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A Comparison Between Hydrogen and Halogen Bonding:
The Hypohalous Acid-Water Dimers, HOX. - -H,0 (X=F, Cl, Br)’

Mark E. Wolf, Boyi Zhang, Justin M. Turney, and Henry F. Schaefer III*

Hypohalous acids (HOX) are a class of molecules that play a key role in the atmospheric seasonal
depletion of ozone and have the ability to form both hydrogen and halogen bonds. The interactions
between the HOX monomers (X=F, Cl, Br) and water have been studied at the CCSD(T)/aug-cc-
pVTZ level of theory with the spin free X2c-1e method to account for scalar relativistic effects.
Focal point analysis was used to determine CCSDT(Q)/CBS dissociation energies. The anti Hy-
drogen bonded dimers were found with interaction energies of —5.62 kcal mol—!, —5.56 kcal mol—,
and —4.87 keal mol~! for X=F. Cl, and Br, respectively. The weaker halogen bonded dimers were
found to have interaction energies of —1.71 kcal mol~! and —2.93 keal mol~! for X=Cl and Br,
respectively. Natural bond orbital analysis and symmetry adapted perturbation theory were used
to discern the nature of the halogen and hydrogen bonds and trends due to halogen substitu-
tion. The halogen bonds were determined to be weaker than the analogous hydrogen bonds in
all cases but close enough in energy to be relevant, significantly more so with increasing halogen

size.

Introduction

In recent years, there has been increasing interest in hypohalous
acids (HOX, X= F, Cl, Br) due to the critical roles they play in the
seasonal depletion of ozone in the atmosphere.? Hypohalous
acids are thought to be “sinks" for halogen radical species, which
also directly react with ozone molecules.1%!! Kinetics simula-
tions have indicated that the reaction between HOCI and HCl is
necessary to maintain a usable level of activated chlorine, which
is a primary destroyer of ozone.l? HOX molecules also play a
prominent role in biochemistry. Their oxidative nature makes
them extremely reactive with biological structures (e.g., NADH, 13
DNA, 1* heme groups, 1° cytochrome ¢ 1) and often leads to toxic
effects in the human body. The biological toxicity of HOCI can
conversely be beneficial to the human body by acting as an an-
tibiotic for external wound care. 17 Additionally, hypohalous acids
are relevant in many other fields such as molecular biology # and
immunology. 19

A unique trait of HOX molecules is their ability to form both
hydrogen (HB) and halogen (XB) bonds. The importance of
these two noncovalent interactions cannot be overstated, as they
are critical to biological systems,2 organometallic chemistry, 2!
crystal structures, 22 and many other applications.23-24 Moreover,
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protonated HOCI is a potential transition state for one of the key
reactions leading to ozone depletion,?® the reactivity of which
can be intimately affected by existing noncovalent interactions
with other atmospheric molecules. Even more pertinent to our
present research is that HOX molecules are often in complex
with one or more water molecules before reacting in the atmo-
sphere.26-28 The fact that HOX molecules can participate in both
types of bonds provides a prime opportunity to study the compet-
itive and cooperative nature of these interactions. The two bonds
can be fairly similar in strength and therefore worth studying in
tandem. 2930 Hydrogen bonding is a well studied interaction, and
we direct the reader to a plethora of literature.313* For more
information on the rapidly expanding field of halogen bonding
research, we point the reader to recent reviews by Primagii and
coworkers35 and by Legon. 36 Both XB and HB are fundamentally
electrostatic processes, with the HB generally considered as the
stronger of the two.37 A recent theoretical study published by Li
and coworkers prescribed scenarios where XBs can actually be
made stronger than HBs.3® Despite the available literature, the
relative strength of XB and HBs is still not well studied.
Hypohalous acids are highly reactive and therefore notori-
ously unstable and difficult to study experimentally. 16 While spec-
troscopy has confirmed the presence of HOX species in the at-
mosphere, 322 only HOF has been isolated in pure crystalline
form.*® A theoretical approach is thus quite appropriate. Pre-
vious research groups have published computational studies on
the intermolecular interactions between HOX species and other
molecules. 384453 By far the most common theory employed in
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the treatment of these complexes is second order Mgller-Plessest
(MP2) theory, often complemented with density functional theory
(DFT). A non-exhaustive list of recent publications includes HOX
structural formations with formaldehyde, formamidine, ** formyl
halides, *® phosphorus ylide,>*ozone,*® and sulfoximine.*® The
motivation for most of these studies is to analyze the nature of
the hydrogen and halogen bonds that are formed and how the
bonding nature changes across the halogen series. In particular,
the halogen bond has quite variable strength depending on the
halogen atom involved.3® Properly explaining this trend is key
to a foundational understanding of the relative strength of these
noncovalent interactions in more complex chemical settings. The
most comprehensive theoretical study to date is that of Panek and
Berski that used DFT to study the hetero and homo dimers of
HOX (X= F, Cl, Br) with water.>> They determined that DFT in-
creasingly underestimated the interaction energies with a B3LYP
functional compared to MP2 (with the same basis set) as the size
of the halogen increased. They also applied symmetry adapted
perturbation theory (SAPT) to decompose the interaction energy
of the noncovalent interactions into physically meaningful com-
ponents, which varied significantly depending on the halogen in-
volved. Their SAPT results predicted that dispersion interactions
were of critical importance to XBs but not HBs. A similar paper
by Zhang and coworkers used MP2/aug-cc-pVTZ to study all of
the homodimers of HOCL.>® They found six structures and deter-
mined with natural bond orbital analysis (NBO) that, for most
structures, donor-acceptor and charge transfer interactions con-
tributed primarily to complex formation. The NBO analysis also
confirmed that dispersion interactions were less important in five
out of six structures, in disagreement with the findings of Panek
and Berski.>> Multiple theoretical studies have also been pub-
lished that specifically study dimers formed between HOX and
water. An early DFT study of the HOBr---H,O was performed
by Ying and Zhao in 1997.°7 Santos and coworkers mapped the
MP2 potential energy surface of HOBr---H,0O in 2004.%8 That
paper should provide the most accurate structures to date op-
timized at the CCSD/6-311++G(2d,2p) level of theory. They
determined that electron correlation had little effect on interac-
tion energies. In 1995, Dibble and Franciso presented MP2 basis
geometries along with interaction energies for HOCl and water
dimers.2® Qiao and coworkers have published related MP2 work
on HOBr---H,0 dimers.>°

Despite the variety of compounds studied in the literature,
there is insufficient theoretical rigor in the previously mentioned
publications. Most studies use modest (by 2019 standards) levels
of theory to optimize geometries and compute energetics. Al-
though DFT functionals may capture interaction energies, there
exists no high level ab initio study to confirm these results. Thus,
we cannot know a priori if the functionals used are appropriate.
Similarly, many studies use basis sets that may be insufficient. For
example, a paper by Zhang and coworkers presents structures for
HOCI dimers using the aug-cc-pVTZ basis set.>® However, Dun-
ning and coworkers have published research that establishes the
importance of a additive tight d functions necessary for an accu-
rate description of molecules including Al-Ar atoms. %° Likewise,
none of the previous studies comment on relativistic effects that
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may arise from heavier atoms like Cl and Br. Failing to account
for relativity in heavier atoms can seriously skew the true periodic
trends of halogen bonding. The combination of these sources of
error creates a need for more rigorous study of these systems.
Our work seeks to provide a rigorous and accurate theoretical
study of the dimers formed by HOX molecules and water. Accu-
rate HOX/water structures are computed at the CCSD(T) level of
theory, along with a focal point approach. Proper treatment of
scalar relativistic effects is included. An in depth analysis into the
nature of HB and XB interactions is provided. Our results can be
used as a theoretical benchmark for any future studies pertaining
to HOX species.

Methods

Equilibrium geometries were optimized for the HOX monomers
(X=F,Cl,Br), H,O, HOX:--OH,, and XOH-:--OH, structures us-
ing coupled cluster theory with single, double, and perturba-
tive triples excitations [CCSD(T)]®1"%* as implemented in the
software package CFOUR. 6%:¢ Harmonic vibrational frequencies
were computed to ensure each structure was a minimum on its
potential energy surface. The SCF density, coupled cluster am-
plitudes, and lambda equations were converged to 10710, Since
we are studying heavy atoms, the inclusion of relativistic ef-
fects are needed. The standard one-electron Hamiltonian was
augmented with the one-electron variant of the spin-free exact
two-component Hamiltonian (SFX2c-1le) 67-69 (0 include scalar
relativistic effects for both geometry optimization and harmonic
vibrational frequency computations. The use of the SFX2c-le
method requires properly contracted relativistic basis sets. Since
the Dunning basis sets are nonrelativistic basis sets, we used the
X2c¢ recontracted basis sets available on the CFOUR website. 7°
The X2c-aug-cc-pVTZ basis set”! was used for all bromine and
fluorine structures, and the X2c-aug-cc-pV(T+d)Z basis set 60 was
used for all chlorine atoms. All computations were performed
with the frozen core approximation. Preliminary tests indicated
that for a proper description of the system, the 3d electrons
needed to be correlated for all bromine containing structures. 72
Therefore, the X2c-aug-cc-pCVXZ basis7 set was employed for
all structures including bromine atoms.

Interaction energies, Eiy = Egimer — (Enox + En,0), were de-
termined by means of the focal point method developed by
Allen and coworkers.”477 The three point formula of Feller”8
was used to extrapolate HF energies while the two-point for-
mula of Helgaker’? was used to extrapolate each post-HF en-
ergy. Each extrapolated component is then summed to obtain
a CCSDT(Q)/CBS interaction energy. The SFX2c-1e one-electron
Hamiltonian was used for our extrapolated energies, along with
the X2c recontracted Dunning basis sets. The focal point compu-
tations were performed on the CCSD(T)/X2c-aug-cc-pVTZ opti-
mized geometries. The CCSDT(Q)/CBS energies were then cor-
rected to account for approximations used in previous compu-
tations. The zero-point vibrational energy correction, AEzpyg,
was computed at the CCSD(T)/X2c-aug-cc-pVTZ level of theory.
The diagonal Born—Oppenheimer correction, AEpgoc, were com-
puted at the Hartree-Fock level of theory with the same basis
set to account for the assumption of fixed nuclei.8%8! A frozen
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core correction, AEpc = Eag — Epc, was also computed to ac-
count for core electron correlation. Ej g and Epc were com-
puted at the CCSD(T)/X2c-aug-cc-pCVTZ level of theory with
all electrons and only the valence (3d included for Bromine)
electrons correlated, respectively.®2 For Bromine atoms, the 3d
electrons were not included in the frozen core approximation.
Thus, the final focal point energy for each structure is given by,
Efinal = Eccspr(0)-x2¢/cBs + AEzpvE + AEpc + AEppoc. The cor-
rected energies are used to obtain the interaction energies be-
tween HOX monomer and water.

Natural bond order (NBO) analysis was performed to assess the
donor and acceptor nature of the bonding orbitals. 83 The NB06.0
package®8* as interfaced to QCHEM®® was used to compute the
second-order perturbation energy, £ of a hybrid orbital overlap
(Equation 1).

2
Fij
Ei—§&

E® =g ey
F;; is defined as the NBO Fock matrix element between donor
natural bond orbital i and acceptor natural bond orbital j. ¢
and ¢; are defined as the orbital energy and orbital occupation,
respectively, of natural bond orbital i. The B3LYP functional8®
with the standard aug-cc-pVDZ basis set was used for all NBO
computations. The orbitals were visualized using the software
package Jmol. 87

Symmetry adapted perturbation theory (SAPT) was used to
dissect the interaction energies of the hydrogen and halogen
bonds into physically meaningful components: dispersion, induc-
tion, exchange, and electrostatic (Equation 2).88:8% A more de-
tailed description of the decomposition scheme is available in the
supplementary information. SAPT2+3 computations were per-
formed using the Ps14 79 software package with the standard aug-
cc-pVTZ basis.

ESAPT2+3 = EEiectrostatic + EExchange + Epnduction + EDispersion 2

Results and Discussion

Equilibrium Geometries

Two types of favorable interactions were found between the HOX
monomer and water. One was a dimer formed by a hydrogen
bond between the hydrogen on the hypohalous acid and the oxy-
gen in water. These hydrogen bonded (HB) dimers are denoted as
XOH-:--OH,. The second type of interaction was a halogen bond
formed between the halogen of the HOX monomer and the oxy-
gen of water. These halogen bonded (XB) dimers are denoted as:
HOX: --OH,. For the XOH:--OH, dimers, geometries were found
for X=F and Cl with each having both a syn and anti conformer
(Figure 1). For X=Br, the anti conformer was a minimum on the
potential energy surface, but the Cg syn was not (22i cm~! vibra-
tional mode). Panek and Berski found this syn structure to have
a dihderal of 3.2°.%° Scans were performed to search for a struc-
ture that was not Cg but the potential energy surface was found
to be too shallow for a minimum structure at our level of theory.
The syn dimers were slightly more favorable energetically by 0.07
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Fig. 1 CCSD(T)/aug-cc-pVTZ-X2c optimized geometries for the hydro-
gen bonded dimers. The syn conformers are shown on the left and the
anti conformers on the right. The hydrogen bond lengths (in A) and in-
ternal X-O-H angles (in degrees) are shown. Atoms are colored gold,
green, and purple for F, Cl, and Br, respectively.

1796 o
101.94° 102.71° ) Cl

Br

Fig. 2 CCSD(T)/aug-cc-pVTZ-X2c optimized geometries for the halogen
bonded dimers. The syn conformers are shown on the left and the anti
conformers on the right. The halogen bond lengths (in A) and internal H-
O-X angles (in degrees) are shown. Atoms are colored green and purple
for Cl and Br, respectively.

and 0.11 keal mol~!, for X=F and Cl, respectively.

For the halogen bonded dimers, geometries were found for
X = Cl and Br. Both syn and anti conformers were found for
HOBr- - - OHy, but only the anti-HOCI. - - OH; structure was found
for chlorine (Figure 2). The anti-HOBr-OH, conformer is the
more favorable conformer by 0.14 kcal mol~!. A structure for
syn-HOCI-OH, was optimized but was not a minimum on the po-
tential energy surface (35i cm~! vibrational mode). This imagi-
nary mode was due to the torsional vibration about the halogen
bond. We agree with previous theoretical research that was un-
able to find any HOF---OH, structure, in part due to the large
electronegativity of fluorine.

Optimized geometries were computed for all HOX monomers
and water so that accurate interaction energies could be com-
puted. All structures presented have Cy symmetry. We also con-
sidered interactions between a hydrogen from water and the oxy-
gen of HOX, but no such structures were found. All geometri-
cal structures reported here were confirmed to be minima on the
potential energy surface by computing harmonic vibrational fre-
quencies. Cartesian coordinates for all structures are provided in
the supplementary information.

The most important geometric parameters for each dimer are
presented in (Figure 1). We highlight the distance between the
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hydrogen atom of the HOX and water as well as the internal bond
angle of the HOX atoms within the dimer structure. These param-
eters are perhaps the most relevant and interesting with respect
to understanding the nature of halogen or hydrogen bonding in
these species. For the syn-XOH---OH, structures, the hydrogen
bond lengths (1.786 A, 1.796 Afor F ,Cl), increase slightly go-
ing down the halogen series. The anti-XOH. -- OH, structures fol-
low a similar trend (1.799 A, 1.802 A, 1.817 A for F, Cl, Br)
Panek and Berski computed MP2 structures with larger hydro-
gen bond distances of 1.806 A, 1.808 A, 1.822 A, 55 respectively.
Santos and coworkers, who optimized geometries with CCSD/6-
311+ +G(2d,2p), also overestimated the syn-BrOH- - - OH, hydro-
gen bond at 1.858 A.58 This especially large difference may be
explained by our inclusion of the perturbative triples correction,
as well as the use of the X2¢c method to obtain a scalar relativis-
tic corrected geometry. The effect of halogen substitution on the
geometries decreases with increasing halogen size. This is most
simply due the decrease in the electronegetivity of the halogen
atom, which lowers the ability of the hydrogen to accept electron
density from water. The internal HOX bond angles follow a much
less linear trend. For the anti isomers, the fluorine dimer has an
angle of 97.88° and the chlorine and bromine dimers have angles
102.71° and 102.74°, respectively. The syn isomers follow a sim-
ilar trend but are approximately 1° smaller than the anti isomers.

The HOX. - - OH; dimers have very different geometric parame-
ters compared to the XOH- -- OH, dimers. The energetically favor-
able ani isomers have halogen bond distances of 2.794 A for the
chlorine structure and 2.747 A for the bromine structure. This is
a reversal of the trend for the HB dimers down the halogen series.
An explaination is that the larger and more diffuse halogens can
be induced to form a positive ¢ hole that accepts electron density
from water.”! We can only compare the anti dimers to the one
syn-HOBr- - - OH; structure found, but we note a slight elongation
of the XB to 2.759 in the syn isomer. The internal HOX bond an-
gle increases from 102.7° in the chlorine dimer to 103.0° in the
bromine dimer. There is a slight decrease in the HOX angle from
the bromine anti to the syn isomer.

Interaction Energies

The focal-pointed CCSDT(Q)/CBS interaction energies with addi-
tive corrections for the XOH- - - OH, dimers are presented in Table
1. The additive ZPVE correction was approximatley 1 kcal mol~!
for XB dimers and 2 kcal mol~! for HB dimers. The DBOC
and frozen core corrections were much smaller, on the order
of 0.01 kecal mol~! for the XOH-:--OH, structures. The inter-
action energies for the syn isomers were —5.62 kcal mol~! and
-5.56 kecal mol~! for X=F and Cl, respectively. The anti struc-
tures had slightly smaller magnitude interaction energies of —
5.37 keal mol~!, —5.28 kcal mol~!, and —4.87 kcal mol~!, respec-
tively. Therefore the substitution of different halogen atoms has
little effect on the strength of the hydrogen bonds. This is con-
sistent with the trend seen in the bond lengths. The significance
of the CCSDT correction increased as the size of the halogen in-
creased from 0.01 keal mol~! for fluorine to 0.05 kcal mol~! for
bromine. The CCSDT(Q) correction is minimal for all structures
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indicating convergence with respect to level of theory.

Table 1 Focal-point analysis of the interaction energies of the hydrogen
bonded XOH- --OHj, structures in kcal mol~!. The CCSD(T)/X2¢-aug-cc-
pVTZ equilibrium geometries were used for all computations here. Brack-
eted values indicate extrapolated energies or corrections. § indicates an
incremental change in the energy from the previous level of theory. The
CCSDT(Q)/X2c-CBS interaction energies and corrections are shown be-
low in accordance to the formula: Efina = Eccspr(o)-xac/css +AEzpvE +

AEpc +AEppoc

syn-FOH: - - OHy
HF +6MP2 +4+8CCSD +6 (T) +6T +6 (Q) NET
aug-cc-pVDZ -6.76 -1.52 +0.28 -0.46 +0.01 +0.00 -8.44
aug-cc-pVTZ -6.39 -1.69 +0.25 -0.43 +0.01 [+0.00] [-8.25]
aug-cc-pvVQZ -6.28 -1.68 +0.29 -0.43  [+0.01] [+0.00] [-8.08]
aug-cc-pV5Z -6.22 -1.64 +0.31 -0.42  [+0.01] [+0.00] [-7.96]
CBS LIMIT [-6.18]  [-1.60] [+0.32] [-0.42] [+0.01] [+0.00] [-7.87]
Ejy = -7.8742.17+0.06+0.02 = -5.62
anti-FOH. - - OH,
HF +8MP2 +8CCSD  +6 (T) +6T +6 (Q NET
aug-cc-pVDZ -6.53 -1.29 +0.28 -0.37 +0.01 +0.00 -7.89
aug-cc-pVTZ -6.24 -1.41 +0.25 -0.33 +0.01 [+0.00] [-7.72]
aug-cc-pvVQZ -6.16 -1.40 +0.29 -0.33  [+0.01] [+0.00] [-7.59]
aug-cc-pV5Z -6.11 -1.36 +0.30 -0.32 [+0.01] [+0.00] [-7.48]
CBS LIMIT [-6.07] [-1.31] [+0.31] [-0.32] [+0.01] [+0.00] [-7.39]
Ein =-7.39+1.94+0.06+0.02 = -5.37
syn-CIOH. - - OH,
HF +8 MP2 +8CCSD  +6 (T) +6T +6 (Q NET
aug-cc-pvV(D+d)Z  -5.79 -2.27 +0.53 -0.48 +0.03 -0.01 -7.99
aug-cc-pV(T+d)Z  -5.52 -2.54 +0.54 -0.49 +0.03 [-0.01]  [-8.00]
aug-cc-pV(Q+d)Z -5.43 -2.53 +0.57 -0.49 [+0.03] [-0.01] [-7.87]
aug-cc-pV(5+d)Z -5.39 -2.51 +0.58 -0.49 [+0.03] [-0.01] [-7.8]
CBS LIMIT [-5.46] [-2.49] [+0.60] [-0.49] [+0.03] [-0.01] [-7.74]
Eiw = -7.74+2.09+0.07+0.02 = -5.56
anti-CIOH- --OH,
HF +6 MP2 +86CCSD  +6 (T) +6T +6 (Q NET
aug-cc-pV(D+d)Z -5.73 -1.98 +0.48 -0.41 +0.03 -0.01 -7.63
aug-cc-pV(T+d)Z -5.54 -2.17 +0.48 -0.40 +0.03 [-0.01] [-7.61]
aug-cc-pV(Q+d)Z -5.47 -2.13 +0.50 -0.40 [+0.03] [-0.01] [-7.48]
aug-cc-pV(5+d)Z -5.43 -2.11 +0.52 -0.40 [+0.03] [-0.01] [-7.41]
CBS LIMIT [-5.41] [-2.09] [+0.53] [-0.40] [+0.03] [-0.01] [-7.35]
Eiy =-7.35+1.97+0.08+0.02 = -5.28
anti-BrOH- - - OH,
HF +6 MP2 +86CCSD  +6 (T) +6T +46 (Q NET
aug-cc-pVDZ -5.28 -2.17 +0.48 -0.43 +0.03 -0.01 -7.38
aug-cc-pVTZ -5.09 -2.26 +0.49 -0.41 +0.03 [-0.01] [-7.25]
aug-cc-pvVQZ -5.03 -2.24 +0.52 -0.41 [+0.03] [-0.01] [-7.14]
aug-cc-pV5Z -4.99 -2.21 +0.52 -0.41 [+0.05] [-0.01] [-7.07]
CBS LIMIT [-4.97] [-2.18] [+0.53] [-0.41] [+0.03] [-0.01] [-7.01]

Ej = —7.014+1.95+0.07+0.02 = —4.97

The interaction energies for the halogen bonded dimers are

much smaller than for the hydrogen bonded dimers (Table 2).
The anti-HOCI. - - OH, interaction energy is only —1.71 kcal mol~!,
which is 3.91 kcal mol~! smaller than the strongest hydrogen
bound dimer. Substituting the Cl atom with a bromine increases
the magnitude of the interaction energy by 1.22 kcal mol~! to
—2.93 kcal mol~!. Bromine is the only dimer with minima for
both the syn and anti HOBr---OH, structure. The anti isomer
has a slightly larger interaction energy of —2.93 kcal mol~! com-
pared to —2.74 kcal mol~! for the syn isomer. Halogen substi-
tution also has a significant impact on the ZPVE contribution,
increasing it from 1.07 kcal mol~! in the anti-HOCI-OH, struc-
ture to 1.20 kcal mol~! in the anti-HOBr---OH,. The increase
in the ZPVE is primarily do to a 100 cm™! increase in the inter-
nal oxygen-halogen bond stretch mode of the HOX portion of the
dimer. This trend is similar in magnitude but opposite in direction
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for the HB structures.

Table 2 Focal-point analysis fo the interaction energy of the halogen
bonded HOX:--OH, structures in kcal mol~!. The CCSD(T)/X2c-aug-
cc-pVTZ equilibrium geometries were used for all computations here.
Bracketed values indicate extrapolated energies or corrections. ¢ indi-
cates an incremental change in energy from the previous level of theory.
The CCSDT(Q)/X2c-CBS interaction energies and corrections are shown
below in accordance to the formula: Efina = Eccspr()-x2c/cBs +AEzpvE +

AEFc + AEppoc

Fig. 3 Primary natural bond orbital overlap interactions for the most fa-
vorable conformer of each dimer. The three hydrogen bonded structures
appear first, followed by the halogen bonded structures. The black ar-
row signifies the donor acceptor relationship with the E energy printed
above in kcal mol~!. The colors yellow, green, and purple represent F,
Cl, and Br atoms, respectively.

FOH---H,0

‘ 18.6
C——

anti-HOCI- --OH,

CIOH--H,0 178

BrOH---H,0

. 15.3 w

HOCI---H,0 ”.Lw
J

HF +6 MP2 48 CCSD  +6 (T) +6T +6 (Q) NET

aug-cc-pvV(D+d)Z  -1.17 -2.10 +0.52 -0.35 +0.02 -0.02 -3.10
aug-cc-pV(T+d)Z  -0.76 -2.35 +0.56 -0.38 +0.02  [-0.02] [-2.92]
aug-cc-pvV(Q+d)Z  -0.69 -2.36 +0.58 -0.39  [+0.02] [-0.02] [-2.86]
aug-cc-pvV(5+d)Z  -0.68 -2.35 +0.59 -0.40 [+0.02] [-0.02] [-2.84]
CBS LIMIT [-0.67] [-2.34] [+0.59] [-0.40] [+0.02] [-0.02] [-2.82]

Eine = —2.82+1.0740.04+0.00= -1.71
anti-HOBr- - - OH,

HF +6 MP2 486 CCSD  +6 (T) +6T +6 (Q) NET

aug-cc-pVDZ -2.50 -2.67 +0.71 -0.41 +0.02 -0.02 -4.88
aug-cc-pVTZ -1.82 -2.93 +0.75 -0.46 +0.03  [-0.02] [-4.46]
aug-cc-pvVQZ -1.79 -2.90 +0.75 -0.48 [+0.03] [-0.02] [-4.42]
aug-cc-pV5Z -1.78 -2.87 +0.75 -0.49  [+0.03] [-0.02] [-4.39]
CBS LIMIT [-1.77]1 [-2.84] [+0.74] [-0.49] [+0.03] [-0.02] [-4.36]

Ein = 4.36+1.21+0.14-0.02 = -3.03
syn-HOBr- - - OH;

HF +6 MP2 +8 CCSD  +6 (T) +6T +6 (Q) NET

aug-cc-pVDZ -2.27 -2.62 +0.69 -0.41 +0.02 -0.02 -4.60
aug-cc-pVTZ -1.60 -2.88 +.73 -0.46 +0.03  [-0.02] [-4.20]
aug-cc-pvVQZ -1.57 -2.85 +0.73 -0.47  [+0.03] [-0.02] [-4.15]
aug-cc-pV5Z -1.56 -2.81 +0.73 -0.48 [+0.03] [-0.02] [-4.12]
CBS LIMIT [-1.55] [-2.78] [+0.72] [-0.48] [+0.03] [-0.02] [-4.08]

HOBr--H,0 ”.Lw
J N

Ei =—4.08+1.10+0.14-0.00 = -2.84

Panek and Berski reported interaction energies for the same
dimer structures at the MP2/aug-cc-pVTZ level of theory. For
the XOH---OH, dimers they report interaction energies of
—7.45 keal mol~! for fluorine, —7.37 kcal mol~! for chlorine, and
—7.11 keal mol~! for bromine. These results are consistent with
our quantitative trend for hydrogen bonds, but predict interaction
energies of much greater magnitude than our focal point energies.
Likewise, they also report interaction energies for the HOX: - - OH,
dimers of —2.68 kcal mol~! for chlorine and —4.00 kcal mol~! for
bromine. Again, their interaction energies overestimate the mag-
nitude of our focal point energies. Dibble and Francisco2® re-
port an interaction energy of —5.9 kcal mol~! for syn-CIOH.: - - OH,
at the MP4/6-311++G(3df,3pd)//MP2/6-311++G(d,p) level of
theory. This energy is quite similar to our focal point energy of
-5.56 kecal mol~! but a bit larger in magnitude. For the bromine
dimers, Santos and coworkers®® report interaction energies of
—4.1 keal mol~! for BrOH.: - - OH, at the CCSD/6-311++G(2d,2p)
level of theory and -2.46 kcal mol~! for HOBr---OH, at the
MP2/6-311++G(2d,2p)level of theory. The interaction energies
from Santos are both lower in magnitude than the focal point
predictions we present here.

Natural Bond Orbital Analysis

NBO results are presented in Figure 3 and show the dominant or-
bital pair interactions. The primary interacting orbitals are similar
for the syn and anti isomers in all structures; thus only the lowest
energy isomer for each hydrogen and halogen bonded dimer are

This journal is © The Royal Society of Chemistry [year]

shown. For each dimer, the lone pair electrons from the oxygen
of water donate into acceptor orbitals on the HOX monomer. The
NBO scheme®3 produces an interaction energy (designated E()
here) which is a ratio of the Fock matrix element between orbitals
i and j and the difference between orbital energies (¢; — ;). Thus
alarge E( energy corresponds to a large interaction between or-
bitals i and j. Figure 3 also presents the £(2) values between the
donating and accepting orbitals. For the HB dimers, the interac-
tion is dominated by the donation of the lone pair on the oxygen
atom in water into a sigma bonding orbital in the HOX monomer.
The energy of this interaction for the most favorable isomer is
18.6 keal mol~! for fluorine, 17.8 kcal mol~! for chlorine, and
15.3 keal mol~! for bromine.

For the halogen bonded dimers, the primary orbital interac-
tion is again the donation of the oxygen lone pair of water into
a sigma bonding orbital of the HOX monomer, for which chlo-
rine has a value of 3.75 kcal mol~! and bromine 6.92 kcal mol~!.
The increasing trend of the E(?) energy with increasing halogen
size is the opposite of the trend observed with halogen bonded
structures. Halogen bonds are thought to form via the donation
of electron density into a positive ¢ hole unoccupied orbital on
the halogen®!, as seen in Figure 3. Based on our results, halo-
gens of increasing size form larger ¢ holes that increase electron
accepting ability. Halogen substitution has a much larger effect
for the HOX: --OH, than the XOH---OH, structures. For XB and
HB dimers, respectively, the &; — & component of E®@ is essen-
tially the same, and the Fock energy component is the primary
contributor to changes in E @), especially for the XB dimers.
Research by Zhang and coworkers®® agrees qualitatively with

Journal Name, [year], [vol.], 1-10 |5



our general trend that hydrogen bonds have greater E(2) ener-
gies than the the orbital overlap of halogen bonds. Zhang re-
ports the primary orbital interaction energy for the CIOH.--OH,
dimer’s hydrogen-oxygen sigma bonding orbital overlap as
29.4 kcal mol~!, compared to 10.3 kcal mol~! for the oxygen-
chlorine ¢ bond overlap of the HOCI---OH, dimer for the same
interaction. Other theoretical papers that studied other small
organic compounds with hydrogen and halogen bonding saw
a decrease in the E(®) energy for hydrogen bonds and an in-
crease for halogen bonds when the halogen atom increases in

size, 46,47,51,53,54

SAPT Analysis

The interaction SAPT2+3 energy decomposition®92 for each
dimer type is shown graphically in Figure 4. The lower energy syn
conformers are shown for the HB dimers and the anti conformers
for the XB dimers. All SAPT2+3 data is presented in detail in the
supplementary information. For all nine dimers, the SAPT2+3
energies, despite being underestimates for the focal point en-
ergies, were excellent qualitative estimates of the relative focal
point interaction energies. However, the SAPT2+3 interaction
energies were usually closer to the true interaction energies than
a simpler scheme such as SAPTO energies. 3992 To determine the
effect of geometry on the SAPT results, we ran our level of SAPT
theory with the MP2 structures found by Panek and Berski. > The
results from the MP2 structures and our CCSD(T) structures show
differences of less than one kcal mol~!.

It is helpful to examine the trends in the SAPT2+3 components
across the periodic trends with increasing halogen size (Figure 4).
The electrostatic component (labeled “elec") steadily decreases
from fluorine to bromine in the HB structures. This correlates
with the fact that the halogen atom increases in size and there-
fore has a more diffuse electron cloud. The same effect lowers the
coulombic attraction between the donating lone pair and the ac-
ceptor. The trend is reversed for the XB dimers. Bromine forms a
“more positive” o hole than chlorine, increasing the electrostatic
attraction from 4.8 kcal mol~! to 8.1 kcal mol~".

The exchange component (labeled “exch") is perhaps the most
interesting, as it does not seem to follow a periodic trend for the
XOH- - - OH; dimers. The exchange energy increases from fluorine
to chlorine but then decreases from chlorine to bromine. This
might be due to the competition between atom size and spatial
orientation with respect to the hydrogen bond. Increasing the
size of the halogen atom will increase the orbital overlap of the
halogen atom with the lone pair on the donating oxygen. This
repulsion is alleviated by increasing the internal HOX bond angle
as well as the HO---X bond length, so much so that bromine is
far enough away from the hydrogen bond that it does not con-
tribute as much to the exchange component. In the halogen
bond structures, the exchange is greatly dependent on the iden-
tity of the halogen. The exchange component nearly doubles from
6.5 kcal mol~! for the chlorine structure to 10.7 kcal mol~! when
bromine is substituted.

Induction (ind) and dispersion (disp) contribute far less to the
total SAPT2+3 interaction energies but are relevant because the

6| Journal Name, [year], [vol.],1—10

exchange and electrostatic terms are opposite and nearly equal.
This cancellation allows for induction and dispersion to impact
the final interaction energies significantly. For the HB dimers,
induction decreases with substitution of larger halogen atoms.
This is due to the decreasing electronegetivities of larger halo-
gens, which yield a smaller dipole. The opposite is true for the
XB dimers where the ¢ hole on the halogen becomes more easily
induced with a less electronegative atom like bromine. As ex-
pected, the dispersion term increases for all structures when the
size of the halogen increases. It is important to note that in the
HB dimers, changes in induction are larger than those for dis-
persion across the halogen series. For XB dimers, induction and
dispersion work in tandem to increase the interaction energy.

Comparison of XB and HB

The structures presented in this study highlight the differences
between hydrogen and halogen bonds, as modeled with high level
ab initio theory. The most obvious result is the that the halogen
bonds are generally weaker than the hydrogen bonds in all of our
HOX-water dimers. Our results highlight two reasons why this is
the case:

1. The halogen atoms are much larger compared to the hydro-
gen atom and therefore will form longer bonds. This larger
distance greatly reduces the electrostatic attraction between
atoms, which attraction is the primary driver for the bond
formation based on the SAPT2+3 scheme88.

2. The oxygen lone pair on water is better able to donate elec-
tron density to a hydrogen than a halogen atom on the HOX
molecule. HOX compounds have a partial positive charge
on their proton which easily accepts electron density from
an oxygen lone pair. The dipole decreases with larger and
less electronegative halogen atoms. The halogen bond is not
caused because the halogen atom inherently has a partial
positive charge, but because a positive sigma hole is induced
on the halogen atom. NBO supports this conclusion as E(?)
increases as the size of the halogen increases. The larger
halogens have greater polarizabilities which result in more
positive sigma hole to accept the oxygen lone pair.

The dissociation energies of the XOH---OH, dimers are much
greater than those of the HOX:--OH, dimers, but close enough
that both types of interactions may occur. The difference between
our weakest halogen bond (HOCI- -- OH, = -1.71 kcal mol~!) and
our strongest hydrogen bond (FOH.--OH,= -5.62 kcal mol~!)
is 3.91 kcal mol~!. Increasing halogen size lessens the gap be-
tween hydrogen and halogen bonds so much so that the differ-
ence between the focal point interaction energies of BrOH- - - OH,
(-4.87 kcal mol~!) and HOBr---OH, (-2.93 kcal mol~!) is only
1.94 kcal mol~!. This is relevant to atmospheric chemistry where
HOBr molecules often bind to water.! Our results predicts that
both hydrogen and halogen bonds may be present under atmo-
spheric conditions. This may affect the mechanisms that lead to
ozone depletion from HOX molecules.

This journal is © The Royal Society of Chemistry [year]



Fig. 4 SAPT2+3/aug-cc-pVTZ decompositions are shown for the most energetically favorable comformer of each dimer. The decomposition is broken
into favorable electrostatic (Elst), induction (Ind), and dispersion (Disp) terms, as well as unfavorable exchange (Exch) interaction.
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Conclusions

Our work provides the most reliable theoretical study of hypo-
halous acid and water dimers to date. We have included extensive
electron correlation with the CCSD(T) level of theory, used proper
+d basis sets for chlorine computations, and included relativistic
effects with the SE-X2c-1e method. Our structures were found to
have different geometric parameters than previous studies, most
noteworthy being our shorter intermolecular bond lengths. Inter-
action energies were extrapolated to the complete basis set limit
and CCSDT(Q) level of correlation. The interaction energies de-
crease in magnitude for the hydrogen bond dimers and increase
for the halogen bond dimers when the size of the substituted halo-
gen atom increases.

NBO and SAPT analyses were performed to compare the nature
of each type of intermolecular interaction. NBO analysis displays
the trends in electron donation from water to either the H or X of
the HOX species. This donation decreases with increasing halogen
size for HBs and increased for XBs. SAPT2+3 analysis showed
that halogen substitution does impact both the interaction ener-
gies and the individual components, especially for halogen bound
dimers. The largest change was due to the electrostatic interac-
tion term.

Perhaps the most important result from this research is the
large difference in energy a halogen bond has compared to a
hydrogen bond. For the bromine dimers, the difference in in-
teraction energies was the smallest, around 2 kcal mol~!. This
confirms that even though hydrogen bonds are generally stronger
than halogen bonds, they can be close enough in energy that both
interactions must be considered. This may have consequences for
atmospheric scientists studying the role of HOBr and HOCI in the
depletion of ozone.

This journal is @ The Royal Society of Chemistry [year]
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