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Halogen bonds have received a great deal of attention in recent years. Their properties, sometimes paralleled
with those of hydrogen bonds, have not yet been fully understood. In this work, we investigate the nature of
the intermolecular interactions between Cl, and Br, with water. Our analysis of several features of MP2/
aug-cc-pVDZ-optimized stable clusters with different number and arrangement of water molecules shows
that two different kinds of halogen—water coordination patterns are involved in the stability and properties
found for these systems: halogen bonds (X—X+++0O) and halogen—hydrogen interactions, (X—X++*H—O—H).
Both types of interactions result in a large polarization of the halogen molecule, which leads to important
cooperative effects on these structures. Although the general structural aspects of these clusters can be
understood in terms of dipole—quadrupole forces at long range, where it is the dominant term, the SAPT
analysis shows that factors such as polarization of 7 densities and dispersion become increasingly important
close to equilibrium. In particular, we show that the halogen—hydrogen interactions are weaker than
halogen—oxygen interactions mainly due to the electrostatic and dispersion forces. We also calculate vibrational
and electronic shifts that should be helpful for the interpretation of experimental results and for investigating

the microsolvation phenomena for halogens in an aqueous environment.

Introduction

Halogen molecules provided one of the early model systems
for understanding solvent effects on molecular spectra because
they are apparently simple molecules whose spectra shift
substantially in different solvents. For instance, even though I,
has no dipole moment, its color changes completely in polar
solvents. In a noninteractive solvent, such as hexane, a dilute
iodine solution is violet in color. In a solvent of higher polarity,
such as dichloromethane, the solution is a rose color. An aqueous
solution of iodine is yellow. Clearly, the iodine spectrum is very
sensitive to the local environment. The spectra of chlorine and
bromine are somewhat less sensitive to the details of the solvent.
For instance, the valence excitation band of iodine is blue shifted
by 2820 cm™! in aqueous solution relative to the gas phase.!
For bromine? the comparable blue shift is only 1750 cm™!, and
for chlorine it is 550 cm™!.?

From 1948 to 1955 this model system received considerable
attention since it appeared to be one for which a detailed analysis
of both the nearest neighbor and continuum effects might be
possible.*~® However, the tools available at the time did not
make it possible to quantitatively model the nearest neighbor
effects, and the continuum solvent models were not completely
satisfying. For instance, the solvation model that consists of a
chromophore within a cavity of a dielectric predicts that the
solvent shift should be proportional to the square of the transition
moment.”® This was not found to be the case, in general.
Therefore, for many years the halogens fell out of favor as a
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model system for understanding solvent effects on spectra. There
have been few recent papers on this subject.’

Thirty years ago, the halogens became a popular model
system for studying nearest neighbor effects on spectroscopy
with the advent of molecular beam studies of dimers and small
clusters.!®!! The expectation was that noble-gas interactions with
halogens would provide a model system that could provide a
framework for understanding systems that are more complicated.
Again, however, this apparently simple model system proved
to be more complicated than expected.'?~!> For instance, it took
almost 30 years to work out the details of how different the
spectroscopy is depending on whether the noble-gas atom is
on the side of the halogen to form a T-shaped complex or on
the end to form a linear complex.'®!” For the T-shaped complex
the noble-gas atom induces a relatively small spectral shift of
the halogen valence electronic transitions of the halogens, from
~3 c¢cm™! for helium to ~20 cm™! for Ar.'® The spectra exhibit
well-defined rotational substructure that can be used to determine
the bond lengths of the complexes. Homogeneous broadening
and pump—probe spectroscopy could be employed to character-
ize vibrational energy transfer from the halogen stretching
vibration to the dissociative van der Waals coordinate. A rich
literature has grown around the dynamics of this phenomenon. '’

Linear noble-gas—halogen dimers have proved to be more
difficult to study than the T-shaped ones even though they were
the first to be observed. Because the ground-state potential-
energy well of the linear isomer lies below the repulsive portion
of the excited-state surface, the linear species have predomi-
nantly continuum spectra in the valence excitation region. Burke
and Klemperer were the first to quantitatively measure this
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continuum,? and then Darr, Glennon, and Loomis were able to
measure specific excitation thresholds that resulted in direct
measure of the bond energies for these species.?! Recently, Pio
et al. were able to measure excitation spectra for He—, Ne—,
and Ar—Br, that helped illustrate how the continuum spectra
depend on the details of the nearest neighbor interactions.'® Even
for the noble-gas—halogen system, however, the details of how
the nearest neighbor interactions combine with continuum effects
to yield condensed phase spectra have yet to be completely
understood.

As may be expected, the interaction between halogen and
water molecules is considerably stronger than between halogens
and noble gases. Although no valence electronic excitation
spectra have yet been reported for this system, the group of
Legon obtained the microwave spectra for several of the
H,0—X, species.?? 2 For instance, in the case of H;O—Br; the
bonding can be characterized as the oxygen lone pair electrons
donating to the o orbital in Br, to form a strong halogen bond.
The resulting bond length is 0.3 A less than the sum of the O
and Br van der Waals radii, and the well depth is ~2/3 that of
the water dimer. As for the linear noble-gas—halogen dimers,
valence electronic excitation of H,O—X, would leave the dimer
on a repulsive portion of the weak bonding coordinate, resulting
in a substantial blue shift of the spectrum. Indeed, our first
estimate of the dimer blue shift is that it is greater than the
entire solvent shift for Br, in aqueous solution.?’

The spectroscopy of Br, and I, have also been studied in
clathrate hydrate solids.!*>? Clathrate hydrates consist of a solid
lattice in which the water molecules form different sized cages.
For instance, a 28 water molecule cage that has 12 pentagonal
faces and 4 hexagonal faces with an oxygen atom at each vertex
and a hydrogen atom along each edge is referred to as a 5'%6*
clathrate hydrate cage. 5'> and 5'%6* cages combine in a 2:1
ratio to form a solid lattice, slightly less stable than hexagonal
ice but more stable if each of the large cages contains a Br,
molecule. The valence electronic spectrum of Br, in such a cage
is blue shifted from the gas phase by 440 cm ™!, 1320 cm™! less
than in aqueous solution. The initial explanation for this result
is that all of the oxygen lone electron pairs of water molecules
in a clathrate hydrate cage are involved in hydrogen bonding
and thus unavailable to interact strongly with the Br, molecule.

The detailed experimental work of Legon’s group on the
interaction of dihalogens with different Lewis bases in the gas
phase has been used to emphasize the close similarities between
halogen bonds (XB) and hydrogen bonds (HB).?*~26:% Their
conclusions are sustained by a large body of rotational experi-
ments on 1:1 complexes. Their work confirms that the equilib-
rium angular geometry of a halogen-bound complex, B+++X—Y,
can be predicted by assuming that the internuclear axis of the
dihalogen molecule (X—Y) lies along the axis of a nonbond-
ing electron pair carried by the acceptor atom Z of B
(Z+++2TX—Y?"). This argument has been used to explain the
reasons why the significant nonlinearity of hydrogen bonds is
absent in halogen bonds. An argument along the same line has
been developed by other groups.’0~33

In a recent work, Pathak et al.** reported several stable
structures for halogen—water clusters up to eight water mol-
ecules whose optimized geometries were obtained using DFT
methodologies. An interesting finding of their work is that the
most stable structures of chlorine, bromine, and iodine with 1—6
water molecules are quite similar except for the case with two
water molecules. Their work, aimed at understanding the
hydration process for these species, focused on the effects of
polarizability. They did not comment on the other intermolecular
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Figure 1. Optimized structures for the X,—H,0 complex at the MP2/
aug-cc-pVDZ level. Thick dashed lines show the nonbonded interaction
between the halogen molecule and water. Full counterpoise BSSE-
corrected MP2/aVDZ interaction energies for Cl, and Br;, (in italics)
structures are shown in kcal/mol. The corresponding distances for the
complexes are presented in Table 1.

forces. In this paper we work toward a more complete
understanding of the interactions between halogen and water
molecules by studying the electronic structure of Cl,—(H,0),
and Br,—(H,0), clusters.

Methodology

Geometry optimizations for the X,—(H,0), clusters were
performed at the MP2/aug-cc-pVDZ level using the Gaussian
set of programs® starting from several different initial geom-
etries. Although this basis results in sizable basis set superposi-
tion errors, it yields geometric minima in good agreement with
those from experimental work and larger basis sets as discussed
in our previous work.”” We correct the BSSE error on the
interaction energies using the full-counterpoise correction. A
harmonic frequency analysis was performed to confirm that each
stationary point corresponds to a local minimum in the potential-
energy surface (PES). We used Mulliken and natural bond
orbital (NBO) analyses for the charge distribution analysis and
the charge transfer calculations in the clusters. For the smallest
clusters, a symmetry-adapted perturbation theory (SAPT) analy-
sis of the interaction energy was also obtained with the aug-
cc-pVTZ basis. Finally, we calculated vertical B < X transition
energies for the clusters using the RMP2 and RCCSD(T)
methods as implemented in Molpro 2006.13¢ Many-body terms
were calculated within the noncanonical scheme that leads to
convergent results for fully relaxed systems.’” It is referred
to as the noncanonical scheme because the relaxation energy
of the monomers is included as a zero-order term on the
expansion, in contrast to other schemes in which the deformation
of the monomers is implicitly considered in the two-body term.
Thus

EN =D Vi D 0+t t, )

.....

where J; corresponds to the relaxation energy of the monomers
calculated as 0; = E; — E; and the two-body terms as V;; = E;;
— (E; — E)). Larger contributions, for example, the three-body
nonadditivities, are obtained in the usual form as

3= E:Jnkl - 2 Vi~ Z 0; (2)
ij

All calculations of nonadditivities were done at the MP2 level
and with full counterpoise; i.e., the energy of each subsystem
D), (ijy or (i, J, ...y) at the cluster geometry is evaluated in the
full basis of the complete cluster ({i, j, ..., n)) considered. This
counterpoise correction has proven to be necessary for a proper
description of nonadditivities and in a critical manner when
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Figure 2. Optimized structures for the X,—(H,0), complex at the MP2/
aug-cc-pVDZ level. Thick dashed lines show the nonbonded interaction
between the halogen molecule and water, and thin lines show the
hydrogen bonds formed between water molecules. Full counterpoise
BSSE-corrected MP2/aVDZ interaction energies for Cl, and Br, (in
italics) structures are shown in kcal/mol. The corresponding distances
for these complexes are presented in Table 1.
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Figure 3. Optimized structures for the X,—(H,0); complex at the MP2/
aug-cc-pVDZ level. Thick dashed lines show the nonbonded interaction
between the halogen molecule and water, and thin lines show the
hydrogen bonds formed between water molecules. Full counterpoise
BSSE-corrected MP2/aVDZ interaction energies for Cl, and Br, (in
italics) structures are shown in kcal/mol. The corresponding distances
for these complexes are presented in Table 1.

correlation energy is included. In particular, the use of a limited
basis set, such as the one employed here, emphasizes the need
of its use.

Results

I. Structure and Relative Stabilities of Stable X,—(H,0);-5
Clusters. A. Stable Structures. In Figures 1—5 we present the
most stable structure and several low-lying isomers found for
the X,—(H,0),—s clusters along with the corresponding BSSE-
corrected interaction energies. Although the search for minima
was not exhaustive, we started from a wide variety of initial
geometries to improve the chance of finding unexpected minima.
For each value of n, we show examples of isomers that are
qualitatively different from each other. In some cases, more than
one minimum was found with a similar overall appearance. In
those cases, only the lowest energy conformer is shown. Table
1 gives selected geometrical parameters; Table 2 gives the partial
charge differences of the halogen atoms in the molecule and
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Figure 4. Optimized structures for the X,—(H,0)4 complex at the MP2/
aug-cc-pVDZ level. Thick dashed lines show the nonbonded interaction
between the halogen molecule and water, and thin lines show the
hydrogen bonds formed between water molecules. Full counterpoise
BSSE-corrected MP2/aVDZ interaction energies for Cl, and Br, (in
italics) structures are shown in kcal/mol. The corresponding distances
for these complexes are presented in Table 1.
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Figure 5. Optimized structures for the X,—(H,0)s complex at the MP2/
aug-cc-pVDZ level. Thick dashed lines show the nonbonded interaction
between the halogen molecule and water, and thin lines show the
hydrogen bonds formed between water molecules. Full counterpoise
BSSE-corrected MP2/aVDZ interaction energies for Cl, and Br, (in
italics) structures are shown in kcal/mol. The corresponding distances
for these complexes are presented in Table 1.

the charge transfer calculated for selected clusters; Table 3 gives
the many-body analysis for two selected cases of the X,—(H,0),
and X,—(H,0); clusters that will help to illustrate the relative
importance of the several concurring forces in these clusters.
The complete analysis for all the studied clusters is provided
as Supporting Information.

For the 1:1 complex, three stationary points were found: the
halogen-bonded (XB) structure 1a and two different H-bonded
geometries 1b and 1c. Qualitatively, the halogen-bonded
structure appears to have the oxygen lone electron pair donated
to the halogen o* LUMO, as originally discussed by Legon.
The hydrogen bonds involve interaction of the electropositive
hydrogen atom with the halogen 7* HOMO. These preferred
orientations are also consistent with the strong dipole—quadrupole
interactions to be expected for these types of monomers, and
this point of view is further analyzed below. Note that although
the hydrogen-bond lengths are less than the sum of the van der
Waals radii, 3.04 A, the bond energies are much smaller than
the halogen-bonded one and much smaller than for hydrogen
bonding between water molecules. To avoid confusion, for the
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TABLE 1: Selected Structural Parameters of the Optimized Stable Structures Found for X,—(H,0),"

X =Cl X = Br
r(Cl+++0) r(Cl-++H) r(Br++0) r(Bre++H)
cluster structure r(C1=CI) (0, C1I-CI-0) (0, C1-CI—H) r(Br—Br) (6, Br—Br—0) (6, Br—Br—H)

X;—H,0 Ia 2.050 2.755 (180) 2338 2.769 (180)

1b 2.040 2.614(175) 2291 2705 (174)

Ic 2.039 2616 (163) 2325 2.721(171)
Xo—(H,0), 2a 2.058 2.672(175) 2741 (128) 2.351 2.674 (175) 2.880 (124)

2b 2.057 2.831(179) 2347 2.876(179)

2 2.052 2714 (175) 2.735(153) 2.324 2749 (178) 2796 (156)
Xo=(H,0); 3a 2,052 2715 (176) 2344 2726 (175)

3b 2.065 2582(177) 2435 (162) 2364 2568 (173) 2570 (155)

3c 2.040 3.185 (126) 2938 (132) 2329 3.330(121) 3.000 (136)

3d 2.061 2783 (173)2.815 (179) 2619 (135) 2352 2.802 (173)2.875 (179) 2741 (134)
X~ (H,0), 4a 2,052 2.735(175) 3.301 (104) 3.396 (135) 2383 2749 (175) 3319 (109) 4.255 (142)

4b 2.079 2489 (179) 2.409 (176) 2358 2470 (179) 2255 (176)

4c 2.066 27758 (174) 2768 (173)  2.669 (132) 2.655 (133) 2344 27793 (174)2.806 (173) 2765 (132) 2756 (133)
Xo=(H,0)s 5a 2051 2724 (164) 2.810 (145) 2344 2722 (166) 3.024 (150)

5b 2.054 2707 (176) 2.860 (128) 3.651 (162) 2347 2718 (177) 2.941(130) 3.996 (163)

5c 2054 2.687(172) 2782 (136) 2.980 (112) 2.350 2.675(172) 2.926 (141) 3.045 (114)

“ Distances are in Angstroms and angles, in parentheses, in degrees. Bond distances for Cl, and Br; at this level (MP2/aVDZ) are 2.039 and

2.328 A, respectively.

TABLE 2: Halogen Molecule Polarization in the X,—(H,0), clusters (0¢g) and Total Charge Per Molecule of Some Selected

Clusters®
structure halogen dq X5 Wi w2 W3 W4 W5
la Cl, 0.055 —0.018 0.018
Br, 0.078 —0.027 0.027
1b Cl, 0.026 0.009 —0.009
Br, 0.029 0.011 —0.011
2a Cl, 0.062 —0.027 0.011 0.016
Br, 0.095 —0.043 0.025 0.018
2¢ Cl, 0.057 —0.012 0.020 —0.008
Br, 0.082 —0.018 0.028 —0.009
3a Cl, 0.053 —0.018 0.000 0.006 0.012
Br, 0.080 —0.030 0.003 0.012 0.014
3b Cl, 0.083 —0.029 0.013 0.010 0.006
Br, 0.132 —0.054 0.032 0.009 0.013
4a Cl, 0.056 —0.019 0.007 —0.001 0.008 0.005
Br, 0.082 —0.031 0.010 0.000 0.012 0.008
4b Cl, 0.137 —0.049 0.028 0.013 0.004 0.003
Br, 0.055 —0.079 0.054 0.008 0.005 0.011
Sa Cl, 0.065 —0.010 0.004 0.000 0.006 —0.004 0.004
Br, 0.096 —0.023 0.005 0.006 —0.003 0.008 0.007
5b Cl, 0.052 —0.018 0.000 —0.010 0.005 0.012 0.010
Br, 0.101 —0.034 0.009 —0.003 0.020 —0.013 0.022

“Values were obtained using NBO charges. All reported values are in au. For cases with several water molecules in the cluster, W1 refers to

the XB water molecule and W2 to the XH bound (if any).

larger clusters only bonds between water molecules will be
referred to as hydrogen bonds, HB, and the halogen—hydrogen
bonds will be denoted as XH bonds. This differentiation will
be supported by a SAPT analysis presented below. It is also
interesting to note that for structure 1a there is negligible charge
transfer from the water to the halogen, 0.02 au for CI, and 0.03
au for Br,, but that the halogen molecule is somewhat polarized,
0g = 0.1 au for Cl, and 0.14 au for Br,, with the negative charge
on the outer halogen atom in each case. In the XH-bound
structures, the charge transfer is even smaller than for XB, but
it occurs in an inverse sense than for the latter.

The stable structures found for X,—(H,O), start to illustrate
the cooperative effects between hydrogen bonding, halogen
bonding, and XH bonding. In this sense, the most stable
geometry, structure 2a, has a surprising coordination motif in
which one of the halogen atoms is simultaneously engaged in
both XB and XH bonds with the two ends of a water dimer.
The charge analysis of structure 2a reveals two interesting
results. First, although there is now both halogen bonding and
hydrogen bonding in the same structure, the charge transfer is
only slightly larger than for structure 1a with only halogen

bonding, 0.03 for Cl, and 0.04 for Br,. Second, the XH bond is
formally between two positively charged atoms: H"«++9%X,
Wang et al.*® describe this case as an “unusual halogen-bonded
complex”, but Politzer et al. point out that the halogen atom
has a negative electrostatic potential around its axis due to the
7t and 77* electrons,®and as previously mentioned, dipole—quadrupole
interactions favor this type of arrangement.

In structures 2b and 2c¢ each halogen atom coordinates to a
different water molecule: in structure 2b two XB bonds are
formed, and in 2c¢ there is one XB and one XH bond. In each
case, the XB bonds are along the halogen axis and the XH bonds
are nearly perpendicular to the halogen axis. Note that although
structure 2b can be considered as a double 1a, the length of the
XB in it is ~0.1 A larger than for structure 1a, reflecting its
reduced stability. On the other hand, structure 2¢ may be thought
as 1a + 1b but with shorter intermolecular distances. Charge
transfer in this structure is very close to that for structure 2a.
The many-body analysis for these clusters, see Table 3, confirms
the contribution of halogen polarization and charge transfer to
the observed stability. Surprisingly, for 2a and 2b the two-body
halogen—water terms are more attractive than for the corre-
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TABLE 3: Many-Body Analysis of the Interaction Energies for Selected Stable X,—(H,0), and X,—(H,0); Clusters®

cluster X =04 X = Br
Eiy 20; 2V Nijkt Ein 29; 2V Nijk Nijki
2a 0.16 0.21
X5 W1 —2.45 —3.16
X5 w2 —0.99 —1.18
w1 W2 —4.17 —7.61 —4.13 —8.47
X5 w1l W2 —8.74 —1.30 —10.11 —1.18
% 1.84 R 87.02 14.82 2.04R 83.81 18.23
2b 0.06 0.07
X5 W1 —2.88 —3.72
X5 W2 —2.88 —3.72
W1l W2 +0.56 —5.71 +0.05 —7.40
X5 w1l W2 —4.98 0.67 —6.38 0.94
% 1.26R 114.67 13.45R 1.07R 11584 14.78R
3a 0.46 0.51
X, W1 —0.42 —0.55
X5 w2 —2.79 —3.61
X5 W3 —0.01 0.02
W1 W2 —3.62 —3.52
W1 W3 —4.06 —4.04
W2 W3 —4.00 —14.90 —3.99 —15.69
X5 w1l W2 =739 041 —6.83 —0.97 —8.56 0.47 —7.69 —1.34
X5 W1 W3 —643  0.31 —6.80 0.05 —7.09 0.35 —7.57 0.13
X5 w2 W3 —4.58 042 —4.49 . —4.68 0.23 —4.57 —0.34
W1 W2 W3 —14.09 042 —11.67 —2.83 —13.96 0.46 —11.55 —2.87
X, Wl W2 W3 —17.55 —3.47 0.37 —18.54 —4.42 1.07
3b 0.47 0.63
X, W1 —1.94 —2.85
X, w2 —0.20 —0.45
X, W3 —0.85 —0.97
W1 W2 —0.96 —3.88
W1 W3 —4.04 —1.27
W2 W3 —4.16 —12.14 —4.04 —13.46
X, w1l W2 —3.86 0.34 —3.09 —5.97 0.38 —5.47 —0.89
X, W1l W3 —=5.66 0.29 —5.21 —0.75 —9.68 0.61 —=7.70 —2.59
X, W2 W3 —8.30 0.44 —6.83 —5.32 0.49 —4.57 —1.24
W1 W2 W3 —10.36  0.33 —9.16 —1.53 —10.52 0.42 —9.18 —1.76
X, Wl W2 W3 -16.80 —5.30 0.18 —18.53 —6.46 0.76

@ All energies are in kcal/mol and are BSSE corrected. Percent values correspond to the contribution of the many-body terms to the total

interaction energy. R denotes a repulsive contribution.

sponding 1:1 complexes, especially the XH bound pair in 2a.
As expected, the difference in stability of this pair of structures
comes from the HB present in 2a, where 3-body contributions
represent at least 15% of the total interaction energy. Further-
more, the relevance of strong HB for the stability of these
structures also appears in the analysis of structure 2¢, where
the distance between water molecules to form a HB is too large,
3.9 and 4.3 A for Cl, and Br,, respectively. Nonetheless, the
arrangement of the three molecules in the plane favors a weak
interaction between water molecules that conduces to a stabiliz-
ing three-body term.

None of these geometries match the stable structures found
by Pathak et al.***! for clusters of this size. Their minimum for
Cl; has two hydrogen-bonded water molecules, but the second
one is not pointing toward the halogen molecule; thus, no XH
bond is formed. The structure they report for Br, results from
adding a XB water molecule to structure 1c (1a + 1c¢) and is
not a minimum at this level of calculation.

For the X,—(H,0); clusters it is possible to observe the
presence of several different types of XB and HB bonds. For
both Cl, and Br,, the most stable structure corresponds to the
halogen making an XB to a cyclic water trimer, resulting in an
almost perpendicular alignment, ~93° to the trimer plane, while
retaining the near tetrahedral H—O—X nearest neighbor angles.
This result is not too surprising since the cyclic trimer structure

is the global minimum on the water trimer PES?**42~# and since
hydrogen bonding is stronger than XB bonding. Subtracting the
water trimer bonding energy from that of structure 3a shows
that the XB bond energy is 15.4% (2.7 kcal/mol) for Cl, and
20.0% (3.7 kcal/mol) for Br,. These values suggest that for this
structure a single XB is formed between the water molecules
and the halogen. This also reflects on the fact that the extent of
charge transfer and polarization of the halogens is similar for
structures 3a and la. The search of stable structures found
several other true minima similar to 3a. The main difference
among them is not due to bonding to the other O atom lone
pairs but is the angle X, forms with the plane that contains the
three O atoms. In most cases, energy differences were smaller
than 0.5 kcal/mol.

Structure 3b can be thought of as resulting from one of the
halogen atoms inserting into the water trimer ring. As for
structure 2a, both an XB and an XH bond are formed to a single
halogen atom. This geometry results in a slightly less stable
geometry, <1 kcal/mol, than 3a for Cl, and almost isoenergetic
for Br,. Each of the heavy atoms lies in the same plane. That
cooperative effects are important is revealed by the fact that
both the XB and the XH distances are shorter than the analogous
interactions for the 1:1 complexes. Cooperative effects are also
reflected in the amount of charge transfer and polarization, which
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are considerably larger than that of structure 3a but also larger
than 2a, where both XB and XH interactions are present.

Structure 3c is considerably less stable than 3a and exhibits
large X+++O and X--+H distances and a nonlinear Br—Br—O
angle (~120°). This is the only case in which we cannot confirm
the presence of either a XB or a XH bond in the structure.
Furthermore, the contribution of the halogen—water interaction
to the overall stability of the clusters is less than 1 kcal/mol.
Of the four studied structures for X,—(H»O); clusters, 3d is the
one that has the closest resemblance to the structures found by
Pathak et al.** The stability of this structure is less than the
combined stabilities of structures 2a and 1a for both halogens.

For each of the X,—(H,0); clusters the combined three-body
terms are a stabilizing contribution to the total interaction energy.
However, the effects vary between clusters. As expected, for
structure 3a (and for 3c) the most important 3-body contribution
is the one coming from the water trimer itself. The total three-
body contribution accounts for ~20—24% of the total interaction
energy, and 80% of that term comes exclusively from the
hydrogen-bonded water molecules. In contrast, for 3b the three-
body terms are 32% and 35% of the total E;, for Cl, and Br,.
There is not a single leading term, but cooperative effects are
quite important as expected from the charge transfer and charge
redistribution phenomena. The considerably smaller stability of
structure 3d is directly related to the small contribution of three-
body terms to its stabilization.

Three stable clusters for the X,—(H,0), system were located;
in contrast to what was found for smaller clusters like 2a and
3b, all stable structures have molecular interactions that involve
the two halogen atoms of the X, molecule. Similar to 3a, and
for the same reasons, the most stable geometry 4a corresponds
to a cyclic arrangement of the water molecules. As for
X,—(H,0); the most stable structure of X,—(H,0), corresponds
to the halogen forming a bond to one of the oxygen atoms of
the water ring. However, for the larger system, the water cycle
is able to bend to increase the interaction with the halogen
molecule. The H atom pointing to the X, molecule is closer to
the XB halogen atom than to the free one (3.301 vs 3.926 A in
Cl, and 3.319 vs 4.255 A in Br,). Still the angle is significantly
smaller (~110°) than those found for 1b or 1le. Thus, rather
than a XH bond it is better to describe the H atom in the water
molecule as interacting with the quadrupole of X,. Moreover
in this conformation the X, contribution to the total stability
accounts for 12% and 17% for Cl, and Br,, respectively, less
than that found for structure 3a.

The shortest XB interactions of this study were found in
structure 4b; they are 0.27 and 0.30 A shorter than the
corresponding X+++O distances in structure 1a and 0.21 and
0.45 A shorter than the corresponding distances in structure 1b
for Cl, and Br,, respectively. As for 3b, there is a large charge
transfer from the XB water molecule to the halogen, 0.05 for
Cl, and 0.08 for Br,. There is also an important charge
delocalization through the cycle but not as large as for 3b
because of the presence of both halogen atoms in the chain and
the lack of planarity in the cycle formed. In structure 4c¢ the
possible number of molecular interactions is maximized, but
this does not provide additional stability to the cluster since
the polarization effects resulting of a motif such as 2a are
counterbalanced by the symmetry in this structure.

As for the smaller systems, the stability of the water cluster
also determines the energetic hierarchy on the X,—(H,O)s
clusters. The cyclic water structure is 1.8 kcal/mol more stable
than the pyramidal structure.* However, when a X, molecule
binds to the cyclic (5a) or the pyramidal structure (Sb) this
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energy difference decreases significantly, 0.8 kcal/mol in the
case of Cl, and 0.5 kcal/mol for Br,. The optimal cyclic water
structure is nonplanar (~20°), and the presence of the halogen
molecule enhances this bending by another ~4—6°, resulting
in enhanced stability compared to the smaller rings. Both the
XB and the XH interaction distances are smaller than for the
1:1 complexes, in spite of not having the most favorable angular
orientation. This reflects the fact that the halogen interactions
only contribute 8.5% and 10.5% to the total interaction energy
for Cl, and Br; clusters, respectively.

Structures Sb and Sc exhibit the H—quadrupole interaction
previously described for structure 4a. It is difficult to evaluate
the net contribution of this interaction to the stability of these
complexes. However, the fact that its presence results in
lowering the energy difference between the cyclic and the
pyramidal structure shows it makes a significant contribution
to the overall stability.

The fact that our results do not coincide with those of Pathak
et al3* motivated us to check if the differences were a
consequence of the methodologies used. We performed some
tests on bromine clusters using as starting geometries the same
structures that led to the optimized MP2 structures shown above
and performed DFT/B3LYP optimizations with the same basis
set we selected for this work (aVDZ). For all the tested systems,
Br,—(H,0),-4, we reached equivalent structures using the DFT
method. Few, but significant, structural differences were found;
Br-++O distances tend to be slightly shorter (0.03—0.05 A) and
Br--+H distances are significantly larger (0.10—0.30 A) with
DFT. In particular, for cyclic structures it was found that the
halogen molecule does not lean over the cycle but points out
of it. In all cases, the relative stabilities of the structures reported
here are preserved using the DFT method. Further comparison
between MP2- and DFT-optimized structures is beyond of the
scope of this work.

As previous theoretical studies of halogen-bound systems
have pointed out, the molecular interactions between halogens
and water result in electric charge redistribution in the complex.
Although X, molecules have no dipole moment, their quadrupole
moment is large and modified because of the charge redistribu-
tion in the complex. Several works have studied this charge
redistribution effect,?#?%31:344647 and charge differences between
the halogen atoms larger than 0.10 au have been used to propose
the presence of a charge-separated species in the clusters.>* In
this work, some of the effects arising from this charge
redistribution phenomenon have already been discussed in terms
of the charge transfer occurring through the XB. The Mulliken
charge difference between the halogen atoms was calculated as
a first approach to the charge distribution phenomena in these
clusters, and then its validity was verified through the NBO
analysis of charge distribution for some selected clusters. These
two different methods lead to trends in good agreement, though
the Mulliken analysis systematically predicts halogen polariza-
tion values ~50% larger than does NBO. In Table 2 we present
the X, polarization in each cluster. As expected, bromine is more
polarized than chlorine: polarization effects range from 0.01 to
0.06 au for the former and from 0.06 to 0.10 au for the latter.
It is interesting that the largest charge difference values are found
in structures where a cycle in which the halogen and the water
molecules participate is present, i. e., structures 2a, 3b, 4b, 5a,
5b, and 5¢. We cannot confirm these cases correspond to charge-
separated species, but it is clear that this partial ionicity in the
halogens contributes to the strength of the interactions playing
for these structures.
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Figure 6. SAPT analysis of the terms contributing to the interaction energy of Cl,—H,0 and Br,—H,O in two different configurations. The upper
panel corresponds to the XB complexes, and the lower panel corresponds to the XH bound complexes. Distances are in Angstroms and interaction

energies in kcal/mol.

B. SAPT Analysis of the X,—H,0 Interaction. For these
clusters, three bonding motifs are responsible of the structures
found: hydrogen bonds, halogen bonds, and halogen—hydrogen
interactions. For the hydrogen—halogen interactions we can
further classify the bonds with respect to their angular orienta-
tion: XH bonding when only one halogen atom is involved,
and H-quadrupole interaction when both halogen atoms are close
to the H atom. To gain a deeper understanding of these
interactions we calculated the different contributions to the
interaction energy using the symmetry-adapted perturbation
theory (SAPT). The interaction energy under the SAPT is the
contribution of six first- and second-order terms,* E;, = EW)
+ EQy + EQ) + EQ ina + ERp + EZisp, that can be combined
in the form of the physical recognizable interactions as the
electrostatic term, Egrst = Eb, the induction term, Enp = EfR)
+ EZ) i, the dispersion term, Episp = ER), + E2.gisp, and the
exchange term, Egxcy = EWh.* In Figure 6 we present these
contributions to the interaction energy on two of the monohy-
drated complexes studied, one of them with an XB (1a) and
the other with a XH interaction (1b).

For each type of interaction between halogens and a water
molecule, the electrostatic term dominates at long range and
induction and dispersion forces are important in the minima
region. Furthermore, the preferred angular orientations for the
above-mentioned types of bonds can be rationalized based on
having the dipole—quadrupole interaction dictate the relative
orientation between the water molecules and the halogen and
other terms (mainly induction) determining finer orientational
details such as the XH bond vs the H—quadrupole interaction.
However, the main difference between halogen (XB) and
hydrogen-bound (XH) species is that for the former the
electrostatic and induction terms are the leading contributions,
whereas for the latter dispersion is the leading term. However,
all terms are important for an accurate description. The fact that
electrostatic and induction forces are weak for XH interactions

explains why these bonds are not as strong as halogen bonds.
The relative electrostatic, induction, and dispersion contributions
to the stability of XB complexes are very similar for chlorine
and bromine, with 60% of the total attractive contributions
coming from the electrostatic term, 10% from the induction,
and 30% from dispersion. For the XH-bound complexes, the
relative contribution of the attractive terms for both halogens
is identical: 31% from the electrostatic term, 14% from the
induction, and 55% from the dispersion term.

II. Spectroscopic Properties of the X,—(H,0), Clusters.
The harmonic frequency analysis calculated for each structure
can be used as a first approximation to the vibrational spectra
of these systems. We will focus our analysis on two effects:
the shift on the halogen stretching frequency upon cluster
formation and the differentiation between the water molecules
as a result of the specific intermolecular interactions they are
engaged in. The shifts for the halogen molecule are presented
in Table 4. The stretching mode for Cl, and Br, occurs in the
far-IR region, and it overlaps some of the restricted translations
or librational modes of the water molecules in the cluster. For
this reason it is quite common, particularly for bromine, that
the stretching mode is coupled with the intermolecular stretching
and torsion modes. The large red shifts for both halogens are
due to strong halogen bonding. However, this shift is consider-
ably larger for structures 3b and 4b as a consequence of the
charge transfer to the X, molecule. This difference may be useful
to correctly identify the coordination motifs present in gas-phase
experiments. However, the coincidence of this band with the
librational modes of the water molecules might impede a proper
detection of this shift. Resonance Raman spectroscopy could
be used to distinguish between the halogen stretch and other
nearby modes.

The mid-IR region of the spectra, containing the stretching
signature of the OH bonds in the complexes, might prove to be
extremely useful for identification purposes as has been the case
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TABLE 4: Calculated Shifts for the Halogen—Halogen
Stretching Band*

cluster structure Av, X =Cl Av, X = Br
X,—H,0 la —-17 —-10
1b 0 0
1c 0 0
X,—(H,0), 2a —-29 —19
2b -25 —13
2¢ —18 —10
X,—(Hy0); 3a —-22 —11°
3b —40 —29
3c 0 0
3d —31 —17°
X,—(H,0), 4a —20° —16°
4b —61° —41°
4c —38 —24°
X,—(H,0)s 5a —16 —18°
5b —22 —16°
5¢ —23 —13°

TAV = Vxocomplex — Vx2 iN cm™!. For Cl, at this level v = 537.7
cm™', and for Br, ¥ = 313.5 cm™'. ? Additional normal modes with
X—X stretching were found coupled with water vibrations. See text.

—3a
—3b

A 4w

3300 3400 3500 3600 3700 3800 3900 4000

v (em™)

Figure 7. Part of the simulated IR spectra for the harmonic vibrational
analysis of the Cl,—(H,0O); and Cl,—(H,0),4 clusters. Solid points
correspond to the frequencies and intensities of the cyclic water trimer
and tetramer as reported in ref 42.

for other hydrogen-bonded clusters.’®™> In Figure 7 the
simulated vibrational spectra for Cl,—(H,0); and Cl,—(H,0),
are shown. For comparison, the vibrational frequencies and
intensities for the cyclic water trimer and tetramer are also
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TABLE 5: Calculated Shifts for the B(*II,) — X Electronic
Transition of the Halogen Molecule in the X,—(H,0),
Clusters®

X =Cl X = Br
ov ov ov ov
cluster  structure (MP2) (CCSD(T)) (MP2) (CCSD(T))
X,—H,0 la 1461 1383 2054 1983
1b 621 493 624 533
1c 615 488 640 571

X,—(H,0), 2a 1752 1689 2892 2724
2b 2606 2516 3626 3471
2¢ 1565 1497 2220 2154
X,—(H,0)3 3a 1544 1504 2372 2294
3b 2089 2003 6739 4465

3c 950 159 633 68
3d 2925 2823 4157 4018
X,—(Hy0), 4a 1449 1347 2186 2123

4b 3388 2305 5944 5011
4c 3904 3785 5636 5231
X,—(H,0)s Sa 2789 1837 3150 2588
5b 1934 1854 5214 3069
Sc 2369 2124 3608 3319

@ All values (cm™!) were obtained as ov = T (Xo—(H,0),) —
TV(X2)~

shown. The O—H stretching motions are conveniently defined
as bonded O—H stretches for those participating in hydrogen
bonds between water molecules and dangling or free O—H
stretches. As expected, the bonded stretches are significantly
red shifted relative to the stretching modes of isolated water
and appear in the 3300—3700 cm™! region, whereas the dangling
stretches appear in the neighborhood of 3900 cm™!, slightly red
shifted from the asymmetric stretching frequency in water. The
region of the spectra corresponding to the bonded stretches is
quite sensitive to the coordination patterns present in the clusters,
but the region corresponding to the free stretches is not. This
analysis shows that for the molecules taking part in XB the
bond stretch bands are slightly blue shifted with respect to those
only participating in HB. On the other hand, the band appearing
at ~3740 cm™! is indicative of a strong XH bond and will
certainly allow the definitive identification of structures 3b and
4b if they appear in gas-phase experiments.

We also calculated the expected electronic shifts for the
transition to the lowest triplet state that correlates with the well-
known B 31, state of the halogen. The shift is obtained as the
difference in the vertical excitation energies (T,) in the complex
and for the isolated halogen. In Table 5 we present the results
obtained when using the RMP2 and RCCSD(T) methods
together with the aug-cc-pVDZ basis. As discussed in our
previous study?’ the large blue shift for the XB interaction is
due to the attractive interaction in the ground state of the
complex plus the repulsive interaction in the excited state. The
repulsive interaction in the excited state originates both from a
change of sign in the halogen quadrupole moment and from a
substantial increase in the exchange—repulsion between the
monomers due to the 7% = o* electron excitation involved in
the electronic transition.

For the XH interaction, the blue shift is significantly smaller
as seen from the values reported for structures 1b and 1c since
there is little exchange—repulsion in this case. A quick glance
at the table shows a large variation in the shift values as a
function of the size and geometry of the cluster. A rough
understanding of these variations can be obtained by estimating
the shift based on pairwise additive counting of the XB and
XH interactions present in a given cluster. This procedure works
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well when the O—X and H--X distances in the species studied
are similar to those in the corresponding 1:1 complexes
(structures 1a—c). When the distances become shorter, the shifts
can be much larger, and this can still be qualitatively understood
based on a larger contribution arising from the repulsive
interaction in the excited state. For example, if we look at the
shifts for structures 2a—c we predict 2b to have the largest shift
and approximately be equal to twice the shift for a regular XB.
Analogously, we would predict similar shifts for structures 2a
and 2¢, which is approximately true. The fact that 2a has larger
shifts than 2c¢ can be rationalized from the fact that the O—X
distance is shorter in the former. Obviously, the use of this model
is only qualitative since clearly a quantitative determination
depends on many-body effects, which may be different in the
ground and excited electronic states.

Regarding the performance of RMP2 vs RCCSD(T) we see
that, in general, it reproduces the correct ordering of the shifts
for the different structures, and for many cases the absolute
values are within 10% of each other. This will make RMP2 a
valuable tool for estimating shifts in larger clusters. Still there
are some cases in which RMP2 deviates significantly from
RCCSD(T): notably, structures 3¢, 5a, and Sb. The problem is
that RMP2 cannot recover the high-order correlation necessary
to describe weak interactions characterizing the excited state.
In other cases, i.e., structure 4b, the interplay of several factors
such as charge polarization and weak interactions requires a
high-level treatment even for quantitative estimates.

Discussion

In this study, several aspects of the intermolecular interactions
responsible for the stability of X,—(H,0), clusters were
considered. The coexistence of hydrogen bonds, halogen bonds,
and a third type of interaction halogen—hydrogen bond allowed
us to analyze the interplay between them and their similarities
and differences that result in a wide variety of interesting
structures with differing contributions of the several types of
intermolecular forces.

It is interesting to compare the halogen bonds studied here
to the more general case of a single halogen atom bonded to
carbon and interacting with electron-donating species. The SAPT
analysis was recently applied to several examples by Riley and
Hobza.* They found that the dispersion interaction was the
leading term for the complexes they studied. In contrast, for
the X—X+++O bonds studied here electrostatic and induction
contributions are more important, similar to the case of normal
hydrogen bonding. This difference may be important for
evaluating the magnitude of the forces acting on larger systems
such as protein—ligand complexes or composite materials.

For the XB formed in X,—(H,0), clusters it was found that
the shorter X+++O distances (4b < 3b < 2a < 1a) correlate
with the longer X—X distances (la < 2a < 3b < 4b) and
smaller halogen stretching vibrational frequencies. This shorter
XB bond and longer X—X bond also occur for the structures in
which a second donating group coordinates to the X—X
molecule, but the effect is somewhat smaller. The linearity of
the X—X-++-O interaction was confirmed in all the studied
systems.

Although XB bonding is the most important water—halogen
interaction in the clusters studied here, X—H bonding leads to
local minima in smaller clusters, 1b, 1c¢, 2a, and 2¢, and plays
an important role in all of the larger clusters. However, not all
XH interactions are equivalent. Some of them can be understood
in terms of a favorable electrostatic interaction between the H"
and the polarized s and st* densities in the nearest X atom. In
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contrast, for cyclic structures it was found that the hydrogen
atom pointed to the center of the X—X moiety. This case is
more consistently described as a result of the large quadrupole
moment of X,. It resembles the interaction between water and
the 7 bond in ethylene.>* For both the XH bond and the
X—quadrupole bonds dispersion plays an important role; it is
clear that this interaction must not be considered as a particular
type of hydrogen bond. The large dispersion contribution to XH
interactions also helps to explain the differences observed in
the structures obtained using DFT methodologies and those
reported here.

The XH interaction for structures 2a and 3b is somewhat
different from the two cases discussed in the previous paragraph
because it occurs between two positively charged atoms.*
(X°*(~0.05)+++°*(~0.20)H). Also, in contrast with most H
bonds and X bonds the geometry is not linear (~125—160°).
In this case, one can expect that models based on point charges
will fail, and it will be important to include each of the
contributing factors, i.e., the dipole—quadrupole interaction,
induction or polarization of the & and s* densities, and, of
course, dispersion.?!4?

As expected, interaction energies are larger for the clusters
containing bromine than for the ones containing chlorine.
However, these differences decrease as the cluster size increases.
Br, has a larger quadrupole moment and is more polarizable
than Cl,, leading to larger induction and polarization effects
that also result in larger three-body stabilization contributions.
Also, charge transfer is more important for Br, than for Cl,.
Furthermore, the total contribution of the X,—water interaction
to the total stability of the clusters containing a cyclic water
cluster motif (3a, 4a, and 5a) decreases as the size of the water
ring grows even though the charge transfer to X, grows. Since
the differences between Cl, and Br, are less significant for the
larger clusters one might have also expected small differences
for condensed phase phenomena. However, as noted in the
introduction, the blue shift between the gas phase and aqueous
solution is considerably larger for valence excitation spectra of
bromine, 1750 cm ™!, than for chlorine, 550 cm™'.

It is also important to note that the calculated shifts for the
absorption spectra for most of these clusters studied here are
larger than the experimentally measured shifts for Cl, and Br,
in aqueous solution. Isomers of similar stability can have very
different electronic shifts. In liquid solution the electronic spectra
show a broadening of the bands compared with the gas phase.
One possible explanation for this broadening could be that they
reflect the fluctuations in the structure of the solvation shell
surrounding the halogen. The theoretical calculation of the
observed shifts and broadening of the spectra will require the
simulation of the statistical distribution of solute—solvent
configurations which is more complicated than the restricted
minimum energy configurations studied here.

Conclusions

The structures of the X,—(H,0), clusters depend on a subtle
interplay of hydrogen, halogen, and XH bonding and thus also
between the electrostatic, induction, and dispersion forces.
Many-body effects are also quite important. Are they competing
or complementary forces? The analysis of the most stable
structures confirms that halogen bonding enhances hydrogen
bonding: structures 2a, 3b, and 4b are definitely good examples
of this synergy. In particular, formation of a halogen bond
enhances the three-body interaction for hydrogen bonding in
cases that include cyclic water subclusters. Although the XH
interaction is less strong than either hydrogen bonding or
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halogen bonding, it plays an important role in determining the
stable structures for larger clusters. Its presence conveys greater
stability to the aggregate through significant cooperative effects.

The vibrational shifts and spectra calculated in this work
indicate it should be possible to identify many of the isomeric
structures in IR and/or Raman studies of the clusters. Similarly,
the electronic shifts vary substantially between isomers, and this
should be reflected in their experimental electronic spectra.
Although the calculated shifts for the clusters studied in this
paper offer insight for the interpretation of condensed phase
spectra, it is clear that much still needs to be done before a
qualitative and quantitative explanation can be given. A suitable
model for studying halogen solvation and associated spectros-
copy must be able to reproduce the subtle interplay between
all of the possible interactions present in these systems in both
the ground and the excited electronic states.
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