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ABSTRACT: In the presence of a halide ion, hypohalous acids can adopt two binding motifs
upon formation of the ion—molecule complexes [XHOY]™ (X, Y = C|, Br, I): a hydrogen (HB)
bond to the acid OH group and a halogen (XB) bond between the anion and the acid halogen.
Here we isolate the X-bonded Cl™-IOH ion—molecule complex by collisions of I"-(H,0),
clusters with HOCI vapor and measure its vibrational spectrum by IR photodissociation of the
H,-tagged complex. Anharmonic analysis of its vibrational band pattern reveals that formation
of the XB complex results in dramatic lowering of the HOI bending fundamental frequency
and elongation of the O—I bond (by 168 cm™' and 0.13 A, respectively, relative to isolated
HOI). The frequency of the O—I stretch (estimated 436 cm™") is also encoded in the spectrum
by the weak v = 0 — 2 overtone transition at 872 cm™".

he isolated [XHOY]™ (X, Y = Cl, Br, I) ion—molecule +30 keal/mol

complexes present the opportunity to investigate the
competition between two well-known intermolecular inter-
actions: hydrogen (HB)' ™ and halogen (XB)*® bonds. While
the significance of HBs in chemical and biological systems
cannot be overstated, the XB counterpart has attracted
increasing attention due to its applications in drug design,
crystal engineering, and catalysis.””® The XB motif is
commonly observed in condensed-phase systems,” and the
molecular-level nature of the XB interactions between neutral
molecules has been studied in detail through spectroscopic -5 keal/mol
measurements on binary complexes such as H,O--CIE.” The

XB i . h . . | .
. 1nteE211:c.t10n lls)o,ftenhc, 'illra}clterllzed by Esmg an ¢ ectr(()is'tatlc at the MP2/aug-cc-pVTZ level on a 0.001 e/bohr® surface. The
picture (Figure 1), in which the electron density surrounding a electropositive “sigma hole” is shown in green, opposite the O—I

halogen atom that is covalently bound to an electronegative bond. Units and sign conventions are based on those reported in ref
species (the XB donor) is anisotropically distributed. This 11.

creates an electropositive region (the “sigma hole”) opposite
its o bond that can participate in an attractive interaction with
a nucleophile (the XB acceptor).”>'%'" Here we focus on the
isolated anionic XB interaction involving a strong bond
between a halide ion and a covalently bound halogen atom.
An example of this motif is the recent capture of the Br Received: January 22, 2022
BrCCl; ion—molecule complex and its characterization using Accepted:  March 1, 2022
photoelectron spectroscopy.'” Other schemes that have

provided useful information about the XB interaction include

molecular beam scattering,'”'* ion-mobility measure-

ments, "¢ blackbody infrared radiative dissociation,'” and

Figure 1. Electrostatic potential map of the HOI molecule calculated
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rotational spectroscopy.'®~*” In this report, we characterize the
anionic XB interaction in the isolated CI™-IOH ion—molecule
complex using cryogenic ion vibrational spectroscopy.

Species with [IHOCI]™ stoichiometry can occur in four
distinct isomeric forms™ shown schematically in Figure 2a.
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Figure 2. (a) Possible isomers of the [IHOCI]™ ion—molecule
complex. (b) Relative energy pathways (kcal/mol) for the rearrange-
ment of each of the four possible [[HOCI]™ isomers calculated at the
MP2/aug-cc-pVTZ level of theory/basis, with transition states
indicated as TS and transition state structures given in (c).

Two of these are the H- and X-bonded complexes based on the
iodide, and the other two are based on chloride. All of these
structures are calculated at the MP2/aug-cc-pVIZ level of
theory/basis to be local minima in the potential energy surface
with the CI™-IOH isomer lying lowest in energy as depicted in
Figure 2b, followed by the two H-bonded forms, and then the
I"-CIOH species that adopts the least stable arrangement.
Structures in which ICl is bound to OH™ were not found to be
local minima. The H-bonded I"-HOCI isomer has recently
been characterized with cryogenic vibrational spectroscopy
(along with the Br-HOCI and CI"-HOCI analogues),”* and its
behavior conforms to established paradigms of strong anionic
H-bonds.” Calculated partial charges (Table S1) demonstrate
that the negative charge on I” significantly increases from
—0.48 ¢ in I"-CIOH to —0.84 ¢ in the more stable I"-HOCI
(HB) form, which may also contribute to the larger binding
energy of the latter. In this study, we isolate the X-bonded CI™-
IOH binary complex and characterize the XB interaction using
cryogenic ion vibrational spectroscopy, electronic structure
calculations performed at the MP2/aug-cc-pVTZ level (with
the correspondinég aug-cc-pVTZ-pp basis set and effective core
potential for I),>**” and anharmonic analysis of the vibrational
level structure using an implementation of vibrational
perturbation theory developed in one of our groups.”**’
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The [IHOCI]™ binary complexes were prepared by reaction
between gaseous HOCI and I"-(H,0), cluster ions in the first
quadrupole guide of the Yale cryogenic photofragmentation
mass spectrometer as described in the Supporting Information.
The dominant observed species correspond to the uptake of
HOCI onto the parent I7(H,0), clusters to yield clusters with
stoichiometry [IHOCI]™-(H,0),. We focus here on the
[IHOCI]™ product ion. One might expect that these products
are primarily those arising from the so-called “ligand exchange”
reaction:

X"-(H,0), + HOCl - X™-(HOCl) + nH,0 (1)

which was indeed the exclusive product channel when applied
to the X = Cl and Br reactions. This was established by
following the collisional breakup patterns:

X"-(HOCI) - X~ + HOCI (2)

which only yield the halide ion from the reactant water
clusters. In the case of X = I, however, breakup was observed to
yield both halide ions:

[IHOCI]” — I~ + HOCI (3a)

(3b)

with typical data included in Figure S2. As such, an additional
mechanism is indeed occurring in the [IHOCI]™ system. To
explore why this pathway is available for the iodide case, we
performed electronic structure calculations to evaluate the
barriers for isomerization relative to that of the separated I"” +
HOCI reactants with the results indicated in Figure 2b.
Inspection of the calculated stationary points on the potential
surface describing the encounter of I” with HOCI indicates
that reactive collisions between the bare species are sufficiently
energetic to overcome the barriers in the overall exothermic
(AE = —9 kcal/mol) “halogen exchange” reaction:

I" + HOCI —» CI" + HOI

[IHOCI]” — CI” + HOI

(4)

The calculated barriers for this reaction increase from X~ =1 to
Br to Cl (see Figure S3). Trapping the complexes in the
various minima, on the other hand, requires collisional
stabilization that is not available in the low-pressure environ-
ment of the ion guide. This can be accomplished, however, by
evaporating one or more water molecules from the nascent
collision complex:

I"-(H,0), + HOCI — [IHOCI*]™-(H,0),

— [IHOCI]” + nH,0 (5)

It is not clear at present whether the water molecule is
chemically active in this process or simply serves as a third
body to stabilize the collision complex. The fact that halogen
exchange does not occur to an appreciable extent in the smaller
halides is consistent with a scenario where they are initially
formed in the H-bonded X -HOCI well. From there, the
increased barrier height to exchange as well as the increasing
stability of the H-bonded X™-HOCI isomers acts to suppress
conversion to other isomers. The X™-HOCI isomer energies
relative to CI7-XOH isomers are calculated to be +20.3, + 3.3,
and —9.9 kcal/mol for X = I, Br, and ClI, respectively (Figure
S3). In a parallel study, the authors are currently pursuing ab
initio molecular dynamics simulations of the halogen exchange
reaction in bulk liquid water, the results of which show a
mechanism that indeed depends on the participation of water
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molecules. While the reaction dynamics of the cluster
chemistry described here are indeed interesting, they fall
outside the scope of the present report on the nature of the
[IHOCI]™ species generated in this process.

With both halide ions in play, it remains to be established
which of the four possible isomers shown in Figure 2a are
generated in the water cluster-mediated preparation. This was
first addressed by acquiring the vibrational spectra of the
cryogenically cooled ions in the OH stretching region. To
accomplish this, the [IHOCI]™ products were transferred to a
cryogenically cooled (~20 K), 3D Paul Trap to enable
condensation of hydrogen (H,) “tagging” molecules, and
vibrational spectra were collected by monitoring the photo-
evaporation of these weakly bound adducts in a linear action
mode:

[IHOCI] H, + hv — [IHOCI]” + H, (6)

as has been previously described.”*™**
The vibrational spectrum of the H,-tagged [IHOCI]™ ion is
presented in Figure 3a. The feature highest in energy (vy,) is

the H, fundamental, which gains intensity in the electric field
of an ion.>® The strongest feature, and the suite of vibrations
that occur along with it, have been assigned to the H-bonded
isomer with composition I"-HOCI and were analyzed in a
previous report.”* The sharp band (denoted voy, and

highlighted in red) at 3641 cm™" was observed to be extremely
weak in the ions created for that study but is much more
intense in the species created for this work, consistent with its
assignment to a second isomer. This is indeed the case, as
confirmed by the isomer-selective, two-color IR—IR spectra
displayed in Figures 3b and 3c. In that approach,’>** all
features arising from a common carrier are identified by
scanning a photobleaching laser while a second “probe” laser is
tuned to a transition arising from one of the isomers present.
All transitions in the spectrum associated with the isomer that
is probed by the fixed laser appear as depletions or “dips” in
the probe laser fragment signal as the bleaching laser is
scanned across the entire spectral range. The two probe bands
used here are indicated by the blue and red arrows in Figure
3a. Only two distinct band patterns were recovered, one of
which corresponds to those arising from the I"-HOCI, HB
isomer reported earlier. The species responsible for the free
OH band yields only this transition (besides vy;,) in the entire

region as shown in the photodepletion spectrum (Figure 3c).
The single free OH band at 3641 cm™" falls close to the OH
stretches in bare HOCI and HOI (black arrows at 3609°°
(v and 3620 (vog!) cm™, respectively, in Figure 3a).
The single free OH feature therefore signals the formation of
an XB isomer, but it remains to be determined whether this
species is based on I", CI7, or contributions from both ions
based on the location of the observed band.

In a cursory survey experiment, we note that the propensity
to generate the XB isomer increased with the center-of-mass
collision energy between I™-(H,0), and HOC], supporting the
notion that large initial internal energy is enabling
interconversion followed by kinetic trapping by the cold buffer
gas in the Paul trap. These speculations can be tested
experimentally by systematically changing the I7-(solvent)
reactant to vary the strength of the H-bond and therefore tune
the internal energies of the [IHOCI] ™ nascent product. Spectra
that illustrate this kinetic control of the two isomers are
displayed in Figure S4. However, the purpose of this study is to
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Figure 3. (b—c) Isomer-selective, two-color, IR—IR photobleaching
spectra of the H,-tagged [IHOCI]™ vibrational predissociation
spectrum. Two patterns are observed to contribute to the nonselective
spectrum (a) by fixing the probe laser on the bands indicated by
downward arrows at 2903 cm™' (blue) and 3641 cm™! (red) in (a).
The pattern in (b) contains the strongly red-shifted OH fundamental
and corresponds to the HB isomer (I"-HOCI). The second pattern
(c) consists of only a single feature at 3641 cm™, which is the
expected behavior of either the X-bonded CI™-IOH or I"-CIOH
isomers. Stick spectra calculated at the MP2/aug-cc-pVTZ level of
theory/basis with anharmonic corrections’® based on VPT2
calculations are presented above each experimental spectrum in (b)
and (c) with minimum-energy structures inset. The literature values
of the free OH stretching mode for neutral HOCI (ref 35, vSﬁf‘) and

HOI (ref 36, v are indicated by the black arrows in (a). Detailed

assignments of the additional I"-HOCI features and descriptions of
the calculated stick spectra in (b) can be found in ref 24. (d) IR—-UV
photodetachment “dip” spectrum of the XB isomer obtained by IR
photobleaching at 3641 cm™ as described in Section S1, where the
black arrows indicate the estimated (see Table SS) electron affinity
values for the two possible XB forms.

report that this interesting XB species can indeed be trapped
and spectroscopically characterized by using the ligand
exchange approach.

Unfortunately, it is not straightforward to distinguish
between the two possible XB structures, namely CI™-IOH or
I"-CIOH, by the qualitative band pattern in the fingerprint
region (vide infra) because their calculated spectra are similar

https://doi.org/10.1021/acs.jpclett.2c00218
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(see Tables S2 and S3), as was the case in the OH stretching
region. It is therefore useful to seek an alternative method to
establish the charge carrier. One property that is very different
for the two complexes is the electron affinity (EA) of each
complex, since the EA values of Cl and I differ by more than
0.5 eV (3.62°7 vs 3.06°° for Cl and I, respectively). Because the
binding energies of the neutral analogues are much smaller
than those of the ions, the EAs of the complexes are shifted
higher mostly by the binding energies, D, of the ions to the
neutrals. The D, values are calculated to be 1.73 and 0.62 eV
for CI"IOH and I"-CIOH, respectively (see Figure S3).
Correcting for the calculated neutral binding energies yields
estimated EAs to be 5.35 and 3.68 eV for the CI” and I" XB
complexes, respectively (see Table SS). The electron affinities
of the analogous halide complexes with water are well-
known,” and their photodetachment spectra display relatively
sharp onsets*” at the adiabatic EA according to the Wigner
threshold laws for mostly s-wave detachment."'

The measured photodetachment spectra of the [IHOCI]™
ions generated by different source conditions to enhance one
isomer over the other are displayed in Figure SS. The
photodetachment spectrum for the I"-HOCI, HB isomer
displays a less well-defined onset near 4 eV with some
vibrational structure leading to a vertical detachment value of
~4.25 eV, which is consistent with the calculated threshold for
this species at 3.91 eV. The threshold for the XB species is
measured to be much higher, with an onset near 5 eV with a
vertical value of ~5.1 eV, close to the calculated value for the
ClI', XB isomer of 5.35 eV. As a further proof of this
conclusion, we also performed an IR photobleaching experi-
ment to remove the XB isomer by excitation of the free OH
band. The resulting difference photodetachment spectrum is
displayed in Figure 3d and is indeed similar to that extracted
by varying the relative populations of the isomers and
monitoring changes in the overall photodetachment spectrum
(Figure S6d). The calculated EAs of the possible isomers are
indicated by arrows in Figure 3d, thus establishing that the
species with the telltale free OH feature is based on the CI™
charge carrier. We therefore conclude that the XB species
generated in our ion source is in fact exclusively the CI™-IOH
complex. We note that it is curious that we could not observe
the CI™-HOI, HB form of the [IHOCI]~ complex, even though
this is calculated to be separated by a substantial barrier from
the CI"-IOH, XB isomer. It is possible that a small yield of this
HB complex is formed, but its strongly red-shifted OH stretch
(to ~2300 cm ™, see Table S4) falls outside the range scanned
here. Based on the spectral behavior of the X™-HOC], (X = C|,
Br, I) series, however, we would expect to observe the HOI
bending fundamental at ~1300 cm™" but do not. It is also
noteworthy that we are unable to generate XB forms of either
the [BrHOCI]™ or [CIHOCI]™ systems using the same
experimental protocols that efficiently generate the CI™-IOH,
XB species. As noted above, the Br-(H,0), + HOCI reaction
did not display halide exchange either. One possible
explanation for this behavior is that in the case of reaction
with I7-(H,0),, the water molecules participate in the halide
exchange mechanism through proton transfer. This is
supported by molecular dynamics calculations which indicate
that I” reacts spontaneously to form CI™-IOH and that this
species persists in the XB arrangement, while the CI™-HOI
(HB) form does not, instead adopting a solvent-separated local
arrangement rather than a direct HB to the acid HO group.
This raises the interesting question regarding the chemical
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nature of the [IHOCI]™ species that are present in the
products of reaction S that retain water molecules ([IHOCI] ™
(H,0),). These are prepared in abundance, and spectroscopic
investigation of their composition is a promising direction for
further work on this class of systems.

Having identified the CI™-IOH halogen-bonded isomer, we
next turn to the measurement of its vibrational spectrum
arising from the lower frequency modes displayed in Figure 4.
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Figure 4. Low-frequency region of the experimental H,-tagged CI™
IOH vibrational predissociation spectrum, with the minimum-energy
structure and corresponding inverted stick spectra calculated at the
MP2/aug-cc-pVTZ level of theory/basis with anharmonic corrections
based on VPT2 calculations presented below. The literature value® of
the HOI bending mode for neutral HOI (vj.9y) is indicated by the
black arrow.

The only bands observed in this frequency range of the Yale
instrument (>600 cm™") are an asymmetric doublet at around
900 cm ™. The dominant band at 902 cm™" is very close to the
calculated value of the HOI bending mode in the CI™-IOH
complex (897 cm™') and is therefore assigned to this
fundamental. Note that this value lies far below the bend in
the isolated HOI species*® (1070 cm™'), immediately signaling
an important aspect of the XB interaction in that the
concomitant weakening of the OI bond acts to soften the
potential for displacement of the OH bond angle. This is in
sharp contrast to the HB interactions, which lead to an
increase in the HOCI bend frequency by more than 100
em™'** The calculated and measured bend frequencies of
various halogen- and hydrogen-bonded complexes of are
provided in the Table S6.

The accurate recovery of the observed bending mode is
important because it establishes a benchmark for the level of
theory needed to treat this interaction. We note that this was
accomplished using anharmonic methods that also yield
predictions for nominally forbidden transitions such as
overtones and combination bands.*® Indeed, the weaker
feature at 872 cm ™" appearing just below the bend fundamental
is predicted (inverted purple bar in Figure 4) with about this
relative intensity to be due to the v = 0 — 2 overtone of the
low-frequency O—I stretching mode, which in turn indicates an
approximate value for the fundamental of 436 cm™".

Table 1 lists the experimental and calculated parameters for
neutral HOX and the [IHOCI]™ binary complexes. In the Cl™-
IOH structure, the halide—halide CI™---I bond lies along the
O-I bond axis (CI™-~IO bond angle of 179.1°) and the
interatomic Cl---I distance (2.67 A) is dramatically shorter than
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Table 1. Experimental (exp., Accurate to within +4 cm™)
and Calculated (calc., MP2/aug-cc-pVTZ with Anharmonic
Corrections)’® Frequencies (in Bold) and Calculated
Structural Parameters for Neutral HOX (X = CI, I) and the
[IHOCI]~ Complexes Reported in This Study, Where R is
the Bond Length (A) and £ is the Bond Angle (deg)

parameter HOCI 1"-HOCI HOI CI-IOH
exp. vou,/Vou, (cm™) 3609  2903*  3620°° 3641
CﬂC.VOHJVOH‘(Can) 3594 2903** 3597 3636
€XP. Vpenq (cm™!) 1240%  1341**  1070°° 902
calc. Vyeng (cm™) 1228 1346** 1069 897
R .y /Re .1 (A) 2.30 2.67
Rocr /Ror (A) 1.70 1.69 1.99 2.12
Ron (A) 0.97 1.01 0.97 0.97
ZHOCI/£HOI (deg) 102.5 103.2 104.2 1023
2£17+HO/£Cl7++10 (deg) 176.3 179.1

the sum of the respective van der Waals radii (3.73 A), both of
which are key features in the recent IUPAC definition of a
halogen bond.” Additionally, the O—I bond distance (2.12 A)
is significantly lengthened relative to neutral HOI (1.99 A),
and there is a substantial calculated contraction of the internal
HOI angle (102.3° vs 104.2° for neutral HOI). Interestingly,
the free OH fundamental in the XB structure is blue-shifted
(by 21 cm™) relative to HOI, sug§esting enhancement of the
electron density in the OH bond.”

We have reported the capture of the halogen-bonded CI™-
IOH ion—molecule complex by halide exchange in the reaction
between I7-(H,0),, clusters and HOCI vapor at low pressure in
an quadrupole ion guide. Charge localization on the chloride
was confirmed by monitoring the electron photodetachment
threshold, while the XB docking arrangement was established
by the observation of a free OH stretching transition close to
that of the isolated HOI molecule. The low-frequency region
of the spectrum features a strong band at 902 cm™" assigned to
the HOI bending fundamental, which falls 168 cm™! below
that of the bare HOI molecule. Anharmonic calculations
enable assignment of the overtone of the O—I stretching mode,
which provides an estimate of the fundamental value to be 436
cm™. Calculated structures consistent with the observed bands
yield a complete characterization of the isolated XB complex in
addition to the overall potential energy landscape describing
the relative energies and transition states separating the four
isomers with stoichiometry [IHOCI]".
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