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ABSTRACT 19 

 We report vibrational spectra of the H2-tagged, cryogenically cooled X−∙HOCl (X = Cl, Br and I) 20 
ion-molecule complexes and analyze the resulting band patterns with electronic structure calculations and 21 
an anharmonic theoretical treatment of nuclear motions on extended potential energy surfaces. The 22 
complexes are formed by “ligand exchange” reactions of X−∙(H2O)n clusters with HOCl molecules at low  23 
pressure (~10−2 mbar) in a radio-frequency ion guide. The spectra generally feature many bands in 24 
addition to the fundamentals expected at the double harmonic level. These “extra bands” appear in 25 
patterns that are similar to those displayed by the X−∙HOD analogues, where they are assigned to 26 
excitations of nominally IR forbidden overtones and combination bands. The interactions driving these 27 
features include mechanical and electronic anharmonicities. Particularly intense bands are observed for 28 
the v = 0 → 2 transitions of the out-of-plane bending soft modes of the HOCl molecule relative to the 29 
ions. These involve displacements that act to break the strong H-bond to the ion, which give rise to large 30 
quadratic dependences of the electric dipoles (electronic anharmonicities) that drive the transition 31 
moments for the overtone bands. On the other hand, overtone bands arising from the intramolecular OH 32 
bending modes of HOCl are traced to mechanical anharmonic coupling with the v = 1 level of the OH 33 
stretch (Fermi resonances).  These interactions are similar in strength to those reported earlier for the 34 
X‾∙HOD complexes.   35 
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I. INTRODUCTION 36 

 The molecular-level mechanics of the “anionic H-bond” 37 
to the OH group have been extensively explored in the binary 38 
complexes between water, methanol, and formic acid with the 39 
halide ions.1-5 A major conclusion from these efforts is that the 40 
observed spectra above 1000 cm−1 are typically more complex 41 
than the simple three-band pattern [e.g., two OH stretches and the 42 
HOH intramolecular bend for X‾∙H2O] predicted to occur at the 43 
harmonic level. Specifically, “extra bands” appear scattered 44 
across the spectrum that are traced to surprisingly strong 45 
mechanical (potential) and electronic (electric dipole) 46 
anharmonicities.3, 6 These effects are well documented in the 47 
analysis of neutral van der Waals complexes,7, 8 but are amplified 48 
in the case of the more strongly bound ionic systems. In the latter 49 
case, the extra bands are due to the excitation of soft mode vibrational levels whose displacements break 50 
the directional hydrogen bonds. As such, linear vibrational spectroscopy provides a window into the 51 
topologies of the potential and dipole surfaces away from the equilibrium geometry. In this paper, we 52 
expand this survey to include the hydrogen bonds between halide ions and the more acidic HOCl 53 
molecule (pKa values of 7.549 and 1410 for HOCl and H2O, respectively), a choice that is motivated, in 54 
part, because of HOCl’s importance in interfacial atmospheric chemistry.11-17 Both the H2O and HOCl 55 
complexes with halides are observed to adopt the asymmetric, “single ionic H-bonded” geometries 56 
indicated in Figure 1, in which an OH group is bound to the ion, while either the Cl or H atoms are non-57 
bonded. The band assignments are aided by comparison with the behaviors of the X‾∙HOD isotopomers 58 
with the OH group bound to the ion, and taking into account the stronger H-bonds between the halide ions 59 
and HOCl.  60 

II. METHODS 61 

IIA. Experimental details 62 

The X−∙HOCl (X = Cl, Br, and I) complexes were formed in the gas phase using the so-called 63 
“ligand switching” approach that involves displacement of one (or more) water molecule(s) in the 64 
reaction: 65 

X‾ ∙ (H!O)" + HOCl	 → X‾ ∙ HOCl + 𝑛H!O (1) 66 

The X−∙(H2O)n  clusters were formed in an electrospray ionization source and injected into a series of 67 
radiofrequency (RF) ion guides as described in detail in Section S1 of the Supplementary Material. 68 
Reaction (1) was carried out in a quadrupole guide filled with HOCl gas (preparation described in Section 69 
S2) at a pressure of ~10−2 mbar. The product ions were then transferred to a three-dimensional quadrupole 70 
trap (R.M. Jordan) cooled by a closed-cycle He cryostat to about ~20 K, where H2 molecules were 71 
condensed onto the X−∙HOCl binary complexes by pulsing a buffer gas mixture containing ~20% H2 in a 72 
balance of He. Mass spectra displaying the products of collisions between HOCl and X−∙(H2O)n are 73 
presented in Figure S1. The dominant species that are generated correspond to the uptake of HOCl onto 74 
the parent X−∙(H2O)n  clusters to yield X−∙(HOCl)∙(H2O)n . While the presence of multiple chlorine and 75 

 

Figure 1. Comparison of the 
hydrogen bonding motifs in (a) 
X−∙HOH and (b) X−∙HOCl, where X = 
Cl, Br, or I.  
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bromine isotopes results in a number of mass degeneracies between the products and the parent cluster 76 
series, the X−∙(HOCl)∙(H2O)n  species containing the most naturally abundant 35Cl and 79Br isotopes (i.e., 77 
the major products) are unique and thus easily distinguished. The vibrational spectra were recorded over 78 
the range 1000 – 4000 cm−1 by IR photodissociation of weakly bound H2 molecules:  79 

X‾ ∙ HOCl ∙ H2 + hν → X‾ ∙ HOCl + H2 (2) 80 

in a linear action regime in a triple-focusing photofragmentation mass spectrometer.18-20 The resulting 81 
band patterns are analyzed using an anharmonic treatment of the nuclear motions on extended surfaces of 82 
the potential energy and electric dipole moments.  83 

IIB. Theoretical details 84 

  Second-order vibrational perturbation theory calculations were performed using the PyVibPTn 85 
package,21, 22 which is based on the formulation of perturbation theory described by Sakurai.23 These 86 
calculations utilized the quartic expansions of the potential energy surface evaluated within the 87 
Gaussian1624 software package. Our implementation of VPT2 allows us to evaluate transitions to states 88 
with more than two quanta of excitation, and provides greater flexibility in the choice of the resonances 89 
considered than does the standard implementations of VPT2 in Gaussian. These calculations were 90 
augmented by one-dimensional calculations of the vibrational levels of the OH stretch and out-of-plane 91 
bend based on cuts through the full-dimensional surface, with all of the coordinates except the OH bond 92 
length constrained to their equilibrium values, and the three O-H∙∙∙X− atoms constrained to be collinear. 93 
Additional details about the VPT2 and the one-dimensional calculations are provided in Section S3 of the 94 
Supplementary Material. Natural bond orbital25 calculations were performed to obtain the partial 95 
charges of the atoms as the hydrogen atom is displaced either along the OH bond or perpendicular to the 96 
plane containing the other three atoms. All electronic structure calculations were performed at the 97 
MP2/aug-cc-pVTZ level of theory/basis using Gaussian 16. The corresponding aug-cc-pVTZ-pp basis set 98 
and effective core potential were used as given in refs. 26 and 27 for I−.26, 27  99 

III. RESULTS AND DISCUSSION 100 

IIIA. Comparison between the vibrational spectra of X‾·HOD and X‾·HOCl in the regions of the OH 101 
stretch and bend fundamental transitions 102 

 The H2-tagged vibrational predissociation spectra of the three X−∙HOCl ions are compared with 103 
those reported earlier1 for the X‾∙HOD series in Figure 2. The band highest in energy in the X−∙HOCl 104 
series is due to the activation of the nominally forbidden H2 stretch (𝑣$!) when bound to an ion.

28 The 105 
calculated structures of the H2 ternary complexes are shown in Figure S2, where the H2 molecule is found 106 
to preferentially bind onto the halide, as described in Section S4. Note that the asymmetrical X‾∙HOD 107 
clusters occur in two isomeric forms (isotopomers) according to whether the H or D atom is bound to the 108 
halide. Bands assigned to the D-bound isotopomer are colored gray in Figures 2d-f to minimize the 109 
spectral clutter.  110 

 The bands due to the X‾∙HOD isotopomer with the OH group bound to the ion that occur above 111 
2500 cm−1 are dominated by the strong bound OH stretch fundamentals (denoted 𝑣%$"	and highlighted in 112 
red in Figures 2d-f), which are observed to evolve to higher energy from Cl to I. These generally occur 113 
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along with weaker multiplet structures that arise from anharmonic interactions, as discussed in detail in 114 
refs. 1-2 (band labels are elaborated in Tables I-II). As is the case with X‾∙HOD, there are several stable 115 
isomers of X‾∙HOCl: the hydrogen bonded form displayed in Figure 1b, the halogen-bound X‾∙ClOH,29-32 116 
and possibly the binary complex in which XCl is bound to OH‾. The spectra of the latter isomers are 117 
expected to contain a peak associated with a free or weakly perturbed OH stretch in the range of 3500-118 
3700 cm−1. The lack of such features when X = Cl and Br and the very weak feature near 3650 cm-1 when 119 
X = I (denoted by * in Figure 2c) leads us to conclude that the carrier of the spectra shown in Figures 2a-120 
c are indeed the hydrogen bonded X‾∙HOCl structures. Like the spectra of the X‾∙HOD clusters, those of 121 
the X−∙HOCl series (Figures 2a-c) above 2500 cm-1 are similarly dominated by a strong band with halide-122 
dependent shifts that are assigned to the 𝑣%$"	fundamentals of the bound OH group (again highlighted in 123 
red). Note that the shifts of these bands (relative to the free OH band of bare HOCl33, black arrow 124 
labeled	𝑣%$#

'()* in Figure 2a) are much larger (~3×) than the shifts in the 𝑣%$"	bands of X‾∙HOD, while the 125 
linewidths (with the exception of that in Cl‾∙HOD) are comparable. As such, these complexes do not 126 

 

Figure 2. Comparison between the vibrational predissociation spectra of the H2-tagged (a) Cl−∙HOCl, (b) 
Br−∙HOCl, and (c) I−∙HOCl binary complexes and their Argon-tagged (d) Cl−∙HOD, (e) Br−∙HOD, and (f) I−∙HOD 
counterparts. The bound OH stretching (𝑣!"!, left) and the H out-of-plane overtone (2𝑣##$", right) bending 
motions are depicted inset. The bands presented in gray in (d)-(f) are due to the isotopomer with the OD group 
bound to the ion, X−∙DOH. Literature values of the OH bending and free OH stretching modes for neutral HOD35 
and neutral HOCl33,36 (𝑣"!%/'()*+,  and 𝑣!"#

)*+,, respectively), are indicated by black arrows in (a) and (d). The band 
assignments for the X−∙HOD spectra are reproduced with permission from ref. 1 and are color-coded to highlight 
features primarily due to the OH stretch fundamental (red), the fundamentals and overtones of the HOD bend 
(blue), and the oop frustrated rotation (green). Bands labels are assigned in Tables I-II.  The * feature in (c) 
indicates the possible formation of a weakly abundant isomer with a free OH group.  
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display the typical behavior of strong H-bonds where the linewidths increase along with the relative 127 
intensity.34 128 

In the lower energy region near the HOD bend fundamental (1400 cm−1 in bare HOD), the 129 
X‾∙HOD spectra (Figures 2d-f) do not exhibit a dominant band, but rather appear with two features of 130 
comparable intensity. These have been assigned to the bend fundamental (𝑣$%+, blue) and the v = 0 → 2 131 
overtone of the frustrated out-of-plane rotation (2𝑣,,-$, green) of the water molecule. Weaker 132 
combination bands are also present that arise from excitation of the bend fundamental with one quantum 133 
in the in-plane frustrated rotation (𝑣$%+ + 𝑣./, orange). Note that the bend fundamental displays a 134 
gradual red-shift down the halide series (~20 cm−1 per halogen from Cl− to I−), and appears farthest above 135 
the bend in the bare HOD molecule35 (black arrow in Figure 2d denoted 𝑣$%+'()*) in the Cl species (by 105 136 
cm−1). The incremental shifts in the 2𝑣,,-$ feature, on the other hand, are much larger with changes of 137 
142 and 159 cm−1 from Cl− to Br− to I−. The lower energy range of the X−∙HOCl spectra also displays 138 
multiplet structures (for Cl and I) near the bend fundamental of bare HOCl36 (black arrow in Figure 2a 139 
denoted 𝑣$%01

'()*) which are strongly dependent on the halide such that bands red-shift down the series. In 140 
this case, however, it is not obvious by inspection which of these are primarily due to the bend 141 
fundamentals of the X−∙HOCl complexes. We postpone discussion of the mechanics underlying these 142 
qualitative trends in the OH bending region to Section IIIC after first considering the electronic character 143 
of the strong ionic H-bond.   144 

IIIB. Quantifying frustrated intracluster proton transfer and associated charge delocalization in the 145 
strong anionic H-bond 146 

Very large 𝑣%$"	red shifts have been reported in the B
−∙H2O complexes (B = O, OH, and F) and 147 

analyzed in the context of the increasing electric field around the smaller ions, which is in turn correlated 148 
with the stronger basicities of the lighter halides.4  The extreme case of OH−∙H2O, for example, occurs as 149 
a quasi-symmetrical [HO∙∙∙H∙∙∙OH]− structure with an equally shared proton,37, 38 thus corresponding to a 150 
three-center, two electron covalently bound system akin to the classic case of FHF‾.39 From the 151 
perspective of acid-base interactions, the bound OH stretching fundamental energies reflect the energetics 152 
of the so-called “frustrated intra-cluster proton transfer” (FPT) reactions.4, 40 These are the cluster 153 
analogues of the familiar base hydrolysis reactions in aqueous electrolyte chemistry: 154 

X‾ + H2O → HX + OH‾ (3) 155 

 The mechanics associated with FPT qualitatively account for both the large intensity and extreme 156 
red-shift of the bound OH stretching fundamental relative to the behavior of a generic free OH group with 157 
frequency 𝑣%$#	 ~ 3700 cm

−1.41 This is illustrated by the shapes of the potential energy curves calculated 158 
for the parallel displacement of the shared proton from the oxygen (O) atom to the Cl− ion displayed in 159 
the lower panel of Figure 3 (red and black curves for Cl−∙HOCl and Cl−∙HOD, respectively). In particular, 160 
the attractive outer region on the potential curve calculated for the HOCl system displays an inflection 161 
point near 1.35 Å. This occurs when the system adopts electron configurations associated with the 162 
ClH‧‧‧OCl− partial proton transfer, thus driving down the v = 1 energy level in the more acidic OH group 163 
of HOCl (proton affinities of OH− and OCl− of 163342 and 150243 kJ/mol, respectively). As is seen by the 164 
energy levels calculated based on these one-dimensional cuts, in the case of Cl−∙HOCl, the level with one 165 
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quantum in the OH stretch samples this region of the potential, while for Cl−∙HOD, the wave function 166 
remains localized in the part of the potential that corresponds to the Cl−∙HOD complex. 167 

 To illustrate the changes in the 168 
electronic wavefunctions along the FPT 169 
coordinate, the upper panel of Figure 3a 170 
compares the natural charges44-51 on the Cl‾ 171 
anionic center for Cl‾∙HOD (black) and 172 
Cl‾∙HOCl (red). The magnitude of the effective 173 
charge on the Cl‾ ion decreases as the shared 174 
proton approaches it (i.e., as 𝑟!" increases), 175 
forming a partially covalent interaction in the 176 
early stage of the FPT reaction. The 177 
intrinsically more responsive HOCl system with 178 
respect to charge redistribution, combined with 179 
the larger amplitude of the OH displacement in 180 
the v = 1 level, account for the increased IR 181 
transition moment for the OH stretching 182 
fundamental in the X−∙HOCl systems.  Both the 183 
degree of charge displacement and the lowering 184 
of the potential are directly reflected in the 185 
intensity (see calculated values in Table II) and 186 
red-shift of the 𝑣!"! fundamental in the 187 
Cl−∙HOCl spectrum. 188 

IIIC. Disentangling assignments of the HOD 189 
bending fundamentals and soft mode overtones 190 

 The directional nature of the strong H-bonds 191 
in both HOD and HOCl systems has important consequences on spectral behavior in the 1000-1500 cm−1 192 
region of OH bending fundamentals. The role of anharmonicities is immediately clear, for example, by 193 
the fact that only a single fundamental in the HOCl bend is expected in this region, and is in all cases 194 
calculated to fall quite close to that of the isolated HOCl molecule as indicated in Tables I-II.  Although 195 
a feature is indeed observed near 𝑣$%01

'()*  for all three ions, this band (labeled a1 in Figure 2a and c2 in 196 
Figure 2c) is much weaker than the very strong band (labeled a3 in Figure 2a) higher in energy at 1564 197 
cm−1 in Cl−∙HOCl and similar in strength to a band lower in energy at 1206 cm−1 (labeled c1 in Figure 2c) 198 
in I−∙HOCl. For both X = Cl and I, this extra band lies very close to the calculated v = 0 → 2 overtone 199 
transition associated with the out-of-plane (oop) frustrated rotation of the HOCl moiety relative to the X-200 
O axis (denoted 2𝑣,,-$) with displacements illustrated schematically at the top right of Figure 2. The 201 
observation that one of the features lies close to the harmonic value for 2𝑣,,-$, and that it retains its large 202 
intensity as its frequency is tuned through the vicinity of the bend fundamental (𝑣$%01

'()*), rule out intensity 203 
borrowing through mechanical anharmonicity as the primary cause for the unusually strong oscillator 204 
strength for this feature. The  2𝑣,,-$ overtone transitions were also found in the X

−∙HOD spectra (green 205 
in the right panel of Figure 2) with intensities that were traced to the modulation of the large intra-206 

Figure 3. (a) Partial charges on the nominal Cl− moiety 
derived from an NBO analysis of electronic wave 
functions obtained at the MP2/aug-cc-pVTZ level of 
theory/basis and (b) one-dimensional potential surfaces 
as a function of the displacement of the shared H atom 
(𝑟!") with the Cl−∙∙∙O distance fixed at the equilibrium 
length for Cl−∙HOCl (red) and Cl−∙HOD (black). The 
energies of the v = 0 and 1 levels of each OH stretching 
mode are indicated with solid lines, and the classical 
turning points associated with the v = 1 levels are 
indicated by color-coded dashed vertical lines. The 
distortion in the Cl−∙HOCl potential near 1.6 Å reflects 
the “shelf” arising from intra-cluster frustrated proton 
transfer (FPT).  
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complex charge-transfer contribution in the equilibrium configuration upon displacement along the oop 207 
coordinate. This motion rotates the OH group off-axis, effectively breaking the strongly directional H-208 
bond and therefore inducing relaxation of the charge back onto the X− atom. This effect has been 209 
analyzed at length,6 and the large associated changes in the dipole moments along the X-O axes give rise 210 
to surprisingly strong v = 0 → 2 overtone transitions in the 𝑣,,-$ and in-plane rotation (𝑣2-) modes. This 211 
is a manifestation of electronic anharmonicity, where the quadratic dependence of the dipole moment on 212 
nuclear displacements drives the transition moments for IR excitation. The strongly directional hydrogen 213 
bond is also responsible for the shift of 𝑣$%01 to higher frequencies as the interaction with the smaller 214 
halide ion increases. Explicit details of the relative contributions to the fundamentals and overtones are 215 
presented in Section S5 of the Supplementary Material.  216 

Table I. Assignments of experimentally observed frequencies (cm−1) for the X−∙HOCl complexes, accurate to 
within ± 4 cm−1. Labels correspond to those indicated in Figures 2 (a)-(c).  

Label Assignment Cl−∙HOCl Br−∙HOCl I−∙HOCl 
a1, c2 OH Bend 1396 -- 1341 
a2 OH Bend + In-Plane HOCl Rotation 1493 -- -- 

a3, b1, c1 H Out-of-Plane Overtone 1564 1399 1206 
𝑣%$" Bound OH Stretch 2385 2603 2903 
a4, b2, c4 Bound OH Stretch + In-Plane HOCl 

Rotation 
2490 2685 2974 

a5, b6, c5 Bound OH Stretch + Ion-HOCl Stretch 2696 2841 3100 
a6, b3/b4/b5, c3 OH Bend Overtone 2788 2782a 2642 

𝑣$! H2 Stretch 4079 4090 4106 
a value taken as the centroid of the triplet observed at 2758, 2768, and 2790 cm−1. 

Table II. Calculated vibrational frequencies (cm−1) for the X−∙HOCl complexes determined at the MP2/aug-cc-
pVTZ level of theory/basis with VPT2 anharmonic correction. Calculated spectra were empirically shifted to 
recover the experimentally observed positions of the bound OH stretch and out-of-plane bend overtone 
transitions as described in Section S3 of the Supplementary Material. Unshifted values are reported in Figures 
S6 and S7. Intensities (km/mol) are listed in in paratheses next to each value. Values with E and M subscripts 
denote transitions that are allowed by primarily electronic or mechanical anharmonicity, respectively, 
determined by the ratio of the electronic contribution to the transition moment to the mechanical contribution 
based on analysis of the deperturbed levels, as described in Section S3 of the Supplementary Material. 
Transitions with E:M ratios greater than 3/2 are assigned E, while those less than 2/3 are assigned M. The E/M 
label indicates that the transition moment arises from both electronic and mechanical contributions in roughly 
equal proportion. The intensities of transitions to states with one quantum of excitation are well-captured by a 
linear dipole/harmonic oscillator approximation and are not labeled. Cases where mixing of the deperturbed 
states leads to a change in the intensity of more than a factor of two are labeled with F subscripts.  

Label Assignment Cl−∙HOCl Br−∙HOCl I−∙HOCl 
𝑣$%01 OH Bend 1398 (48) 1368 (4)F 1346 (36) 

𝑣$%01 + 𝑣2- OH Bend + In-Plane HOCl Rotation 1497 (5.7)E 1454 (3.6)E 1418 (1.3)E 
2𝑣,,-$ H Out-of-Plane Overtone 1563 (141)E/M 1398 (121)E 1207 (50)E 
𝑣%$" Bound OH stretch 2384 (2577) 2602 (1863) 2903 (1912) 

𝑣%$" + 𝑣2- Bound OH Stretch + In-Plane HOCl 
Rotation 

2495 (114)M 2675 (6.3)M 2978 (181)M 

𝑣%$" + 𝑣%3 Bound OH Stretch + Ion-HOCl Stretch 2697 (93)M 2842 (180)F 3116 (4.7)M 
2𝑣$%01 OH Bend Overtone 2816 (177)F 2809 (549)F 2609 (247)F 
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 To investigate the magnitudes of the 217 
electronic anharmonicities expected for the 218 
X−∙HOCl systems, we calculated the vector 219 
contributions to the dipole moment as a 220 
function of displacements along the out-of-221 
plane coordinate (𝑄44/), with the results 222 
presented in Figure 4. In the Cartesian axes 223 
defined in the inset of Figure 4a, the dipole 224 
moment perpendicular to the bond, 𝜇5%, in 225 
the direction out of the plane defined by the 226 
equilibrium structure, is observed to depend 227 
linearly on 𝑄44/ (Figure 4a). On the other 228 
hand, the component parallel to the O∙∙∙Cl− 229 
axis, 𝜇∥&, displays a quadratic dependence on 230 
𝑄44/ (Figure 4b). The third component, 𝜇∥' 231 

(y-axis), which is also in the heavy atom 232 
plane, is nearly zero for Cl−∙HOD and is an 233 
order of magnitude smaller than the x-234 
component in Cl−∙HOCl as shown in Figure 235 
S5. Note that the magnitude of the change in 236 
𝜇∥& 	is much larger for the HOCl complexes 237 
than for HOD, which is again consistent with 238 
the larger degree of charge transfer at the 239 
equilibrium geometry, while the change in 240 
𝜇5% is only slightly larger for the HOD 241 
complex. The strong halide dependence of 242 
the 𝑣,,-$ frequency is evident in the 2𝑣,,-$ 243 
bands in the X−∙HOD complexes (green in 244 
Figures 4c, 4e, and 4g), while the bend 245 
fundamental (𝑣$%+, blue) is only weakly 246 
dependent on the halide. The response of the 247 
𝑣,,-$ mode thus directly reflects the 248 
stronger H-bonds in the lighter halides that 249 
act to stiffen the force constants for the out-250 
of-plane vibrations. With the X−∙HOD 251 
behavior in mind, it is straightforward to 252 
assign the strongly halide-dependent bands 253 
in the X−∙HOCl complexes (green in Figures 254 
4d, 4f, and 4h) to the 2𝑣,,-$transitions, 255 
while those that appear close to the neutral 256 
HOCl bend are due to the bend fundamentals 257 
of the HOCl moieties (𝑣$%01, blue).  258 

 

Figure 4. Dependence of the 𝜇-$ (a) and 𝜇∥% (b) vector 
components of the electric dipole moment as a function of 
displacements along the out-of-plane frustrated rotation, 𝑄//0, 
for Cl−∙HOCl (red) and Cl−∙HOD (black). The 𝑄//0 coordinate 
and x, y, and z axes are defined by the inset in (a). The 
expanded OH bending region of the experimental X−∙HOD 
(left) and X−∙HOCl (right) spectra are reproduced from Figure 
2 in (c)-(h), along with corresponding inverted stick spectra 
calculated at the MP2/aug-cc-pVTZ level of theory/basis with 
VPT2 anharmonic correction. Calculated spectra were 
empirically shifted to recover the experimentally observed 
positions of the  2𝑣##$" transition as described in section S3 
of the Supplementary Material. Calculated spectra without 
this shift are included in Figure S6.  
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 Closer inspection of the calculated anharmonic behavior of the X−∙HOCl complexes in the 259 
bending region indicates that the v = 2 levels of the 2𝑣,,-$ mode and the v = 1 level of the HOCl bend, 260 
which both have 𝐴′ symmetry, are coupled through a Fermi interaction. The approximate magnitude of 261 

this effect is encoded in the 7
!
𝐹44'𝑄44/! × 𝑄'*"8 cubic term in the Taylor expansion of the potential 262 

energy. Incorporation of this term in a degenerate perturbation theory calculation yields coupling matrix 263 
elements of 9, 13 and 17 cm-1, respectively (see Table III) for Cl, Br and I. In contrast to the prototypical 264 
situation where the overtone transition has a small cross section, both the unperturbed 𝑣$%01 and 2𝑣,,-$ 265 
transitions are calculated to occur with significant intensities. In the Cl−∙HOCl case, the oop overtone 266 
transition carries about three times the intensity of that calculated for the bend fundamental (see Table 267 
II). This results in an interference term that alters the distribution of oscillator strength among the two 268 
bands that result from excitation of the perturbed excited state levels. To gauge how this effect impacts 269 
the observed spectra, the calculated zero-order 2𝑣,,-$ level was shifted to recover the observed position 270 
of this band in the spectra for each of the X−∙HOCl complexes, and the Fermi analysis was repeated using 271 
the calculated zero-order 𝑣$%01 and Fermi coupling constant. This procedure recovers the intensities of 272 
the two bands in the Cl−∙HOCl and I−∙HOCl complexes (green and blue inverted bars in Figures 4d and 273 
4h; the spectra obtained without this shift are provided in Figure S6). Interestingly, this procedure 274 
predicts that the transition moment to one of the two transitions is effectively cancelled by the 275 
interference term (inverted blue 𝑣$%01 bar in Figure 4f), accounting for the fact that only one band is 276 
observed for the Br−∙HOCl complex in the bending region (as opposed to being a case of accidental 277 
degeneracy). As such, we report in Table II the expected frequency of the fundamental that is too weak to 278 
be observed here. Note that the deperturbed levels (i.e., calculated energies used in the 2 × 2 Fermi 279 
analysis) yield a smooth evolution of the zero-order bends (decreasing from Cl to I) similar to that 280 
observed for X−∙HOD, while the observed transitions in HOCl are nearly identical in the Cl and Br spectra 281 
and then red-shift in the I complex.  282 

 Close inspection of Figure 4d reveals that there is one additional feature in the Cl−∙HOCl 283 
spectrum in the bending region (orange) that is anticipated by the VPT2 calculation. This feature is traced 284 
to the combination band involving excitation of the bending fundamental along with one quantum of the 285 
in-plane frustrated rotation (𝑣$%01 + 𝑣./). This is again similar to the situation encountered in X−∙HOD 286 
clusters, and arises due to the strong dependence of the electric dipole surface on both the HOD bending 287 
and the in-plane displacement of the OH group.6 As such, this represents a case where the oscillator 288 
strength for a band forbidden in the double harmonic approximation is activated by electronic 289 
anharmonicity. Having assigned the 2𝑣,,-$transitions, we note that there is a pronounced anti-correlation 290 
between the frequencies of the 𝑣,,-$ and 𝑣%$"	fundamentals. In particular, as the stronger interactions 291 
with the acid act to lower the bound OH stretching potentials due to the emergence of the FPT shelf (see 292 
Figure 3b), these stronger bonds are harder to break by modes whose displacements are perpendicular to 293 
the bond, and thus lead to blue-shifts in the oop fundamentals (as evidenced by the observed behavior of 294 
the overtones).  295 
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IIID. Multiplet structures near the bound OH 296 
stretching fundamentals 297 

 We next address the X−∙HOCl band 298 
patterns observed in the region of the strong 299 
𝑣%$"	fundamentals near 2700 cm

−1. The 300 
appearance of extra bands in this region have 301 
been analyzed in the X−∙H2O, X−∙HOD, and 302 
X−∙D2O spectra, and are remarkably complex 303 
in the case of the I−∙H2O system reported in 304 
2020.52 The dominant effect here is the 305 
strong Fermi-type resonance interaction 306 
between the 𝑣%$"	 and the v = 2 level of the 307 
corresponding OH bend, which in water 308 
occurs with a characteristic matrix element 309 
of about 35 cm−1.53 In the X−∙HOD series, 310 
this accounts for the enhancement of the OH 311 
bend overtones (2𝑣$%+, blue in Figures 2d 312 
and 2e) near 3000 cm−1. The increase in the 313 
2𝑣$%+ band intensity from X = Br to Cl 314 
occurs because the 𝑣%$"	fundamental is 315 
lowered in the Cl−∙HOD complex, bringing 316 
its v = 1 level closer in energy to the v = 2 317 
level of the bend. In addition to the 318 
bend/stretch Fermi resonances, the OH 319 
stretching bands in X−∙HOD also occur with 320 
weaker combination bands associated with 321 
the ion-water stretching (𝑣%3) and in-plane 322 
frustrated rotation (𝑣2-) soft modes. Because 323 
the fundamentals of these modes are 324 
typically out of the range of table-top IR 325 
laser systems such as that used here, the 326 
combination bands are particularly useful 327 
because they provide benchmarks for 328 
intermolecular potentials that describe the 329 
ion-molecule interactions. In the X−∙H2O 330 
series, for example, this procedure provided 331 
values for all six fundamentals.54 332 

 Turning to the X−∙HOCl series, the 333 
analysis in Section IIIB regarding the 334 
assignments of the intramolecular HOCl 335 
bending levels provides information  336 

 

Figure 5. Expanded region of the bound OH stretching 
fundamentals for the H2-tagged (a) Cl−∙HOCl, (b) Br−∙HOCl, 
and (c) I−∙HOCl binary complexes. The corresponding 
inverted stick spectra calculated at the MP2/aug-cc-pVTZ 
level of theory/basis with VPT2 anharmonic correction (see 
Section S3 of the Supplementary Material for details) are 
presented below each experimental spectrum in (a)-(c). 
Calculated spectra were empirically shifted to recover the 
experimentally observed positions of the  𝑣!"! transition. 
Calculated spectra without this shift are included in Figure 
S7. The approximate energies of the v = 2 OH bending level 
in the harmonic limit (calculated as 2 × the experimental 
𝑣"!'( value for Cl−∙HOCl and I−∙HOCl, and 2 × the 
theoretical 𝑣"!'( value from Figure 4 for Br−∙HOCl) are 
indicated by the black 2 x 𝑣"!'(	arrows. The multiplet 
structure of Br−∙HOCl (grey rectangle) is expanded as an inset 
in (b).  
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Table III. 𝐻1,+23 matrix elements coupling the 𝑣!"! v = 1 and 𝑣"!'( v = 2 levels (shaded grey) and between the 337 
𝑣"!'( v = 1 and 𝑣##$" v = 2 levels (unshaded) of the X

−∙HOCl complexes, generated from the cubic terms in the 338 
expansion of the potential energy. Experimental values were determined empirically by fits to a 2 × 2 Fermi 339 
Resonance model as previously described55 (peak fits are provided in Figure S8), while calculated values were 340 
generated in the VPT2 method used in Table II. Citations for experimental values obtained in previous studies are 341 
included in the table entry.  342 

Species Experiment (cm-1) 
𝑣!"! × 2𝑣"!'( 

Theory (cm-1) 
𝑣!"! × 2𝑣"!'( 

Theory (cm-1) 
𝑣"!'( × 2𝑣##$" 

Cl−∙H2O 3353 38 -- 
Cl−∙HOD 6256 78 -- 
Cl−∙HOCl 66 88 9 
Br−∙H2O 30 41 -- 

Br−∙HOD 87 82 -- 
Br−∙HOCl 88 102 13 

I−∙H2O 37 44 -- 
I−∙HOD -- 86 -- 
I−∙HOCl 99 116 17  

 343 

necessary to estimate the patterns of levels that occur near the 𝑣%$" fundamentals (red in Figure 2). We 344 
begin the spectral decomposition by approximating the energy of the v = 2 OH bending level in the 345 
harmonic limit (2 × 𝑣$%01	) using the experimentally measured position of 𝑣$%01 for Cl and I

−∙HOCl and 346 
the calculated position of 𝑣$%01 from Figure 4 (blue) for Br−∙HOCl. These values are included as black 347 
arrows in Figure 5, and it is clear that these levels effectively cross over the v = 1 levels of the bound OH 348 
stretch, becoming nearly degenerate in the Br complex. This behavior is, in fact, remarkably similar to 349 
that of Br−∙H2O,56 where the nominal 𝑣%$"	fundamental appears as a doublet with nearly equal intensity in 350 
each member, split apart by about 60 cm−1. Because in this case the zero-order 2𝑣$%$ carries very little 351 
oscillator strength, the splitting immediately reveals the 𝐻9*):. coupling matrix element to be ~30 cm−1 352 
as discussed above. The Br−∙HOCl spectrum is more complex in that it displays a multiplet structure with 353 
a cluster of overlapping peaks near 2800 cm−1. Because the zero-order levels are far apart in the Cl and 354 
I−∙HOCl complexes, a similar 2 × 2 deperturbation scheme to recover the separation and relative 355 
intensities of the observed 𝑣%$"	(red) and 2𝑣$%01 (blue) transitions yields effective 𝐻9*):. values of 66 356 
and 99 cm−1, which are included in Table III. Like the case in the X−∙HOD spectra, weaker peaks appear 357 
above the dominant 𝑣%$"	features in the X

−∙HOCl spectra. The displacements of these above the 358 
𝑣%$"	fundamentals and their relative intensities are accurately recovered by an anharmonic VPT2 359 
analysis, as indicated by the inverted bars in Figures 5a and 5c. These are assigned to combination bands 360 
between 𝑣%$"	v = 1 and one quanta of the in-plane rotation (𝑣2-,	orange) and ion-HOCl stretching 361 
(𝑣%3,	pink) motions. The band positions are collected in Table I and provide useful estimates of the soft 362 
mode fundamentals presented in Table IV.    363 



12 
 
 

 Finally, we address the more complex interactions in play near the 𝑣%$"	fundamental of the 364 
Br−∙HOCl complex (Figure 5b). To estimate the order of magnitude of the couplings, we first carried out 365 
a simple 2 × 2 deperturbation scheme by considering the zero-order bright 𝑣%$"	transition interacting 366 
with an effective dark partner that manifests as the centroid of oscillator strength in the observed multiplet 367 
structure near 2800 cm−1. This procedure yields an effective 𝐻9*):. matrix element of 88 cm−1, which is 368 
indeed intermediate between those found for the other two systems (66 and 99 cm−1 for Cl and I, 369 
respectively) and included in Table III. Quantitative analysis of these interactions, however, requires 370 
treatment of the many levels involved as evidenced by the many transitions activated in this region. The 371 
occurrence of such multiplet structures in Fermi resonances are common,2, 57 and result when several 372 
levels are in close proximity. One contribution to these arises in the Br−∙HOCl case because the bend 373 
fundamental is also engaged in a Fermi resonance interaction with the proximal 2𝑣,,-$ level. 374 
Consequently, three levels (4𝑣,,-$, 2𝑣$%01, and 𝑣$%01 + 2𝑣,,-$) now appear close to the 375 
𝑣%$"	fundamental in a classic example of a Fermi “polyad”.

58 We therefore used our VPT2 code to 376 
explore the couplings among the nearly degenerate levels in Br−∙HOCl in the region of 𝑣%$"	. The details 377 
of this analysis are presented in Section S3 of the Supplementary Material. To allow for comparison 378 
with the measured spectrum, the 𝑣$%01 + 2𝑣,,-$  and 4𝑣,,-$ energy levels were estimated using the 379 
2𝑣,,-$ value obtained in the analysis of the bend. This procedure recovers three transitions in the 380 
calculated Br−∙HOCl spectrum with significant intensity, which are assigned to the 4𝑣,,-$, 2𝑣$%01, and 381 
𝑣$%01 + 2𝑣,,-$ transitions, and which fall close to the three closely spaced transitions in the observed 382 
spectrum. While the splittings among these peaks are roughly three times as large as those in the reported 383 
spectrum, this fine structure is expected to be very sensitive to both the magnitude of the Fermi coupling 384 
constant and the zero-order energies of the states. The existence of three transitions where only one is 385 
expected further supports the impact of the near degeneracy between 𝑣$%01 and 2𝑣,,-$ in the lower 386 

Table IV. Experimental (theoretical) vibrational frequencies of the fundamental IR transitions of X−∙HOCl 
complexes. In cases where experimental values are unavailable, only the theoretical values are shown. Theoretical 
values were determined at the MP2/aug-cc-pVTZ level of theory/basis with VPT2 anharmonic correction and 
when the values of the calculated energies of the 𝑣!"! and 2𝑣##$" transitions were empirically shifted to recover 
the experimentally observed positions as described in Section S3 of the Supplementary Material.  

Label Assignment Cl−∙HOCl Br−∙HOCl I−∙HOCl 
𝑣2- In-Plane HOCl Rotation 105a (103) (83) 71a (71) 
𝑣%3 Ion-HOCl Stretch 311a (282) (235) 197a (199) 
𝑣%;01 O–Cl Stretch (771) (767) (666) 
𝑣,,-$ H Out-of-Plane Rotation 782b (782c) 700b (699c) 603b (604c) 
𝑣$%01 OH Bend 1396 (1398) (1368) 1341 (1346) 
𝑣%$" Bound OH Stretch 2385 (2384) 2603 (2602) 2903 (2903) 

a Value estimated as the difference between its experimentally observed combination with	𝑣!"! and the 
𝑣!"!fundamental itself. 

b Value estimated as half the experimentally observed v = 0 → 2 overtone transition.  

c Theoretical value estimated as half the shifted v = 0 → 2 overtone transition reported in Table II. 
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frequency region of the spectrum. Finally, this analysis also recovers a fourth transition with appreciable 387 
IR intensity that is assigned to 𝑣%$"	 + 𝑣%3, which is in good agreement with the feature observed at 2841 388 
cm−1.   389 

 As was found to be the case in the I−∙H2O system, part of the pervasive multiplet character of the 390 
bands near the 𝑣%$"	fundamental arise from combination bands built on the bend overtone that fall near 391 
the v = 0 level of the OH stretch, and also undergo a Fermi resonance interaction with the 𝑣%$" v = 1 392 
level, but with a much smaller matrix element. As with the Cl and I complexes, the Br−∙HOCl spectrum 393 
displays weaker bands displaced above the main features that are assigned to the in-plane rotation and 394 
ion-molecule translations and are included in Table IV. Note that the trends in these soft modes—395 
decreasing from Cl to Br to I with values of 105 and 311, 83 and 235 (calculated), and 71 and 197 cm−1, 396 
respectively—are in keeping with the qualitative picture of the H-bond becoming stronger and more 397 
directional for the smaller halides.  398 

IV. SUMMARY 399 

 Anharmonic analysis of the vibrational band patterns displayed by the cryogenically cooled, H2-400 
tagged X−∙HOCl, (X = Cl, Br and I) complexes indicates that both electronic and mechanical 401 
anharmonicities contribute on a similar scale to the intensities of “extra bands” that occur across the 402 
vibrational spectrum. These nominally forbidden IR transitions gain oscillator strength due to intrinsic 403 
properties of the strong anionic H-bond. Specifically, the directionality of this interaction is associated 404 
with unusually large charge transfer (CT) along the acidic OH displacement toward the halide ion, which 405 
enhances the intensities and red shifts of the acidic OH stretch fundamentals for the smaller and more 406 
basic halide ions. Soft mode displacements that act to break this H-bond generate surprisingly strong 407 
overtones because these motions modulate the CT contribution. On the other hand, the strength of the 408 
anharmonic coupling (Fermi resonance) between the v = 1 level of the OH stretch and the v = 2 level of 409 
the intramolecular HOCl bend is similar to that found in the more weakly interacting X−∙H2O systems, as 410 
evidenced by the characteristic matrix elements required to recover observed behavior in a simple 411 
(reduced dimensionality) interaction model.  412 

 413 

SUPPLEMENTARY MATERIAL 414 

See the Supplementary Material for detailed descriptions of the experimental setup, HOCl sample 415 
preparation, and additional computational details.  416 
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