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Abstract

To explicitly account for nuclear quantum effects and solvent environments in simu-

lations of chemical processes, the nuclear-electronic orbital approach is coupled with a

polarizable continuum model (PCM). This NEO-PCM approach is used to explore the

influence of solvation on nuclear polarization through applications to a water dimer and

a set of protonated water tetramers. Nuclear polarization in these species is analyzed

in terms of changes in proton density and oxygen-hydrogen bond length. Solvation

is shown to enhance nuclear polarization with increasing dielectric constant. For the

water dimer, the internal, hydrogen-bonded proton is shown to polarize more than the

external, free proton. Moreover, proton quantization leads to greater solvent polar-

ization through their mutual polarization. These calculations highlight the complex

interplay among electronic, nuclear, and solvent polarization in chemical systems.
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Many biological and chemical processes inherently rely on nuclear quantum effects, in-

cluding hydrogen tunneling, zero-point energy (ZPE), and vibrational excited states. For

nonadiabatic processes such as proton-coupled electron transfer or excited-state intramolec-

ular proton transfer, which often occur in solution, an explicit treatment of nuclear quantum

effects is necessary to account for these important energetic and dynamical contributions. 1–3

In general, the description of nuclear quantum effects depends on the form of the nuclear

wave function and its coupling to the electronic subsystem. In the context of solution-phase

processes, it is necessary to understand how the nuclear wave function and associated density

react to various solvent environments and, furthermore, how nuclear-electronic correlation

is modulated by environmental effects.

In terms of formalism, the nuclear-electronic orbital (NEO) framework4 is attractive be-

cause it represents the nuclear subsystem on the same quantum mechanical footing as the

electronic subsystem, avoiding the Born-Oppenheimer separation between the electrons and

select nuclei. In this approach, electronic and nuclear degrees of freedom can be treated fully

variationally according to the time-dependent or time-independent Schrödinger equation.

The NEO approach can be used to study many processes for which a multicomponent de-

scription of the system is necessary to account for nuclear quantum effects on the energetic,

vibronic, and dynamical properties of the system. This approach is particularly useful for

proton transfer reactions, which can occur in the nonadiabatic regime, such as in proton-

coupled electron transfer or excited-state intramolecular proton transfer. To address these

challenges, the NEO approach has been extended to allow for real time (RT) propagation of

protons and electrons in both pure RT-NEO,5 as well as within semiclassical NEO-Ehrenfest

dynamics.6–8 Beyond density functional theory (DFT) and Hartree-Fock (HF) theory, 4,9–11

the NEO approach has also been adapted to more generalized wave function methods such

as NEO-coupled cluster12 and second-order perturbation theory.2,13

To incorporate solvation effects, the NEO approach14 and related multicomponent meth-

ods15,16 have been combined with a polarizable continuum model (PCM).17–25 Briefly, the
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PCM formalism describes solvent environments by embedding the molecule in a cavity im-

mersed in a dielectric continuum with inertial and static dielectric constants corresponding

to the specified solvent. The interaction between the molecule and the solvent is described by

the reaction field formalism, which includes feedback between the molecule and the solvent

environment. In this formalism, the solvation free energy is obtained as the electrostatic

interaction between the electronic density of the molecule and the cavity potential, which

represents the solvent polarization response as a set of discretized apparent surface charges

(ASCs) on the cavity.

Various PCM schemes have been formulated and have been widely used in computational

studies of biomolecular chemistry and chemical reactions in solvent environments, as well as

for nonequilibrium processes such as excited state dynamics in solution.18,19 The differences

between these PCM techniques arise mainly from the method used to initialize the boundary

conditions for the Poisson problem and the corresponding solution method. For example,

conductor-like models such as C-PCM,26,27 COSMO,28 and ddCOSMO29–31 rely on the van-

ishing potential property on the cavity surface, whereas proper PCM approaches, including

integral equation formalism PCM (IEF-PCM)32–34 and SS(V)PE-PCM,35,36 are set up from

the normal component of the dielectric boundary conditions.18,19 It has also been shown that

the generalized Born (GB) solvation model becomes formally equivalent to C-PCM under

certain conditions in the conductor limit.37,38 It is important to emphasize here that all PCM

schemes describe the solvent as a continuum. A significant advantage of these schemes is

that they implicitly integrate over the solvent degrees of freedom, and thus the solvation

energies obtained from such calculations are formally free energies. However, these schemes

cannot explicitly describe important effects such as hydrogen bonding between solute and

solvent molecules, where an atomistic description of the environment is needed.

Herein, we characterize the response of the nuclear density to solvent environments using

the NEO-IEF-PCM approach. Although the response of the electronic density to contin-

uum solvent environments has been explored with conventional electronic structure PCM
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methods, for instance, in the context of the outlying charge problem39 and nonequilibrum

solvation,27,40 the nuclear density response has not been investigated previously within the

NEO framework. By treating one or all protons quantum mechanically on the same level as

the electrons, we are able to compute the proton polarization, defined as the change in the

proton density, due to solvation. In addition, we are able to compute the impact of proton

quantization on the solvent polarization, measured in terms of the apparent surface charges.

These analyses provide a deep understanding of the mutual polarization between quantized

nuclei and the surrounding solvent environment.

Figure 1. Polarization of the proton density in a water dimer upon solvation,
where the proton polarization is defined as the proton density difference between
solvent and vacuum (see Eq. (2)). The proton densities were computed with NEO-
PCM for a quantum mechanical treatment of a-d) the external hydrogen and
e-h) the internal hydrogen as a function of dielectric constant from ε = 2− 100.
Changes in bond lengths are shown in Bohr, and solvation free energies are given
as Gsolv.

To demonstrate the polarization of the nuclear density in a solvent environment, as well

as to understand the effects of hydrogen bonding on the nuclear polarization, we examined

the differences in proton density between the solvated and gas phases for the water dimer

and four protonated water tetramer isomers. The NEO-DFT wave function ansatz is written
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as a product of the electronic and nuclear Slater determinants Φe and Φp:

ΨNEO(xe,xp; rc) = Φe(x
e; rc)Φp(x

p; rc) (1)

where xe and xp represent the electron and quantum proton collective spatial and spin coor-

dinates, and rc corresponds to the classical nuclear positions. As each proton is represented

by a relatively localized proton orbital, the density for each proton can be computed as the

square of the associated proton orbital. This localization allows protons to be treated in the

analysis as distinguishable particles despite being fermions.

All calculations were conducted using a development version of ChronusQ41 and validated

against the same implementation in Q-Chem.42 The PBE0 electronic functional43 and the

epc-17-2 electron-proton correlation functional11 were used in the NEO calculations. The

cc-pVTZ electronic basis set44 and the PB4-D proton basis set45 were used with a (99,590)

integration grid. The calculations on the water dimers were performed on the optimized

geometries of the water dimer in vacuum using CCSD(T)/CBS from the A24 dataset. 46 The

calculations on the protonated water tetramers were performed on structures obtained from

Ref. 47.

The proton density differences for the internal and external protons in the water dimer

are plotted in Figure 1. Here, the proton polarization is depicted as a function of increasing

solvent dielectric constant, from ε = 2, near the vacuum limit, to ε = 100, describing a

highly polar solvent. The proton polarization is defined in this study as the density difference

between the solvated and vacuum phase proton densities:

∆ρproton(r) = ρsolv(r)− ρvac(r). (2)

The external proton in Figure 1(a-d) is observed to increasingly polarize in response to

larger dielectric constant, starting with a smaller polarization at ε = 2 and developing a

much more distinct effect by ε = 100. The internal proton, which is the hydrogen bond
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donor, shows a similar response to solvation, where the proton polarization increases as a

function of increasing dielectric, as shown in Figure 1(e-h). Within this explicitly hydrogen-

bonded environment, the nuclear polarization is greater for the internal proton than that

for the external proton, as indicated by a larger number of contours corresponding to a

more significant change in density for the internal proton. Both the external and internal

protons in this scheme experience solvent-induced nuclear polarization and intramolecular

O-H bond polarization. It should be emphasized that the density of the internal proton is

further modulated by additional polarization along the direction of the hydrogen bond. The

nuclear density of the internal proton is therefore more delocalized than that of the external

proton in vacuum, prior to any solvent polarization. This more delocalized proton density

is more susceptible to polarization by the solvent, which results in the stronger polarization

response for the internal proton compared to the external proton.

The nuclear polarization can also be described quantitatively by examining the equilib-

rium length of the O-H bond in solution and comparing against its length in vacuum. In both

scenarios, the electronic and proton wave functions are fully optimized.14,48 Here, the basis

function centers for the quantum protons are fixed to the original classical positions, but the

proton basis sets are large enough to allow proton polarization. The O-H bond length for a

quantum proton is defined here as the distance between the oxygen nuclear position and the

expectation value of the proton position operator:

rOH = |rO − 〈ψp|r|ψp〉| (3)

where ψp is the proton orbital for the single proton treated quantum mechanically. This

change in bond length as a function of dielectric constant is shown in the corresponding

panels in Figure 1 alongside the proton density differences. Solvation is found to slightly

increase the O-H bond length for both the external and hydrogen-bonded protons, and the

bond elongation increases with increasing value of ε, consistent with the nuclear polarization.
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Smaller values of ε = 2 produce an increase of 1.6 × 10−3 Bohr, whereas larger values of

ε = 100 increase the bond length by 4.5 × 10−3 Bohr for the external proton. The bond

length of the internal O-H bond is larger than its external counterpart with bond length

increases of 3.1× 10−3 Bohr at ε = 2 and 7.1× 10−3 Bohr at ε = 100, in agreement with the

difference in polarization magnitude between the external and internal protons. Finally, it

is important to note that the polarization response of the nuclear density is not linear with

respect to the dielectric constant. The largest change in O-H bond length occurs between

ε = 2 and ε = 25. For ε > 25, the O-H bond length slowly approaches the asymptotic

limit of solvent polarization. This behavior is exemplified by the solvation free energies in

Figure 1, which begin to converge past ε = 25 for both systems.

Figure 2. Difference in the apparent surface charges on the molecular cavity
between a NEO and a conventional converged IEF-PCM calculation on the water
dimer with only the external proton on the right treated quantum mechanically
and with a dielectric constant of ε = 78.35. The continuous cavity surface shown
here is a visual aid to represent the actual discretized surface made up of apparent
surface charges. Here red indicates a decrease in surface charges and blue indicates
an increase in surface charges upon proton quantization.

While the previous analysis examined the polarization of the nuclear density in a solvent

environment compared to vacuum, the following analysis seeks to elucidate how the solvent

is polarized within the NEO framework compared to the conventional framework in which all

protons are treated classically as point charges. For the case of the external proton treated

quantum mechanically, Figure 2 plots the difference in apparent surface charges on the cavity

at a dielectric constant of ε = 78.35, corresponding to water at ambient conditions. This
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quantity is calculated as

∆Qsurface = QNEO
surface −QClassical

surface (4)

which quantitatively compares the surface charges representing the solvent polarization from

a conventional PCM calculation with all nuclei treated classically against its NEO analog

with an external proton treated quantum mechanically. Here, the surface charges around the

oxygen gain net positive charge, whereas the surface charges around the external hydrogen

gain net negative charge when the external proton is treated quantum mechanically within

the NEO approach, leading to a broad increase in cavity surface polarization. In other

words, within the NEO-PCM framework, negative surface charges become more negative

and positive surface charges become more positive. This behavior is a result of the mutual

polarization of the quantum proton and the solvent, which is absent when the proton is

treated classically as a point charge. Furthermore, within these calculations, the surface

polarization due to the NEO approach is localized to the surface near the quantum proton and

its adjacent oxygen, suggesting that proton quantization does not influence the more distant

regions of the solvent. This observation also implies that the changes in solvent polarization

due to proton quantization do not significantly affect the more distant components of the

solute.

Moving toward a more complete overview of nuclear polarization in solution, the final

set of results in this work examines the proton polarization of protonated water tetramers,

where all nine protons are treated quantum mechanically. Figure 3 displays the polarization

of the proton density for four protonated water tetramers for ε values of 2, 10, and 100.

The proton polarization increases with increasing ε, in line with the previous polarization

analyses on the water dimer in Figure 1. It is interesting to note that many of the protons

polarize in a vertical direction relative to the molecular plane, with this phenomenon being

particularly evident for protons in the hydronium and central H2O-H3O heterodimer within

these clusters. Also notable is that the internal protons, especially on the hydronium in the

ring tetramer, displayed in panels Figure 3(d-f), polarize at slightly different angles depending
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Figure 3. Polarization of the proton density between solvated and gas-phase
calculations for four different protonated water tetramer isomers in dielectric en-
vironments of ε = 2 − 100. The classical hydrogen positions are drawn in white
as a guide to the eye, and the oxygen atoms are drawn in grey. The red and blue
isosurfaces correspond to ∆ρ values of −0.1 and 0.1 a.u., respectively.

on the dielectric constant. At ε = 2, the polarization is within the central plane, whereas at

ε = 10 and ε = 100, the protons polarize in an out-of-plane direction. This is a consequence

of the competition between proton polarization due to intramolecular interactions and proton

polarization due to the solvent as the dielectric constant changes.

This Letter highlights the modulation of nuclear polarization by the solvent environment

and the importance of using a quantum proton description in polarizable conditions. Our

calculations show that increasing solvent polarity results in greater proton density polariza-

tion and longer O-H bond lengths. The subtle differences in nuclear polarization and OH

bond elongation between the external and hydrogen-bonded protons can be resolved in the

NEO-PCM approach. Moreover, the mutual polarization between the quantum protons and

the solvent leads to greater solvent polarization for calculations with quantized protons than

for calculations with protons treated classically as point charges. These effects on proton

10



polarization and solvent response will be especially important for studying proton chemical

reactivity in processes such as proton transfer and proton-coupled electron transfer.
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