.20 cm™' total
coupling. Two- and three-body terms constitute only —0.47
and 0.42 cm™, respectively, with the remnant —0.21 cm™' of
coupling stemming from the induced-electrostatic terms.
Although these many-body terms are critical for the interaction
of this water molecule with its hydrogen-bonding partners, as
was demonstrated by the harmonic shifts in Figure 2, these
cross-monomer effects in the PES mostly cancel in the mode-
pair couplings, leaving mainly one-body contributions to the
differential coupling. Both motions partially break a hydrogen
bond to the water molecule’s H-bond-accepting neighbor—
and break it in different directions—yet the overwhelming
majority of this effect is still captured in the one-mode scans
and is not borne out in >two-body terms of the two-mode
anharmonicity. The H-bond-breaking effects are instead
captured by the 1-MR anharmonicity, whereas the 2-MR
anharmonicity evidently originates only from short-ranged,
intramonomer distortion.

The more challenging behavior to explain involved motions
that natively included two or more water molecules. Few of
these motions are observed in localized coordinate systems,
but some certainly still exist in the low-frequency region of
vibrational spectra. One example with substantial overall
coupling was the dimer-bending motion (17P =172 cm™),
depicted in mode pair C of Figure 8. This mode involves the
side-to-side displacement of a hydrogen-bond-accepting water
monomer, but it also includes the concomitant “following”
motion of its hydrogen-bond-donating partner (along with
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smaller motions of other water molecules). A hydrogen-
bonded O—H stretch (17P = 3602 cm™!) constitutes the

seudo
other member of this modestly coupled mode pair. In this case,
one-body terms in the potential contribute —4.02 cm™
(100.8%) of the —3.99 cm™ total pairwise coupling. Two-
body (+0.02 cm™), three-body (—0.06 cm™), and induced-
electrostatic (0.07 cm™") components were again observed to
be small individually and partially offsetting in aggregate.

If these pair-C motions involve two different water
molecules that only interact via two-body (and higher)
terms, how could one-body terms still dominate? The answer
is essentially geometric in nature. When the dimer bending
mode of the “first” water molecule is activated, for example, it
reorients and elongates the O—H bond of the “second,” H-
bond-donating water molecule. Contraction along the O—H
stretch mode induces relaxation of this donating water
molecule and leads to nonzero coupling. Both of these effects
are still dominantly intramonomer relaxation effects, even
though they are induced by many-body vibrational motions.
The two-body and higher contributions of the potential are
critical for holding the cluster together, determining its shape,
and—critically—determining its harmonic and 1D anharmonic
vibrational motions. But the coupled motion along those
modes is still dominantly controlled by geometric distortion of
the monomers during pairwise mode displacement, rather than
by interwater interaction terms in the many-body potential.
Since most of this intramonomer distortion/relaxation is
adequately captured by the one-body potential, it naturally also
captures the majority of the pairwise vibrational coupling.

Other classes of mode-pair couplings were also examined,
including the anharmonic coupling among OH stretches.
Although the one-body terms were generally not good
representations of these values, the magnitude of such
couplings was quite small (<0.1 cm™) and would not
meaningfully impact the resulting anharmonic spectra. Across
the entire set of OH stretch couplings, the only quantitatively
meaningful pairs involved stretches within each water
monomer, which are nicely captured by one-body contribu-
tions.

Because the preceding analysis was performed in local-mode
coordinates, a natural question involves the transferability of
these conclusions to other (rectilinear) coordinate systems,
such as normal modes. To assess this attribute, the same
coupling matrix elements were examined in nonlocal, normal-
mode coordinates for the same cluster structures. Results are
presented in Figures S10 and S11 as direct analogues of
Figures 4 and 5 of the main text. In short, all of the same
conclusions hold. Although the span of the coupling values
necessarily shifts in these alternative coordinates, the one-body
dominance remains intact and evidently is not merely an
outcome of the localization procedure. An explanation of the
local response, based on monomer distortions, is certainly
more intuitive in the local displacements, but because normal
modes are simply linear combinations of these local displace-
ments (and vice versa), the same underlying physics still
applies. The distance dependence depicted in Figure 7
effectively vanishes for normal modes, and this attribute is
the main case where the coordinate systems differ. Nonethe-
less, the major many-body conclusions of this work remain
valid in normal-mode coordinates.

3.5. DFT Comparison. The transferability of this outcome
across potentials was examined with DFT methods for the
same three pairs of vibrational modes of Cs*(H,0),,. The

structure exhibited little relaxation upon reoptimization with
B97M-V/cc-pVDZ and maintained its overall clathrate-like
form. The first two examined pairs of modes exhibited nearly
identical atomic displacements with MBX and B97M-V
potentials. The wag-stretch pair (A) (348/3894 cm™' with
MBX and 344/3885 cm™' with B97M-V) and the rock-bend
pair (B) (463/1654 cm™" with MBX and 486/1702 cm™" with
B97M-V) thus serve as direct comparisons between methods.
The best-matched low-frequency motion for the third, dimer
bend—stretch combination C contained more heavy-atom
stretch component (172/3602 cm™" with MBX and 247/3408
cm™! with BO7M-V) with DFT, but because the same water
molecules were involved, it still serves to assess whether many-
body contributions behave similarly in this alternative
potential. The structure with BO7M-V can be found in Section
SI.

The values of the total vibrational couplings shifted slightly
across methods, but the many-body behavior was nonetheless
consistent. The wag-stretch pair (A) exhibited a total coupling
of —178.0 cm™ (—177.7 em™! with MBX), and one-body
contributions comprised —178.3 cm™'. Two-body contribu-
tions increased the magnitude of this coupling to —178.4 cm™/,
leaving only +0.4 cm™ as the remnant three-body-and-higher
contribution. Similarly, the rock-stretch pair (B) exhibited a
total coupling of 26.7 cm™" with DFT (31.2 cm™" with MBX),
of which 26.4 cm™ was captured by one-body terms. Addition
of two-body terms decreased the coupling to 26.2 cm™,
leaving +0.5 cm™" as the remnant many-body contribution. For
the third mode pair, the somewhat altered low-frequency
motion led to a notably smaller pair coupling value of —0.87
em™ (—3.99 cm™ with MBX). The one-body component is
—0.64 cm™!, and the summed one- and two-body coupling is
—0.82 cm™! In this case, the two-body contribution is
relatively larger but still only impacts the coupling by —0.18
cm™ L. Overall, the dominant one-body behavior of vibrational
couplings appears to be retained for quantum chemistry-based
fragmentation approaches, with some possibly larger relative
deviations for small coupling values. Encouragingly, the
spurious role of basis set superposition error (BSSE) in
many-body quantum computations'>”'*” appears to have
largely canceled in these differential quantities, even with the
modest double-{ basis set employed here—likely because each
anharmonicity term involves differences of same-body
quantities—but may explain some of the slight, remnant
coupling from beyond-two-body terms. We note that portions
of polarization and charge-transfer effects, which are the
analogues of the induced electrostatics in the MBX potentials,
are intrinsically included in the two-body terms in this
quantum-focused fragmentation. Whether further refinement
of these DFT anharmonicities into constituent contributions
(such as permanent electrostatics) could be exploited with
energy-decomposition schemes'’’ remains an open question
for future investigation.

3.6. Role in Anharmonic Shifts. Finally, the most obvious
open question after examining specific anharmonic coupling
terms is the role of these many-body contributions in the
ensuing anharmonic spectrum. For the reasons mentioned
earlier, full-dimensional anharmonic simulations (VSCF, VCI,
etc.) are not viable for a 2-MR representation of the potential
for the present ion—water complexes. As a preliminary estimate
of these effects, however, two-dimensional eigensolvers were
performed for selected strongly coupled mode pairs in
Cs*(H,0),, using the MBX potential and its many-body
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components. In this analysis, the total many-body 1-MR
potential was combined with incremental contributions from
each many-body component in the differential 2-MR coupling.
This approach does not yet yield the full-dimensional,
anharmonic spectrum of the complex, but it does (a) allow
for an assessment of each many-body term’s contribution to
anharmonicity and (b) isolate the role that these many-body
components play in shifting the transitions of a specific mode
pair. Representative results are listed in Table 2 for the

Table 2. Many-Body Contributions to 2D Anharmonic
Fundamental Transitions in Cs*(H,0),,, Using the MBX
Potential, for a Hydrogen-Bonded OH Stretch and Water-
Wag Vibration Pair

wag fundamental OH stretch

frequency type potential (em™) fundamental (cm™)

harmonic total 757.9 3593.9

1D anharmonic total 921.0 3383.6

2D anharmonic  one-body 728.4 3398.2
two-body 736.6 3395.9
three-body 735.7 3396.5
total 733.9 3406.8

fundamental (0 — 1) transitions of a hydrogen-bonded OH
stretch and its strongest-coupled mode partner, which, in this
case, is a wag motion of the same water molecule. For
reference, the Cyg,99 coupling terms are —89.6 cm™" (total) and
—92.1 cm™" (one-body) for this pair; the corresponding Cyq;
terms are —311.3 cm™" (total) and —310.4 cm™" (one-body).
In this table, two- and three-body entries include preceding
many-body terms, and the two-body term includes the sum of
permanent electrostatics, dispersion, and polynomial terms.

The results for the total many-body potential in Table 2
indicate that anharmonicity is reasonably strong in this mode
pair, with total 2D anharmonic shifts of —24.0 cm™' and
—187.1 cm™" for the wag and stretch, respectively, relative to
the local-mode, harmonic pseudofrequencies. Notably, the
one-mode anharmonicities are appreciable in these modes,
with the 1D wag spuriously shifting 187 cm™" to the blue of the
2D anharmonic value (consistent with the results shown in
Figure 3). The 1D anharmonic OH stretch shifts the correct
direction, by —210.3 cm™’, but this value overestimates the
true anharmonicity by —23.2 cm™.

The one-body representation of the potential captures the
majority of the remnant deviation between the 1D and 2D
anharmonicities. In the wag, for example, —192.6 cm™! of the
—187.1 cm™! 2D shift is recovered. In the OH stretch, 14.6
cm™ of the 23.2 cm™' blue shift is recovered. Some
nonmonotonic convergence toward the total 2D value was
observed as additional many-body contributions were
included, and the induced-electrostatic component (capturing
the deviation between the three-body and total entries in Table
2) was found to be nontrivial in this case. These many-body
component errors (2—11 cm™") are of the same approximate
order of magnitude as the coupling matrix element errors
examined throughout this work, so this outcome was
reasonably anticipated. A critical caveat, however, is that this
analysis likely represents a worst-case scenario because the
total potential’s contributions to the earlier-discussed bilinear
(harmonic) coupling terms are not yet included in the lower-
body potentials. Given the strong sensitivity of the harmonic
spectra to beyond-one-body terms in the potential, some

improvement in these results with this future analytic
correction is reasonably anticipated.

4. CONCLUSION

The many-body contributions to vibrational couplings in
clathrate-like, ion—water clusters were shown to primarily
originate from one-body contributions to the potential energy
surface, even for two-mode couplings. Although the harmonic
force constants and single-mode anharmonicities are strongly
impacted by two-body (and higher) terms, the differential
anharmonic couplings were found to be both short-range and
almost entirely one-body in nature. This outcome has potential
consequences for both the conceptual understanding of
vibrational interactions and their dynamics, as well as
spectroscopy simulation methods.

The most obvious methodological route to exploit this
behavior would be to use only the one-body terms (and
possibly short-range two-body terms, depending on the desired
accuracy) when computing spectra with potentials of many-
body forms, such as MB-pol for water or MBX for ion—water
interactions. Given that the induced electrostatics and three-
body polynomials collectively comprise >90% of the computa-
tional cost of MBX—and the one-body polynomials constitute
<1% of the cost'”’—notable computational savings would be
accessed by such approximations. Similar low-order screenings
could be straightforwardly applied to many-body forms of
quantum chemistry potentials (or derivatives thereof for
Taylor expansion-based potentials'’""'”?) that are generated
on-the-fly during anharmonic simulations. These natural
extensions, of course, only apply in cases where well-defined
fragments or related fragmentation schemes are appropriate.
An open challenge involves developing means to capture this
local electronic response in general molecular systems or
systems where the identity of fragments would necessarily be
dynamic during the vibrational response.

This outsized influence of short-range, low-order, many-
body terms likely helps explain the success of other viewpoints
of vibrational motion. For example, the local-monomer
model' ™ s a limiting case of local-mode methods, wherein
full-dimensional, variational calculations for individual mole-
cules in a cluster (such as water) are solved in the surrounding,
fixed potential of the remaining monomers. If the full cluster
potential is able to correctly describe the harmonic and
diagonal-anharmonicity response, while the anharmonic
coupling accounts for this intramonomer response, it makes
sense that this model captures much of the spectral
heterogeneity in water clusters. An interesting future
investigation would include an analysis of the extent to
which this local-monomer anharmonicity is due purely to the
monomers’ internal electronic response, even in cases where
cross-monomer coupling corrections are needed.'””'”* As a
second example, several previous studies have demonstrated
the success of “multilevel” methods,*>">**#1 7% wherein terms
in the n-MR expansion are treated at different levels of theory.
The underlying premise of this approach is that important
quantum chemistry components, such as electron correlation
and basis set effects, cancel in the differential anharmonic-
coupling terms. The present analysis’s conclusion that one-
body effects dominate these couplings may partly explain why
such quantum components cancel: Although one-body terms
may require spectroscopically accurate potentials, they are
invariably short-ranged and require little collective response
that would otherwise necessitate long-range correlation and
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extended basis sets. And, of course, the short-range, low-order
nature of many-body contributions to anharmonic couplings
must necessarily be the underlying driving force behind the
success of the aforementioned double-incremental expan-
sion."'”"'® In this case, nearest-neighbor couplings are often
sufficient for accurate representations of full 2-MR spectra, and
the dominance of intrafragment coupling could reasonably
explain such outcomes.

A remnant open question is the generality of these
conclusions, which are thus far limited to modestly sized
ion—water clusters. Considerable additional testing is needed
on hydrated-ion systems with stronger interactions, such as
hydrated halides, *>'" other strongly hydrogen-bonded
systems,”>""”?717 and cases where covalently linked func-
tional groups define fragments. Given the geometric
considerations observed in the present investigation, even in
cases of multiwater motions, some degree of transferability to
other systems is anticipated. Whether stronger interactions are
sufficient to yield strong two-body contributions to anhar-
monic couplings will nonetheless need to be investigated
further. Either way, this new insight into the physics of
vibrational couplings potentially opens new avenues for
frameworks of vibrational coupling and dynamics.
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