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Abstract

As known, small HCl-water nanoclusters display a particular dissociation behaviour,
whereby at least four water molecules are required for the ionic dissociation of HCI.
In this work, we examine how intermolecular interactions promote the ionic dissoci-
ation of such nanoclusters. To this end, a set of 45 HCl-water nanoclusters with up
to four water molecules is introduced. Energy decomposition analysis based on ab-
solutely localized molecular orbitals (ALMO-EDA) is employed in order to study the
importance of frozen interaction, dispersion, polarization, and charge-transfer for the
dissociation. The vertical ALMO-EDA scheme is applied to HCl-water clusters along
a proton-transfer coordinate varying the amount of spectator water molecules. The
corresponding ALMO-EDA results show a clear preference for the dissociated cluster
only in the presence of four water molecules. Our analysis of adiabatic ALMO-EDA
results reveals a push-pull mechanism for the destabilization of the HCl bond based on

the synergy between forward and backward charge-transfer.



Introduction

The ionic dissociation of Brgnsted acids is a fundamental reaction ubiquitous in nature. A

considerable amount of literature has been published on the dissociation of hydrohalic acids
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examining the proton-transfer in aqueous solution,!® on ice surfaces,”® and in water nan-
odroplets. 42! Hydrochloric acid has received particular attention due to its role in the ozone
depletion around Earth’s polar regions, where dissociation occurs on the surface of polar
stratospheric cloud particles. %2225 While this process occurs at temperatures around 190 K,
there is also evidence for dissociation at even lower temperatures.'>'326:27 For instance, Gut-
berlet et al. reported dissociation of HCI(H,0), in superfluid helium nanodroplets at 0.37 K
mimicking conditions of interstellar space.?® Such HCI1(H,0),, nanoclusters (with n < 4) and

other hydrohalic acid analogues have been studied by many researchers with the objective

to determine the smallest cluster size at which dissociation occurs spontaneously.

116,20-32 120,21,28

Previous theoretica and experimenta studies suggest that a minimum of
four water molecules is required in order to observe a dissociation of HCI. The resulting
dissociation product and global minimum among HCI(H,O), clusters, is termed solvent-
separated ion pair (SIP or in this work referred to as S*¢; see Fig. 1) and is characterized
by three water molecules hydrogen-bonding to the chloride anion on one side and to the
hydronium cation on the other. The mechanism of ionic dissociation in HCI(H,0), has often
been rationalized starting from an undissociated circular cluster geometry (UD; in this work

1933 Agoregation-

U™ and involving a contact ion pair (CIP; here C*?) as an intermediate.
induced dissociation studies also identified another pathway involving a partial aggregate
cluster geometry (PA; here P*), in which HCI(H,0), forms a four-membered ring with the
remaining water molecule hydrogen-bonded to one of the ring water molecules. 192128

The role of the local environment is crucial for dissociation and has also been explored
in terms of the electric field exerted on the HCI bond.?* Although a good understanding of

the involved cluster configurations has been developed, there has been little discussion about

the role of intermolecular forces in the dissociation. Energy decomposition analysis (EDA)



schemes are a useful tool in this regard as they yield physically interpretable components
which can be associated with different classes of intermolecular forces such as electrostatics,
polarization, dispersion, etc.® The mapping from EDA components to these intermolecular
forces is however not unique leading to the co-existence of several EDA schemes,?64" which
can be broadly characterized by their use of perturbation theory or a variational formalism.
Symmetry-adapted perturbation theory (SAPT)*%4849 is a popular scheme belonging to
the former category, while most variational EDA schemes are based on the seminal work by
Kitaura and Morokuma.3¢ So far, there have only been few examples of EDA methods applied
to HCl-water nanoclusters in the literature, for instance, Milet et al. analyzed two- and three-
body interactions in HCI(H,0), and HCI(H,O); clusters by means of symmetry-adapted
perturbation theory (SAPT) for which they found electrostatic and induction interactions to
be dominant.3? Similarly, Arillo Flores et al. discuss polarization and charge-transfer in the
solvent structure around H;O" and Cl, respectively, based on Mulliken charges.?® Using
effective two-body interactions, we recently investigated the influence of the spectator water
molecules (H,O), on the proton-transfer subsystem HC1- H,0.5! The results suggested that
the proton transfer is being driven by the stabilization of the (H,O)4 hydrogen bond network
rather than by the stabilization of the proton-transfer subsystem.

In this work, we examine the role of noncovalent intermolecular interactions in the dis-
sociation of HCI(H,O),, nanoclusters by means of energy decomposition analysis based on
absolutely localized molecular orbitals (ALMO-EDA). 435253 In the first part we introduce a
set of HCI(H,O),, clusters (n = [1..4]) and discuss their structural properties. In the subse-
quent sections, we explore ALMO-EDA components along a proton-transfer coordinate and

employ the adiabatic ALMO-EDA scheme to investigate geometric effects.



ALMO-EDA

The following paragraphs comprise a brief description of the ALMO-EDA scheme. A detailed
account of the derivation and definition of components is given elsewhere. 352755 A general
review is also available.?® The binding energy of fragments, AEyng, consists of the purely
electronic interaction energy, AFE},, and the energy needed to deform the isolated fragments
to the geometry they adopt in the complex, AFE,q. In its original formulation,*® the ALMO-
EDA scheme partitions the interaction energy AF;,; into components associated with frozen

interaction (frz), polarization (pol), and charge-transfer (ct):

A-Eint = AEvfrz + A-E'pol + AE'cta (1)

The frozen term corresponds to the energy change due to assembling the complex from
infinitely separated fragments without allowing a relaxation of the fragment wavefunctions.
At the polarized level the constraint on the MOs is partially lifted and each fragments’
MOs are allowed to relax in the field of all other fragments without exchanging electrons
between them. The charge-transfer term is then defined as the energy difference between
the polarized and fully relaxed total energy. For ALMO-EDA at the DFT level of theory,
the frozen interaction is further decomposed 35 into contributions deriving from permanent
electrostatics (elec), Pauli repulsion (pauli), and dispersion (disp):

AEfI‘Z - AE

elec

+ AEﬁpauli + AE'disp' (2)

The initial ALMO-EDA scheme employed the full atomic orbital (AO) space of each frag-
ment leading to a charge-transfer contamination of the polarized term for nearly complete
basis sets. The second generation ALMO-EDA scheme provides a well-defined basis set
limit for polarization and charge-transfer contributions through the use of fragment electric-

field response functions (FERF). These functions define a polarization subspace inherent to



each fragment, which only contains the virtual functions necessary to describe a fragment’s
response to weak electric fields.’” The decomposition of the interaction energy described
above occurs at a given molecular geometry and is - in analogy to electronic excitations -
often referred to as vertical EDA. Since each intermediate level of the ALMO-EDA scheme
has a corresponding, properly antisymmetrized wavefunction, it is possible to determine a
molecular geometry corresponding to the minimal frozen Ef, or polarized total energy E .

This scheme, known as adiabatic EDA,?® thus incorporates geometric effects to the EDA

components and yields a decomposition of the binding energy:

frag
A-Ebind = (Ef));z - Z E}k) + ( ;ol - Eftz) + (E;;kot - ;ol) (3)
1
= AEZY + AERY + AERY. (4)

The adiabatic EDA scheme has proven to be an indispensable tool to study the effect of the

ALMO constraints on molecular properties. %6

Computational Methods

All ab initio electronic structure calculations were performed with the Q-Chem 5.4 software
package.%! and, unless stated otherwise, the def2-TZVPD%%%3 hasis set was used. All ALMO-
EDA calculations (vertical and adiabatic) were performed with the wB97M-V® functional,
which has been found to be very accurate for intermolecular interaction energies.® The
adiabatic ALMO-EDA results were obtained with the original ALMO-EDA approach which
uses the full AO space for each fragment, as analytical gradients of the self-consistent field
method for molecular interactions (SCFMI) involving FERFs are not available yet. In prin-
cipal, several fragment references can be envisioned for the EDA calculations (see Supporting
Information for overview). For HCI(H,0),, a 6-fragment ionic reference was chosen to study

the proton-transfer with vertical ALMO-EDA, whereas a neutral 5-fragment and 2-fragment



reference, respectively, was used with adiabatic EDA. All DFT calculations based on the
wB97M-V functional used the SG-2 standard grid® for the numerical integration of the
exchange-correlation functional and the SG-1 standard grid%” for the non-local correlation
component, respectively. Numerical integrations pertaining to the BLYP,%6% HFLYP, 6970
BHHLYP, 6% CAM-B3LYP™ and B3LYP ™™ functionals were performed with the SG-2
standard grid. Single-point calculations based on second order Mgller-Plesset perturbation
theory (MP2) employed resolution of the identity in conjunction with the aug-cc-pVTZ™
auxiliary basis set. Additionally, core orbitals were not included for the evaluation of the
correlation energy (frozen core approximation). Geometry optimizations (including adia-
batic EDA) were considered converged if the maximum gradient component was smaller
than 1.5-107* a.u. and the energy change between cycles less than 7.5 - 10~7 Hartree. The
conformational space of HCI(H,0),, (n = [1..4]) was explored using the tight-binding method
GFN2-xTB™ together with the Conformer-Rotamer Ensemble Sampling Tool (CREST).™
Each molecular geometry obtained in this fashion was subsequently optimized at wB97M-
V/def2-TZVPD level of theory and verified to describe a stationary point by computing
harmonic vibrational frequencies. A cluster geometry was discarded from the set if it showed
an imaginary frequency or if it compared to an accepted structure with a root-mean-square

deviation of less than 0.1 A.

Cluster Conformers

Employing the conformational sampling described above and subsequent optimization at the
DFT level we obtained 45 different HCI(H,O),, cluster geometries (n = [1..4]), of which 10
exhibit a dissociated HCI molecule. The structures obtained in this fashion are in a good
agreement with geometries reported in the literature. 2313477 Figure 1 presents an overview
of selected cluster geometries arranged by the number of water molecules (a depiction of all

optimized structures is presented in the Supporting Information). In the following, we will



refer to these structures by a label comprised of a letter indicating the cluster topology (e.g.
U, see text below), a superscript containing the number of water molecules (n) followed by a
letter indicating a dissociated (d) or undissociated (u) cluster, and a subscript corresponding
to the index of the cluster within each group (sorted by total electronic energy). Cluster
geometries for which the assignment is ambiguous will use the letter X instead. Most of the
clusters presented in Figure S1 can be grouped according to several reoccurring structural
motifs. Often the most favoured undissociated cluster (U) exhibits circular and nearly planar
arrangement, whereby every fragment acts as a hydrogen-bond donor and acceptor (cf. U,
U3 and UfY). The partial aggregate (P) cluster is characterized by the HCI molecule
forming a ring with n — 1 water molecules while the nth water is hydrogen-bonded to the
ring (e.g. P3%). In the aggregate (A) type of cluster, on the other hand, all n water molecules
form a ring-like structure with the HCI attached laterally (e.g. Ad"). The more unfavourable
isomers contain strained H-bonds or smaller rings (or both), such as X33, whereby one HyO
acts as a double hydrogen-bond donor and acceptor forming two 3-fragment rings arranged
perpendicular to each other. The most favoured dissociated cluster, the solvent-separated
ion pair (S) (S}¢ and S34), comprises an Eigen cation™ % (H,0" (H,0),), i.e. the chloride
and hydronium ions are coupled only indirectly via three water molecules. The contact ion
pair (C) is characterized by hydrogen-bonding between H,O" and C1 , with the remaining
water molecules forming hydrogen-bonds to the two ions and among each other (e.g. C3%).

Figure 2 shows the HCI bond length of the cluster geometries considered in this work (for
dissociated species the distance between chloride and closest hydrogen atom is considered).
Sorted by HCI bond length, three distinct zones emerge corresponding to undissociated
clusters (1.3 to 1.4 A), contact ion pairs (1.7 to 1.9A) and solvent-separated ion pairs (ca.
2.1A). Interestingly, two cluster geometries, U2" and X", exhibit a shorter »(HCI) bond
length than the monohydrate HC1- HyO. This is most likely due to one of the water molecules
acting as a double H-bond acceptor leading to a less favourable CIH - - - OH, hydrogen bond-

ing interaction. For n = 3, we obtain a structure (X3") which contains the second longest
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Figure 1: Selected HCI(H,0),, cluster geometries optimized at wB97M-V /def2-TZVPD level
of theory sorted by number of water molecules. The label indicates the cluster motifs, such
as undissociated ring (U), aggregate (A), partial aggregate (P), solvent-separated ion pair
(S), contact ion pair (C), and uncategorized (X). Additionally, the relative electronic energy
(in kJ/mol) within each group is shown in parentheses. HCI(H,O), in particular gives rise
to a multitude of different cluster motifs.
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Figure 2: Distance (in Angstrgm) between chlorine atom and closest hydrogen atom for
all conformers in this study. The dashed horizontal line marks the HCI bond length in the
optimized gas-phase structure. The colors indicate the number of water molecules (including
hydronium ion) in each cluster. Selected clusters as presented in Fig. 1 are labelled explicitly.
Three distinct zones of HCI distances emerge, corresponding to undissociated, contact ion
pair and solvent-separated ion pair.

HCI bond length (r(HCl) = 1.381 A) among all undissociated cluster geometries. The set
presented herein also contains this cluster in its dissociated form (C3%), whereby the bar-
rier in electronic energy from C3¢ to X3U is extremely small (0.3kJ/mol) (see Figure S3).
Re-optimization with CAM-B3LYP, BHHLYP and HFLYP (each using the def2-TZVPD ba-
sis set) also predicts a dissociated cluster, whereas re-optimization at BLYP/def2-TZVPD,
B3LYP/def2-TZVPD and RIMP2/aug-cc-pVTZ levels of theory reverts back to the undis-
sociated species (X3"). Previous studies have reported this cluster both in its dissociated®
and undissociated 31347781 form suggesting that the existence of C3 is very sensitive to
the chosen computational model.

Among undissociated HCI(H,0), clusters, the longest HCI bond length is found for X132
with r(HCI) = 1.406 A. With the proton nearly at the geometric center of Cl and O, this
structure can in fact be seen as a limit case of an undissociated cluster whereby HCI is

on the brink of dissociation. Since we observed a strong dependence in C3% on the chosen
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Figure 3: Correlation between ¢, = 3 (r(HCI) — r(OH)) and ¢, = (HCI) 4+ r(OH). The solid
line was obtained from a least-squares quadratic fit yielding f(q,) = 1.966 ¢*—0.641 ¢, +2.832.
The colors indicate the number of water molecules (including H;O") in each cluster. Selected
clusters as presented in Fig. 1 are labelled explicitly. A grouping of HCI(H,0),, nanoclusters
occurs which show a similar ¢;-go-relationship.

functional approximation, X{3 was also optimized at the MP2/aug-cc-pVTZ level of theory,
which resulted in a similarly stretched HCI bond (r(HCI) = 1.413 A).

Another way to illustrate the degree of proton transfer is by considering the quadratic re-
lation between the displacement of the proton from the C1-O midpoint (¢; = 1 (r(HCI) — r(OH)))
and the CI-O distance (¢, = r(HCI1) + r(OH)).325283 Large negative values of ¢, indicate
an undissociated HCIl molecule, whereas large positive values indicate the presence of H;O"
and Cl . For ¢; = 0 the proton is located at the geometric center between Cl and O. The
resulting plot of the ¢,-¢, relation is presented in Figure 3. Apart from the limit case of Xi3
discussed above, there appears a clustering of points for ¢; ~ —0.1, all of which correspond
to either a P- or U-type geometry.

From a structural analysis of coordination motifs of HCI, it seems that a prerequisite
for HCI bond length elongation (and therefore dissociation) is two-fold. Firstly, the water

molecule to which the proton is transferred adopts a double donor structure as noted in Ref.
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34. Examples for this motif are U3} and P33, which contain the third and fourth longest
HCI bond lengths in undissociated clusters, respectively. Secondly, the chlorine atom acts

also as a double hydrogen acceptor to two nearby water molecules as observed in clusters

3u 4u

Dissociation

The aim of the following section is to analyze the individual EDA components along a
dissociation coordinate. To this end, we employ a fragment reference involving a proton
fragment, i.e. (H")(Cl )(H,0)y, for all ALMO-EDA calculations, such that HCl and H,O"
are treated on equal footing along the proton-transfer coordinate. Two cluster geometries of
undissociated HC1, X134 and P33, were chosen as starting points for a dissociation coordinate
(results based on P35 are collected in the Supporting Information). As the stretched HCI
bond is close to dissociation and requires little reorganization of the cluster geometry, the
O1---H1 distance is a good approximation for a proton-transfer coordinate. Analogous to
the previous section the proton-transfer coordinate was created by performing a relaxed
scan for fixed values of the O1---H1 distance ranging from 0.9 to 2.5A (see Figure 4).
The resulting PES shows that the equilibrium structure of Xji corresponds to a shallow
minimum. Following along this coordinate towards dissociation of HCI, a very small barrier
(< 0.5kJ/mol) appears, after which the energetically more favourable dissociated cluster
C1d is obtained (see Supporting Information).

To assess the role of the water cluster in the dissociation, additional ALMO-EDA calcu-
lations were performed by incrementally adding spectator water molecules (W2, W3, W4)
starting from the (H')(C1™)(W1) subsystem. We would like to point out that the incre-
mentally constructed cluster geometries are subsets of the full cluster geometry and no
re-optimization was performed.

Figure 5 shows the interaction energy along the dissociation coordinate for fully and par-
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Figure 4: Relaxed potential energy surface scan of X4 along the proton transfer coordi-
nate roy (level of theory: wB97M-V/def2-TZVPD). The energy (blue) is given in kJ/mol
relative to the equilibrium geometry of X4 (F,,), whereas the H-Cl distance is shown in A
(green). Additionally, the HCl-water clusters C1d (left) and X3 (right) are displayed with
the transferred proton highlighted in dark blue. Starting from the undissociated species, the
proton-transfer occurs almost barrierlessly.
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tially solvated X73. Due to defining the proton as a single fragment the interaction energies
are on the order of magnitude of the negative dissociation energy of HCl (—1394 kJ/mol).
It can be seen from the graph that the incremental addition of water molecules leads to a
greater stabilization in the dissociated regime (rog ~ 1.05A) as compared to the undisso-
ciated regime. As a consequence interaction energies for the dissociated and undissociated
equilibrium structures become nearly equivalent once the incrementally solvated cluster con-
tains three water molecules (orange curve in Fig. 5). With all four waters included, the inter-
actions in the dissociated cluster (C1d) become more favourable (AAFE;, = —20.4kJ/mol)

as compared to the undissociated cluster (X13). The contributions of each ALMO-EDA
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Figure 5: Interaction energy AFEi, of Xi4 along the dissociation coordinate defined in Fig. 4.
In addition to results from the full cluster (black), the plot also shows interaction energies for
partial cluster geometries using one (blue), two (green) or three (orange) water molecules.
The dotted vertical lines mark the equilibrium structures of X3 (blue) and C{d (red), respec-
tively. The incremental addition of the water molecules leads to an increasingly favourable
interaction energy in the dissociated regime.

component associated with the interaction energies from Fig. 5 are presented in Figures 6-9.

The frozen interaction (Fig. 6), is strongly attractive irrespective of the number of water

13



molecules considered as it is dominated by the strong electrostatic interaction of H™ and
Cl . The individual curves exhibit minima in the vicinity of rog = 1.2 A, which correspond
to the O---H separation of strongest electrostatic attraction with minimal Pauli repulsion
(see also Fig. S4). Similar to the overall interaction energy, the incremental addition of
water molecules has the largest effect in the dissociated regime, whereby the A FEf, becomes
more positive with increasing number of water molecules. This ordering of AE}, reverses
in the vicinity of Xi‘g, i.e. rog > 1.4 A, after which AF}g., is most attractive for the com-
plete cluster (W1+W24+W34+W4). The difference in ordering between the undissociated
and dissociated regime can be explained in part by the overall reduction of inter-fragment
separations, which on average are 0.17 A shorter for Cid as compared to X}¥, thus leading

to increased Pauli repulsion. As shown in Fig. 7, the dispersive interaction varies very little
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Figure 6: Frozen energy component AFy, along the dissociation coordinate of Xis defined
in Fig. 4. In addition to results from the full cluster (black), the plot also shows energy
components for partial cluster geometries using one (blue), two (green) or three (orange)
water molecules. The dotted vertical lines mark the equilibrium structures of Xjs (blue)
and Cid (red), respectively. Overall the incremental addition of water molecules makes little
difference to the magnitude of AF.,.

14



along the considered PES coordinate. Nonetheless, AFEgs, becomes more attractive going
from the undissociated to the dissociated regime for all but the mono-hydrate variant (W1).
With step-wise solvation, each additional water molecule contributes approximately 25 % of
the full-cluster dispersion component. The polarization components for the incrementally
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Figure 7: Dispersion component AFEy, along the dissociation coordinate of X3 defined
in Fig. 4. In addition to results from the full cluster (black), the plot also shows energy
components for partial cluster geometries using one (blue), two (green) or three (orange)
water molecules. The dotted vertical lines mark the equilibrium structures of X4 (blue)
and Cid (red), respectively. Albeit small in magnitude, addition of water molecules leads to
a large relative change of AFEjy;gp.

solvated clusters are shown in Fig. 8. The general course of the polarization interaction along
the coordinate is inverse to the corresponding frozen interaction, i.e. instead of a minimum
AFE,q displays a maximum, which can be interpreted as a point of least reorganization of
fragment densities. This opposing trend of the polarization component has also been noticed
as part of a SAPT-based analysis of water-halide interactions.®® As the water molecules are
included incrementally, the maximum of AFE,, moves from 1.2A to ca. 1.3A. This shift

towards longer O---H distances may be explained by the fact that water W1 and CI™ are
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polarized in the same direction on the O1-H1-Cl axis, i.e. with polarization of the density
of W1 towards H1 (and polarization of the density of Cl™ away from H1) polarization will
be reduced if the proton moves in the same direction, i.e. closer to Cl . Just as for AFE;,,
the incremental addition of water molecules leads to a stronger attractive interaction in the
dissociated regime, e.g. the AE,, difference between the mono-hydrate cluster (W1) and

the full cluster (W14+W2+W3+W4) is approximately twice as much for C{3 in comparison

to Xig.
~300- ' :
—
: ; — WI1+W2
—3501 ; i W1+W2+W3
; : — WI1+W2+W3+W4
' —400 ; i
S = !
€ ! i
= —450] | |
3
Y4 —500 ; ;
~550- i i
-600+ i §
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
r(OH) [A]

Figure 8: Polarization component AFE,, along the dissociation coordinate of Xi3 defined
in Fig. 4. In addition to results from the full cluster (black), the plot also shows energy
components for partial cluster geometries using one (blue), two (green) or three (orange)
water molecules. The dotted vertical lines mark the equilibrium structures of X{s (blue)
and C1d (red), respectively. The polarization curves follow a trend inverse to A Ej,.

The charge-transfer term (Fig. 9) shows the largest disparity between the undissociated
and dissociated regime. At short O---H distances, AF. becomes more repulsive for the
first two partial clusters (W1 and W1+W2), for the tri-hydrate (W1+W2+W3) it remains
at about —320kJ/mol, and only for the full cluster a considerable shift towards a more

attractive charge-transfer energy component is observed. As a consequence, the incremental
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solvation encompasses large changes. For instance, for X{3 the difference between mono-
hydrate cluster (W1) and full cluster (W14+W2+W3+W4) amounts to ca. 40kJ/mol, while
it is approximately 2.5 times as much for CJd. For larger separations of (H")(Cl ) from
water W1, ie. for rog > 1.7A, the HCI distance changes only very little (cf. Fig. 4)
and the difference between the curves mainly reflects the charge-transfer between the water
molecules, which is of similar magnitude as what has been reported®® for the water dimer

(ca. —7.5kJ/mol) using ALMO-EDA at a comparable level of theory.
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Figure 9: Charge-transfer component AFE,; along the dissociation coordinate of X{3 defined
in Fig. 4. In addition to results from the full cluster (black), the plot also shows energy
components for partial cluster geometries using one (blue), two (green) or three (orange)
water molecules. The dotted vertical lines mark the equilibrium structures of X4 (blue)
and C13 (red), respectively. The addition of water molecules strengthen the CT interaction
especially in the dissociated regime, such that it reverses its trend from less favourable to
more favourable.

Figure 10 compares the difference of energy components between the dissociated and
undissociated regime evaluated as AAE = AE(C13) — AE(X{3). The resulting terms may

thus help to elucidate the lowering of the interaction energy for the full cluster observed
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in Fig. 5. Starting with the frozen interaction, AAFEy, increases with each added water
molecule, rendering the dissociated cluster progressively unfavorable in comparison to X{3.
The relative dispersion interaction indicates a slightly more favorable interaction for Cig,
whereby the largest stabilization occurs for the tri-hydrate (—7.63kJ/mol). For di-hydrate
and larger cluster, the difference in polarization shows a strong stabilization towards the
dissociated configuration, which is growing with each additional water molecule and is of
similar magnitude as AAF}g,. Only the mono-hydrate (W1) cluster involves stabilization

of the undissociated cluster X{3 at the polarized level. Finally, the relative charge-transfer
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Figure 10: Difference of ALMO-EDA terms (AAE = AE(Cid)—AE(X1Y)) in the dissociated
and undissociated regime. In addition to results from the full cluster (black), the plot also
shows AAE components for partial cluster geometries using one (blue), two (green) or three
(orange) water molecules. A significant stabilization of C{3 over Xt occurs only in the
presence of all four water molecules.

interaction indicates a preference for the undissociated configuration in the presence of one
(W1) or two (W1+W2) water molecules. With the inclusion of W3, AAE,; changes sign,
but only for the full cluster a strong stabilization for the dissociated configuration is observed

(—25.76 kJ /mol). Interestingly, AAE. seems to be proportional to AAF;,. In other words,
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AAEg,, AAEg, and AAE,, cancel each other out to a certain extent and their sum yields a
net positive term, i.e. favouring the undissociated configuration. Although polarization is the
most significant contribution for the relative stabilization of C{g, it should also be examined
in view of AAFEy,, i.e. the strong relative stabilization (of the dissociated cluster) due to
polarization emerges as a consequence of the destabilization due to the frozen interaction.

With respect to the incremental solvation, all contributions (except AAEgp,) favour the
undissociated cluster X713 for the case of the mono-hydrate (W1). Although the addition
of the second water molecule (W2) increases stabilization for the dissociated configuration
through polarization, it cannot overcome the destabilization by the frozen and charge-transfer
interaction. Once the third water molecule (W3) is added, the polarization and charge-
transfer interactions are significantly more stabilizing for the dissociated configuration, such
that the effect of the frozen interaction is effectively canceled out. As a consequence, neither
the dissociated nor the undissociated configuration is preferred. Adding the fourth water
molecule enhances the propensity of polarization and charge-transfer to stabilize the disso-
ciated configuration, which in combination with dispersion now significantly surmount the
frozen interaction.

These results imply that at least three water molecules are necessary to render the charge-
transfer interaction more stabilizing for the dissociated species than the corresponding neu-
tral cluster. However, only with all four water molecules involved the relative gain in in-
teraction energy is large enough to be significant. Thus, the relative stabilization of the
interaction energy (AAF;,) for the full cluster indicates a distinct preference for C1d, which
supports the minimum amount of four water molecules required for the dissociation of HCI

as reported in the literature.?!:28:32,34,81,85-88

Adiabatic ALMO-EDA

Rather than analyzing the contribution of individual EDA components, it is also possible

to study its direct effect on the molecular geometry by means of adiabatic ALMO-EDA. To
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this end we selected 12 undissociated clusters exhibiting the strongest HCl bond elongation
to be studied with adiabatic EDA, which are X3, X{3 P2 P P32 Piu Uy Ul Uy,
U3s, Usl, AZY. In the further course we focus on three representative clusters from this set,

namely P33, Ul X4 Starting with X3, the values of selected bond lengths and bond

: s
: r(H1-01)
Va 1.291 \\‘ e
’ e 2.081

3, A

Figure 11: Left: structure of X3 including atom labels used in the text. The blue labels
refer to the individual water molecules. Right: Superposition of optimized geometries corre-
sponding to the frozen (blue), polarized (orange) and fully relaxed (yellow) potential energy
surface. The molecular geometries from adiabatic EDA are obtained using a (HCI)(H20),
reference. A significant HCI bond elongation occurs upon changing from the polarized to
the fully relaxed PES.

angles associated with the minima on the frozen, polarized and fully relaxed PES are col-
lected in Table 1. At the frozen level, the HCI bond length is virtually identical to r(HCI) in
the gas phase. All OH-type hydrogen bonds at this level range between 2.22 A and 2.37 A,
while the two Cl-- - H hydrogen bonds adopt values of ca. 3A. All seven H-bond angles are
reduced compared to the ideal case, whereby «£(03-H6-O4) = 167 ° represents the largest
and £(Cl-H8-O4) = 122° the smallest angle, respectively. As the fragments are allowed to
polarize in the field of the other fragments, the cluster contracts with all hydrogen bonds
shortening by 0.14 A on average (see Fig. 11). Simultaneously, the Cl-H1 bond length under-
goes a rather insignificant increase of 0.007 A. The changes in H-bond angles are overall small,
the largest of which being an increase of ca. 6° for £(CIl-H8-O4). Lifting the fragment con-

straint, i.e. transitioning from the polarized to the fully relaxed geometry entails the largest
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structural changes. Most notably, the O1-H1 distance shortens significantly by 0.63 A, while
the C1-H1 bond length extends by 0.11 A. In order to accommodate the strong interaction
of HCI and the acceptor water molecule (W1), i.e. the beginning charge separation of HCI
into H" and Cl, all other hydrogen-bonds in the cluster undergo substantial shortening.
Unsurprisingly, the largest reductions in hydrogen-bond length occur for fragment pairs in-
volving HCI (Ar(Cl-H8) = —0.42A) or the acceptor water W1 (Ar(02-H2) = —0.37A).
Similarly, changes in H-bond length within the water ring structure are not equally large,
but depend on the distance relative to the water molecule involved in the partial proton
transfer (W1). The structural rearrangement at the fully relaxed level also manifest itself in
the bond angles. The H-bond angles become more favorable overall with the exception of
both O-H--- O angles involving water W4, which decrease by 11° and 5°, respectively. The
third H-bond angle involving W4 and HCI, £(CI-H8-O4), on the other hand increases by
11°. W4 therefore adopts a slightly less favorable orientation within the water tetramer in
order to strengthen the charge-transfer interaction (HCl—-W4).

The changes due to charge-transfer can be further analyzed by separating the overall
charge-transfer into contributions from forward and backward donations using the variational
forward-backward (VFB) scheme.® In order to isolate the effect of charge-transfer between
HCI and the water tetramer, the two-fragment reference (HCI)((H,0),) is employed for the
VFB analysis. Selected distances and angles are collected in Table S1. Starting from the
water tetramer and HCI fragments on the polarized surface, the relaxation with respect to
forward-CT (HCl — (H,0),) leads to a considerable reduction of the CI-H8 distance by
0.22 A, which is about 60% of the entire difference due to charge-transfer. The forward-CT
has only a negligible effect on the HCI distance and other H-bonds. Allowing for backward-
CT only ((H,0), — HCI) on the other hand, drastically shortens the O1-H1 distance by
0.44 A (72% of CT difference) and simultaneously weakens the H1-Cl bond by 0.05 A (48% of
CT difference). Interestingly, backward-CT also leads to a noticeable reduction of r(H8-Cl)

and r(H7-Cl) (18% and 44% of CT difference), which cannot be rationalized by a charge-

21



Table 1: Selected bond lengths (r) and angles (£) of optimized X {3 geometries corresponding
to minima on the frozen (FRZ), polarized (POL) and fully relaxed potential energy surface
(FULL) as well as their respective differences A; and A,. All interatomic distances are
given in A and bond angles are given in degree. The 5-fragment reference (HCI)(H,0), was
employed in the adiabatic ALMO calculations.

FRZ A, POL A, FULL

r(Cl-H1) 1.284  0.007 1.291 [NOME2Y 1.403
r(O1-H1) 2.287 -0.206 2.081 [-0.633 1.448
r(CI-H7) 3.070 -0.073 2.997 -0.290 2.708
r(CI-HS) 3.009 -0.221 2.788 -0.415 2.373
r(02-H2) 2.260 -0.154 2.106 -0.374 1.732
r(03-H4) 2217 -0.144 2.073 -0.274 1.799
r(04-H6) 2.297 -0.135 2.162 -0.143 2.019
r(04-H3) 2.374 -0.074 2.300 -0.137 2.163

£L(CL-HI-01) 1575 2.9 160.3 [I0MY 170.8
£L(CLH7-03) 1278  -04 127.3 42 1315
£(CL-H8-04) 1224 [ 62 1285 I 139.6
£(01-H2-02) 1560 -0.2 1558 | 9.2 165.0
£(02-H4-03) 1588 22 161.0 04 1614
£(03-H6-04) 167.3  -0.1 167.2 [EIONN 156.5
£(04-H3-01) 141.1  -1.2 139.9  -5.1 134.8

transfer effects from HCl to (H,0),. This H-bond shortening must therefore arise from
a more favourable electrostatic interaction due to mutual polarization and charge-transfer
within the water tetramer fragment (H,O),.

Turning to the example of U}Y, each fragment acts as a single H-bond donor and acceptor
(in contrast to X13). A selection of H-bond lengths and angles corresponding to the frozen,
polarized and fully relaxed surface is provided in the supporting information (Table S2). At
the frozen level the cluster still adopts a circular nearly planar configuration (see Fig. 12),
but is expanded due to increased H-bond lengths. Similarly to X1, the HCI bond length is
virtually identical to its isolated gas-phase analogue. Moving to the polarized surface, the
cluster contracts as H-bonds are shortened by 0.17 A on average. There are, however, no
noticeable changes to the hydrogen-bonding angles due to the symmetry of the geometric

rearrangement. In agreement with the observations for X{4, allowing the mutual polarization
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Figure 12: Left: structure of Uf} including atom labels used in the text. The blue labels
refer to the individual water molecules. Right: Superposition of optimized geometries corre-
sponding to the frozen (blue), polarized (orange) and fully relaxed (yellow) potential energy
surface. The molecular geometries from adiabatic EDA are obtained using a (HC1)(H,0),
reference. Lifting the ALMO constraints leads to a compression of the cluster geometry.

of fragments (without exchange of electron density) weakens the HCI bond only marginally
(Ar(H1-Cl) < 0.01A). Upon switching to the fully relaxed surface, the O1-H1 distance
reduces by 0.5 A, simultaneously inducing an elongation of the HCI bond by 0.07 A. The
remaining water molecules adapt to the strengthened HCI-W1 interaction by reducing all
other H-bond distances (0.32 A on average) further contracting the cluster geometry.
Another example is P33} belonging to the partial aggregate type, which has previously
been identified to be a precursor species leading to the solvent-shared ion pair (S7%) disso-
ciated cluster.!® The H-accepting water W1 in this arrangement acts as a double H-donor,
while HCI corresponds to a single H-acceptor thus limiting its capability to stabilize disso-
ciation of HCI in comparison to Xj4. Interestingly, the cluster adopts a completely different
arrangement on the frozen surface, whereby the water tetramer forms a tetrahedron with
the HCI hydrogen-bonded laterally (see Fig. 13 and Tab. S3). Allowing mutual polarization
between fragments the cluster undergoes a larger rearrangement reverting back to the partial

aggregate (P) topology. Analogous to the previous examples, moving to the fully relaxed
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Figure 13: Left: structure of P4} including atom labels used in the text. The blue labels
refer to the individual water molecules. Right: Superposition of optimized geometries corre-
sponding to the frozen (blue), polarized (orange) and fully relaxed (yellow) potential energy
surface. The molecular geometries from adiabatic EDA are obtained using a (HCI1)(H20),
reference. In contrast to the polarized and fully relaxed surface, there is no minimum corre-
sponding to the P-motif on the frozen surface.

surface entails a drastic shortening of the O1-H1 distance (—0.55A) and elongation of the
HCI bond (0.08 A). As the water network adapts to the strong W1-HCI interaction, the H-
bond between W1 and W2 experiences the smallest shortening overall (—0.18 A), whereas
W3 reduces its H-bond distance to W1 by almost twice as much (Ar(O3-H3) = —0.32A).
The geometric effect associated with charge-transfer is less pronounced for W2 due to its
double H-acceptor role, whereas W3 only couples to one hydrogen atom (H3).

The trend of the HCI bond length on the frozen, polarized, and fully relaxed PES is
very similar for all 12 examples. As can be seen from Fig. 14 the HCI bond length becomes
weakened as the ALMO constraints are lifted step-by-step. On the frozen and polarized
surface the electric field exerted on HCI by the water molecules is not strong enough to
induce a significant increase of the HCI bond length. We also notice that the obtained HCI
distances on the frozen and polarized surface are consistent with respect to the chosen frag-
ment reference. In other words, on either surface r(HCI) remains mostly unaffected whether

the water molecules are treated as a single fragment or as individual fragments. Allowing
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Figure 14: HCI bond lengths r(HCI) of selected HCI(H,O),, clusters (n = [3,4]) optimized
corresponding to the frozen (frz), polarized (pol) and fully relaxed (full) wavefunction. Ad-
ditionally, results allowing forward (ctf, HCl—(H,0),) and backward charge-transfer (ctb,
HCl+(H,0),) are shown. The geometries from adiabatic EDA were obtained using two
different undissociated references with either all water molecules as one fragment (blue) or
as individual fragments (orange). The dotted line corresponds to the HCI bond length in
the gas phase at wBI7M-V/def2-TZVPD level of theory (r(HCI) = 1.279 A). Destabiliza-
tion of r(HCI) as observed in the supersystem does not follow from either forward-CT or
backward-CT alone, but from the synergy of both.

the geometry to relax with respect to forward CT (HCl—(H,0),) also does not lead to a no-
ticeable destabilization of the HCI bond. The most prominent increase occurs moving to the
backward CT (HCl+(H,0),) surface, which is in accordance with the familiar mechanism
of bond destabilization by interaction of lone pair and antibonding ¢* orbitals. It should
be noted that the outliers on the forward CT or backward CT surface exhibiting a short

HCI bond length are due to the structure collapsing onto a more weakly interacting cluster
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geometry during the optimization (e.g. U—A). The separation of forward and backward
CT also shows that neither effect alone is sufficient to reach the extent of HCI bond elonga-
tion in these 12 examples. These weakened HCI bonds can only occur due to the synergy
of population of the antibonding ¢*(HCI) orbital (backward CT) and stabilization of the

increasingly anionic chlorine atom (forward CT).

Conclusion

The present study set out to examine the effect of intermolecular forces for the dissociation
of HCl in (H,0),, nanoclusters up to n = 4 . For this purpose a set of 45 HCl-water clusters
was considered. The r(HCI) bond length in the 35 undissociated clusters depends strongly
on the geometry, whereby one neutral species (X{3) exhibits a particularly stretched HCI
bond with r(HCI) = 1.406 A. Two structural motifs were found to promote the HCI bond
length elongation: (a) the primary water (H-bond acceptor to HCI) acts as double H-bond
donor and (b) the chlorine atom serves as double H-bond acceptor. These two motifs are also
present in the X3" cluster, which only contains three water molecules but involves a stretched
HCI bond (r(HCI1) = 1.381 A) nonetheless. The dissociated form (X3?) of this cluster was
also obtained, which represents the only example of a dissociated cluster with less than
four water molecules in the present set. However, the existence of the corresponding PES
minimum was shown to depend on the applied level of theory and should thus be interpreted
with caution.

Intermolecular interactions arising in these HCl-water nanoclusters were studied using
the vertical and adiabatic ALMO-EDA schemes. The vertical EDA scheme was applied to
two proton-transfer PES coordinates (based on Xii and P33), whereby the effect of the
water network was probed by incrementally solvating HCl- H,O. The results show that a
minimum of three water molecules is needed in order stabilize the dissociated species relative

to the undissociated cluster, while four water molecules are necessary to achieve significant
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relative stabilization of the dissociated species. Adiabatic EDA results of twelve nanoclus-
ters with elongated HCl bond lengths showed no significant HCl bond stretching at the
frozen or polarized level, thus establishing charge-transfer as the main contribution. Further
decomposition of the charge-transfer term into forward- and backward-CT confirmed the
well-known n(O) — ¢*(HCI) orbital interaction (here termed backward-CT) as the domi-
nating component of the HCI bond destabilization. However, the backward-CT component
alone is insufficient to achieve the full extent of HCI bond destabilization. Thus, the adiabatic
EDA results suggest that a push-pull mechanism based on the synergy of forward-CT and
backward-CT is needed in order to drive the HCI bond towards the brink of dissociation. A
natural progression of this work is to extend the analysis presented herein to other hydrohalic
acid - water nanoclusters and to examine the minimum number of water molecules required

for dissociation, as well as the transferability of the push-pull driving force for dissociation.
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