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Abstract 6 

Velocity-map ion imaging has been used to study the vibrational predissociation dynamics of HCl 7 

dimer following IR excitation in the HCl stretch overtone region near 1.77 Å.  HCl monomer 8 

predissociation products were detected state-selectively using 2+1 resonance-enhanced 9 

multiphoton ionization spectroscopy.  The IR action spectrum show the free HCl stretch (2ν1), the 10 

bound HCl stretch (2ν2), and a combination band involving the intermolecular van der Waals 11 

stretching mode (2ν2+ν4).  Fragment speed distributions extracted from ion images obtained for a 12 

range of HCl(v = 0, 1; J) levels following vibrational excitation on the 2ν1 and 2ν2 bands yield the 13 

correlated product pair distributions.  All product pairs comprise HCl(v = 1) + HCl(v = 0) and show a 14 

strong propensity to minimize the recoil kinetic energy.  Highly non-statistical and mode-dependent 15 

HCl product rotational distributions are observed, in contrast to that observed following stretch 16 

fundamental excitation.  Predissociation lifetimes are also mode-dependent: excitation of the free HCl 17 

leads to τVP = 13±1 ns, while the bound stretch has a shorter lifetime τVP ≤ 6 ns.  The dimer dissociation 18 

energy determined from energy conservation, D0 = 397±7 cm–1, is slightly smaller than previously 19 

reported values.  The results are discussed in the context of previous observations for (HF)2 and 20 

(HCl)2 after excitation of HX stretch fundamentals and models for vibrational predissociation. 21 

  22 
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Introduction 23 

Hydrogen-bonded clusters have received a great deal of attention due to interest in their vibrational 24 

dynamics and predissociation behavior.1–5  Hydrogen halide dimers in particular have served as 25 

prototypical systems for examining intermolecular forces and hydrogen bonding.  In these simple 26 

systems, energy transfer following mode-specific vibrational excitation is inefficient, leading to 27 

remarkably long lifetimes and highly non-statistical product state distributions.5,6  Detailed studies 28 

of dimer spectroscopy and vibrational predissociation dynamics are key to obtaining a better 29 

understanding of hydrogen-bonded networks in condensed phases and biological systems. 30 

Ohashi and Pine recorded the first rotationally resolved spectrum of (HCl)2 in the mid-IR using a long 31 

pathlength cooled cell under low pressure conditions;7 they later inferred the dissociation energy to 32 

be D0 = 431±22 cm–1 from IR transition intensities.8  The spectrum suggested that the HCl monomer 33 

units undergo rapid interconversion tunneling.  Further insight into the (HCl)2 tunneling dynamics 34 

was provided by far-infrared absorption studies reported by both Blake et al.9,10 and Mozzen-Ahmadi 35 

et al.11,12 as well as coherent anti-Stokes Raman spectroscopy (CARS) studies by Furlan et al.,13 who 36 

estimated a large ground state tunneling splitting of ~14.9 cm–1 and a substantially smaller 37 

fundamental HCl stretch tunneling splitting of ~3.4 cm–1.  Schuder et al.14–16 later refined the 38 

rotational constants and interconversion tunneling frequencies for the free (ν1) and bound (ν2) HCl 39 

stretches of both (HCl)2 and (DCl)2 using a jet-cooled sample and high-resolution IR absorption 40 

spectroscopy.  Combination bands of the van der Waals stretch (ν4), geared bend (ν5), and torsional 41 

(ν6) modes have been reported and characterized by Fárnıḱ et al.17,18 in the HCl stretch fundamental 42 

region.  The experimental measurements have been accompanied by extensive ab initio calculations 43 

characterizing the potential energy surfaces for (HCl)2 and larger clusters.19–28 44 

A handful of experimental studies have explored the vibrational predissociation dynamics of the HCl 45 

dimer in the fundamental stretching region.  Valentini and co-workers used stimulated Raman 46 
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excitation to excite ν1 and ν2 and probed the resulting HCl monomer fragments using resonance-47 

enhanced multiphoton ionization (REMPI).29,30  Photofragment recoil velocities were measured by 48 

displacing the pump and probe beams by a known distance,31 and a refined value of the dissociation 49 

energy of D0 = 439±1 cm–1 was determined from energy conservation, a value that is in excellent 50 

agreement with the value of 431±1 cm–1 later calculated by Mancini et al.28  Predissociation lifetimes 51 

were found to be in the range 16–46 ns, with slower rates observed following excitation of the free 52 

HCl stretch, ν1.  The correlated HCl(v = 0, J) + HCl(v = 0, J) fragment rotational distributions showed a 53 

strong tendency to minimize recoil and maximize rotational excitation of the products.  Vissers et al. 54 

obtained similar results using photofragment translational spectroscopy while complementary six-55 

dimensional quantum calculations on the ES1–EL potential energy surface19,20 predicted 56 

predissociation lifetimes and product state distributions that agreed qualitatively with 57 

experiments.32  Vibrational predissociation of the more strongly bound (HF)2 dimer (D0 = 1062±1 58 

cm–1) after excitation of HF stretch fundamentals is similar, although a greater propensity for 59 

formation of high-J–low-J product pairs is observed and lifetimes are shorter.33 The broader product 60 

rotational distributions and longer lifetimes observed in (HCl)2 vibrational predissociation indicate 61 

a far less rigid structure, consistent with its larger tunneling splittings.14,34   62 

Despite numerous spectroscopic studies of the fundamental region, the first overtone region has 63 

been neglected.  Wittig and co-workers used IR cavity ring-down spectroscopy (CRDS) to record 64 

spectra of the 2ν1 band of (HCl)2 in a slit-jet expansion.35  The H35Cl–H37Cl and H37Cl–H35Cl 65 

heterodimers remain distinguishable in the overtone spectrum indicating that interconversion 66 

tunneling is substantially quenched by HCl stretch vibrational excitation.  This phenomenon has also 67 

been observed for both first and second overtone excitation of the HF stretching modes in (HF)2.34,36–68 

38  Vibrational predissociation of (HCl)2 following excitation in the HCl stretch overtone region has 69 

only been the (indirect) subject of a single study.  Liu et al. examined vibrationally-mediated 70 

photodissociation of (HCl)2 at 193 nm, measuring the total kinetic energy release using high-n 71 
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Rydberg H-atom time-of-flight spectroscopy.39  The fastest moving H atoms observed at long IR–UV 72 

delays were attributed to photolysis of highly internally excited HCl(v = 0, J = 20, 21) produced by 73 

vibrational predissociation.  Picconatto et al. subsequently investigated the 193 nm 74 

photodissociation of “untagged” (HCl)2.40  Without IR excitation, HCl products were formed almost 75 

exclusively in v = 0 with very little rotational excitation – the most populated level was J ≈ 2.  The 76 

apparent conversion of two quanta of vibrational excitation into monomer product rotation was 77 

surprising but these interesting observations have not been explored further. 78 

Here, we present the results of infrared action spectroscopy and velocity-map ion imaging 79 

experiments characterizing the vibrational predissociation dynamics of (HCl)2 in the HCl stretch 80 

overtone region near ~5650 cm–1 (~1.77 μm).  IR action spectroscopy using 2+1 REMPI detection of 81 

HCl predissociation products has been used to identify the 2ν1 and 2ν2 overtone bands and the 2ν2+ν4 82 

combination band of (HCl)2.  Ion images have been recorded for a range of HCl(v = 0, 1; J) 83 

predissociation products following excitation on the 2ν1 and 2ν2 overtone bands, yielding correlated 84 

product pair state distributions. 85 

Experimental methods 86 

Experiments were performed in a velocity-map imaging (VMI) mass spectrometer that has been 87 

described in detail previously.41  Briefly, HCl dimers were prepared in a supersonic expansion of 5% 88 

HCl in Ar (Airgas) from a stagnation pressure of 2 atm using a pulsed valve (General Valve, Series 9).  89 

The expansion was skimmed to produce a molecular beam, which was intersected by counter-90 

propagating tunable IR pump and UV probe beams.  The IR beam was generated using an optical 91 

parametric oscillator (OPO) system (Continuum Mirage 3000) pumped by a seeded Nd:YAG laser 92 

(Continuum Powerlite Precision 8010).  While the OPO can produce single-mode output, only the 93 

non-resonant oscillator (NRO) and optical parametric amplifier (OPA) stages were pumped in the 94 

current experiments, providing a spectral linewidth of 4 cm–1 (FWHM).  Average pulse energies in 95 
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the range 1.80–1.75 μm (5580–5700 cm–1) were 10–13 mJ.  The UV probe beam detected 96 

predissociation products via 2+1 REMPI and was generated by frequency doubling in BBO the visible 97 

output of a Nd:YAG-pumped dye laser (Continuum Surelite II–10, Quanta-Ray PDL-3) operating with 98 

Coumarin 480 or 500 dyes (Exciton).  The probe laser produced UV pulses with a linewidth of 3 cm–99 

1 (FWHM) and typical pulse energies of ~1 mJ.  The IR pump and UV probe laser beams were focused 100 

at the center of the ionization region of the mass spectrometer using f = 250 mm fused silica lenses.  101 

For most measurements, the pump-probe time delay was fixed at 40 ns.  Various IR-enhanced HCl 102 

REMPI transitions were observed in the vicinity of the E–X(0,0) and V–X(10,0)  bands between 103 

239.7–240.8 nm and on the F–X(0,1) band between 250. 0–251.1 nm.  Product ions were accelerated 104 

by a stack of velocity-mapping electrodes towards a position-sensitive dual microchannel 105 

plate/phosphor screen assembly (Photonis, 40 mm diameter) and CCD camera (Basler A312f).  The 106 

resulting images were analyzed using the polar onion-peeling method.42  IR action spectra of (HCl)2 107 

were recorded with the UV probe laser fixed on a background-free HCl REMPI transition and 108 

monitoring the magnitude of the m/z = 35 and 36 peaks (35Cl+ and H35Cl+) in the mass spectrum while 109 

scanning the IR pump wavelength.  The IR wavelength was calibrated by monitoring depletion of 110 

selected F1Δ2–X1Σ+(0,0) REMPI signals while scanning over the P(1), R(0) and R(1) rovibrational 111 

transitions of the first overtone band at 5647 cm–1, 5688 cm–1, and 5706 cm–1.   112 

Results and Analysis 113 

Initial measurements monitored depletion of the HCl monomer 2+1 REMPI signal as the IR 114 

wavelength was scanned and were used both to calibrate the IR OPO output wavelength and to 115 

quantify its bandwidth.  Subsequently, the IR laser frequency was tuned to the peak of the sharp Q 116 

branch of the 2ν1 band at 5656 cm–1 that was previously reported by Liu et al.35  With the IR laser 117 

fixed at this frequency, the UV probe laser wavelength was scanned over a section of the Q branch of 118 

the E1Σ+–X1Σ+(0,0) band.  The appearance of several additional lines in the REMPI spectrum and the 119 
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enhancement of others only when the IR pump laser preceded the UV probe laser confirmed 120 

predissociation.  The REMPI spectra will be discussed in detail below, but in summary all the 121 

additional background-free lines observed in IR+UV experiments can be assigned to high-J levels of 122 

both v = 0, 1.  Spectroscopic assignment of the background-free REMPI transitions is challenging as 123 

spectroscopic constants derived from jet-cooled spectra are unable to accurately predict transition 124 

frequencies for high-J levels.  The relatively poor wavelength reproducibility of the dye laser 125 

compounds this difficulty.  Conclusive assignments are made possible, however, by analysis of the 126 

ion images, which characterize the speed/translational energy and definitively identify the co-127 

fragments.  Since all product pairs identified comprise one HCl(v = 0, J) monomer and one HCl(v = 1, 128 

J), they are labelled as HCl(J0,J1), where the subscripts indicate the vibrational quantum number.  The 129 

results of IR action spectroscopy, HCl product REMPI spectroscopy, and velocity-map ion imaging 130 

experiments will be described in turn below. 131 

1. Infrared Action Spectroscopy 132 

The IR action spectrum in the HCl stretch overtone region is shown in Figure 1.  The spectrum was 133 

recorded by monitoring total m/z = 36 (H35Cl+) REMPI signal at a two-photon wavenumber of 83583 134 

cm–1 while repeatedly scanning the IR laser over the range 5580–5700 cm–1.  The REMPI line is 135 

labeled as C in Figure 2 and was selected as one of the strongest background-free lines in the IR+UV 136 

REMPI spectrum.  With knowledge of the photofragment speeds obtained from ion imaging 137 

experiments discussed below, it could be conclusively established that this transition originates in 138 

the J1 = 12 level.  Although it will not be discussed further, we note here that the relative magnitudes 139 

of the features in the IR action spectrum depend on the particular HCl product quantum state probed, 140 

suggesting strongly mode-specific predissociation dynamics. 141 

The strongest vibrational band in Figure 1 is observed at 5656 cm–1 and is assigned to the 2ν1 Ka = 142 

1←0 sub-band of the (H35Cl)2 homodimer based on the CRDS spectrum of Liu et al.35  While the 143 
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underlying rotational branch structure is unresolved due to the 4 cm–1 bandwidth of the IR laser, the 144 

equivalent 2ν1 Ka = 1←0 sub-band of the H35Cl–H37Cl heterodimer appears as a shoulder at lower 145 

frequency.  The appearance of another weaker band at 5646 cm–1 is consistent with the energy 146 

spacing between the Ka = 1←0 and 0←0 sub-bands reported for the (HCl)2 fundamental.14  A similar 147 

pair of features are seen at 5597 cm–1 and 5607 cm–1.  The 10 cm–1 separation is consistent with 148 

assignment to the Ka = 1←0 and 0←0 sub-bands and they are assigned to the donor HCl stretching 149 

(2ν2) mode of the (H35Cl)2 homodimer.  The weak shoulder on the 2ν2 Ka = 0←0 sub-band located at 150 

5592 cm–1 is attributed to the H35Cl–H37Cl heterodimer.   151 

Scanning the IR laser to the blue of the 2ν1 transition revealed two new features at 5671 and 5683 152 

cm–1.  The shift of ~75 cm–1 from the 2ν2 band is consistent with the frequency for ν4 determined from 153 

high-resolution IR absorption spectroscopy of the ν2+ν4 combination band in the fundamental region 154 

by Fárnıḱ et al.18  We tentatively assign these features to the Ka = 0←0 and 1←0 sub-bands of the 155 

2ν2+ν4 combination band based on the frequency shift.  We note however, that this assignment 156 

requires that the 2ν2+ν4 combination band originate in the lower tunneling level; in contrast, the 157 

detailed spectroscopic analysis of Fárnı́k et al. showed that the ν2+ν4 combination bands originated 158 

exclusively in the upper tunneling level.18   159 

2. REMPI spectroscopy of HCl fragments 160 

2+1 REMPI spectra of HCl were recorded over a section of the Q branch of the E1Σ+–X1Σ+(0,0) and the 161 

Q and P branches of the F1Δ2–X1Σ+(0,1) bands (238.8–239.7 nm and 251.0–250.0 nm, respectively).  162 

The UV only spectrum shown at the bottom of Figure 2 results from background HCl(J0) monomer.  163 

These lines are readily assignable to the Q and O branches of the E–X(0,0) band and the S(0) 164 

transition of the V–X(0,0) band, based on PGOPHER43 simulations using rotational constants reported 165 

by Green et. al.44  Transitions originating in J0= 0–2 are far more intense and indicate a molecular 166 

beam temperature of ~12 K.  The small residual population in higher rotational levels J0 = 3–7 can be 167 
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characterized by an approximate rotational temperature of ~200 K.  In contrast, the F–X(0,1) region 168 

is free of any detectable UV-only signal from HCl monomer. 169 

IR+UV REMPI spectra of the E–X(0,0) Q branch region are shown in Figure 2, following excitation of 170 

the 2ν1 Ka = 1←0 sub-band at 5656 cm–1 and the 2ν2, Ka = 0←0 sub-band at 5597 cm–1.  In both cases, 171 

the IR laser bandwidth means that a range of J levels are excited.   For convenience, these bands will 172 

be referred to simply as 2ν1 and 2ν2, and we neglect any effects of pumping the dimer to different Ka 173 

and J levels.  The IR+UV spectra show marked enhancement of the E–X(0,0) Q(3)–Q(8) transitions 174 

and the degree is clearly dependent on the vibrational mode excited.  For example, the Q(3), Q(6), 175 

and Q(7) lines show similar increases over background following 2ν1 and 2ν2 excitation.  The Q(4) 176 

line doubles in intensity after 2ν1 excitation, but displays more modest change after 2ν2 excitation.  177 

The intensity of the Q(5) line is almost unchanged from the UV only background in both IR+UV 178 

spectra.  Seven additional lines are also observed in the IR+UV REMPI spectra in this region.  Three 179 

of these lines can be readily assigned to the Q(7), Q(8), and Q(9) transitions of the V1Σ+–X1Σ+(16,1) 180 

band based on simulations using published spectroscopic constants.44,45  The lines labeled B, C, and F 181 

in Figure 2 could not be definitively assigned in this manner, although significant ion fragmentation 182 

to form Cl+ suggests that they likely result from excitation to 1Σ+ states.44  The quantum states in which 183 

these transitions originate can be identified, however, through analysis of the speed distributions 184 

derived from the ion images.  The assignments will be fully justified below, but here we simply state 185 

that line B results from J0 = 11, line C probes J1 = 12, and line F arises from J0 = 13 products.  186 

Figure 3 shows 2+1 REMPI spectra of the F1Δ2–X1Σ+(0,1) band obtained with the IR tuned to the 2ν1 187 

and 2ν2 bands.  The ion yields were much lower in this region and the spectra are noisier than those 188 

shown in Figure 2 despite more signal averaging during acquisition, presumably due to a less 189 

favorable Franck-Condon factor.  A strong, unresolved Q branch with a band head at J = 14 is evident 190 

in the IR-induced spectra at 79960–79985 cm–1.  The cluster of lines in the range 79700–79800 cm–191 

1 are high-J transitions of the P branch.  Small m/z = 35 (Cl+) signals underlie the P(13), P(11) and 192 
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low-J Q branch transitions and are attributed to overlapping transitions to an unidentified 1Σ+ state.44  193 

In contrast, ionization via the F1Δ2 state does not result in any significant fragmentation.  The relative 194 

intensities of the P branch lines are different following initial excitation of the 2ν1 or 2ν2 bands.   195 

3. Ion imaging 196 

Representative ion images obtained by monitoring HCl in the J1 = 11–14 levels following initial 197 

excitation of the 2ν1 and 2ν2 modes of (HCl)2 are displayed in the upper portion of Figure 4.  The ion 198 

images display distinct isotropic rings and are characteristic of both the product quantum state 199 

probed and the particular overtone excited.  Radial distributions are extracted from the ion images 200 

using the polar onion peeling approach and converted to speed distributions using a pixel-to-speed 201 

conversion factor of 6.089 m s–1 pixel–1.  The conversion factor was determined using calibration 202 

images of S(1D) obtained following photolysis of OCS at 235 nm and Cl(2P3/2) obtained from Cl2 203 

photolysis at 355 nm; both calibration measurements yielded consistent conversion factors.  The 204 

fragment recoil speed distributions are also shown in Figure 4, below the respective ion images.  205 

Recoil speeds are modest, with most discernable features, corresponding to formation of different 206 

quantum states of the undetected HCl(J0) monomer, having speeds less than ~400 m s–1.  For the J1 = 207 

11–14 product levels, 2ν2 excitation tends to lead to fewer features in the speed distributions, 208 

indicating a slightly narrower range of co-fragment product states. 209 

The recoil speed distributions directly determine the correlated product pair distributions.  From 210 

energy conservation: 211 

ℎ𝜈IR − 𝐷0 = 𝐸V,R(𝐽0, 𝐽1) + 𝐸T (1) 

where hνIR is the vibrational excitation energy, D0 is the dimer dissociation energy, EV,R(J0,J1) is the 212 

rovibrational energy of the HCl(J0,J1) product pair, and ET is the recoil translational energy.  The 213 

rovibrational term values for HCl are known to sub-wavenumber precision45,46 and state-selective 214 
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REMPI detection precisely defines the contribution to EV,R(J0,J1) of the level probed.  Consequently, 215 

the spacings between features in the speed distributions are directly related to the energy level 216 

spacing in the undetected HCl co-product. 217 

Dissociation energy of (HCl)2.  Previous measurements have determined D0 values of 431±22 cm–1 218 

and 439±1 cm–1 for (HCl)2.8,30  These experimental results are in excellent agreement with a more 219 

recent theoretical value of 431±1 cm–1 calculated by Mancini et al.27,28]  However, recoil speeds for 220 

different product pair combinations calculated using the more precisely determined experimental D0 221 

values were incompatible with the observed speed distributions.  The discrepancies between the 222 

observed and calculated recoil speeds shown in Figure 4 imply a significant error in the available 223 

energy following predissociation.  While one potential cause of the discrepancy is error in the pixel-224 

to-speed calibration factor, which would introduce an error in ET, we find that unreasonably large 225 

changes (>20%) would be necessary to achieve agreement.  The revised calibration factor would be 226 

inconsistent with both independent calibration measurements.  Another possible source of error is 227 

the IR photon energy.  However, since the IR laser was calibrated by REMPI depletion measurements 228 

that involved scanning the IR frequency over well-known rovibrational transitions of the HCl 229 

monomer overtone band, we are confident that it is no larger than the laser bandwidth.  Considering 230 

the terms in equation (1), the only remaining source of error is the previously reported value of D0.   231 

A non-linear least-squares fit was used to optimize D0 by minimizing the root mean square 232 

differences between calculated speeds for each product pair in the distribution and the measured 233 

average speeds.  The speed distributions were fit to sums of Gaussian functions each with fixed 234 

FWHM of 30 m s–1 (~5 pixels), characteristic of the experimental resolution, and the amplitudes and 235 

average speeds (peak centers) allowed to float.  The D0 fit was repeated for a total of fourteen 236 

different speed distributions for which spectroscopic assignments of the probed level could be made 237 

with confidence.  Specifically, transitions probing J1 = 7–9 and J1 = 11–14 following vibrational 238 
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excitation of both 2ν1 and 2ν2 bands were used in the fit.  Consistent values of D0 were obtained with 239 

an average value of 397±7 cm–1 (1σ uncertainty).  As can be seen in Figure 4, the new smaller value 240 

of D0 reproduces all the features in the observed speed distributions and allows definitive assignment 241 

of the unidentified lines in the IR+UV REMPI spectra.  Possible reasons for the discrepancy between 242 

the D0 values obtained in this work and previously will be discussed below.   243 

Assignments of unidentified REMPI features.  Using the new, smaller value of D0, the identities of 244 

the levels probed by the unidentified REMPI lines labeled B, C, and F in Figure 2 can be determined.  245 

The observed features in the speed distributions are readily matched to energetically allowed co-246 

fragment HCl(Jv) levels.  Ion images obtained probing on lines B and F are shown in Figure 5 along 247 

with their respective speed distributions and co-fragment assignments.  Line B can be assigned to a 248 

REMPI transition that originates in J0 = 11, with the undetected co-fragment being formed in J1 = 7–249 

9.  Similarly, feature F is definitively assigned to a transition probing J0 = 13, with the speed 250 

distributions indicating co-fragments formed in J1 = 3–6.  Satisfactory reproduction of the speed 251 

distribution obtained probing line C, which was used to measure the IR action spectrum shown in 252 

Figure 1, was obtained by assuming either J0 = 20 or J1 = 12 products.  The rovibrational terms for 253 

these levels are 4489 cm–1 and 4480 cm–1, respectively, hence both assignments are plausible, within 254 

the precision of the measurements, with HCl(J0 = 6–8) co-products,.  However, the speed distribution 255 

obtained from the line C ion image is the same as that obtained probing on the F1Δ2–X1Σ+(0,1) P(12) 256 

transition shown in Figure 4 with regard to both peak heights and positions.  Consequently, we favor 257 

the J1 =12 assignment. 258 

Correlated product pair and overall state distributions.  The speed distributions directly identify 259 

the rotational distribution of the co-fragment formed in conjunction with the particular level probed.  260 

Most of the 2+1 REMPI transitions used for imaging probe HCl(J1) product levels and the speed 261 

distributions directly provide the state correlated HCl(J0) distributions.  While in principle, the HCl(v 262 
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= 1) rotational population distribution, P(J1), can be derived from the 2+1 REMPI spectra of the F–263 

X(0,1) band shown in Figure 3, empirical correction factors needed to convert REMPI signal 264 

intensities to populations are not known.  Previously, Rudić et al. have determined correction factors 265 

for R-branch transitions of the F–X(0,0) band system with a room temperature sample but only for 266 

levels with J ≤ 11.47,48  The small Boltzmann populations in high-J levels and spectral congestion from 267 

transitions of the d3Π0–X1Σ+, D1Π–X1Σ+, f3Δ2–X1Σ+ and V1Σ+–X1Σ+(9,0) band systems make 268 

measurements of correction factors for the P-branch of the F–X(0,0) band impractical.  Instead, we 269 

adopt an alternative approach to extract the populations that takes advantage of previous work 270 

finding J-independent correction factors (or assumed so) for the Q-branch of the E–X(0,0) band28,49,50 271 

and the pair-correlations that are determined unambiguously from the ion images. 272 

The starting point is noting that the IR enhancements of the E–X(0,0) Q(3)–Q(7) lines shown in Figure 273 

2 directly reflect the increased populations in the J0 = 3–7 levels resulting from vibrational 274 

predissociation of the HCl dimer.  We have assumed J-independent REMPI correction factors, in line 275 

with previous work.28,49,50  Ion images acquired while probing high-J1 levels via the F–X(0,1) band 276 

show that J1 = 14 is formed in conjunction with J0 = 2, 3, 4; J1 =13 is formed with J0 = 4, 5, 6; and so on.  277 

Correspondingly, images acquired probing J0 = 4 products on the Q(4) line (for example) show only 278 

features that correspond to J1 = 13, 14.  The relative J0 populations observed while monitoring high-279 

J1 levels can therefore be used as a simple basis and by varying the relative J1 = 11–14 populations 280 

the Q-branch enhancements (i.e. the J0 = 3–7 populations) can be reproduced.  The effective empirical 281 

correction factors for the F–X(0,1) band derived in this way show that the detection sensitivity 282 

monotonically decreases for J1 > 11.  We assume unity for the few transitions from lower J1 levels and 283 

propagate an estimated uncertainty of 20%.  The V–X(16,1) spectrum in Figure 2 can be used to 284 

determine the relative populations in the J1 = 7–9 levels and consequently the J0 = 10–12 partners.  285 

Again, J-independent correction factors are assumed, 50 which is consistent with the constant Cl+:HCl+ 286 

fragmentation ratio observed in the spectra.  The relative F–X(0,1) and V–X(16,1) band strengths are 287 
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unknown, but the presence of common product levels in each spectral region can be used to scale the 288 

populations derived from each spectrum.  Transitions originating in J1 = 7, 9 are used following 2ν1 289 

excitation and J1 = 8 following 2ν2 excitation to determine the scaling factors; in both cases the values 290 

are the same within the uncertainty of the measurements.  Finally, lines B and F, identified as 291 

transitions to an unknown 1Σ+ state and originating in J0 = 11 and J0 = 13, respectively, determine the 292 

relative populations in the J1 = 3–9 levels.  For all lines, the REMPI signal intensities were corrected 293 

for contributions from any underlying or unresolved REMPI transitions that manifest as additional 294 

features in the speed distributions.  The overall P(J0) and P(J1) population distributions are self-295 

consistent, indicating that the majority of the product population has been identified.   296 

The correlated product pair distributions, P(J0,J1) obtained following excitation to 2ν2 and 2ν1 are 297 

shown as intensity plots in Figure 6 and Figure 7, respectively.  The product pair distributions appear 298 

as curved bands extending from high-J1 and low-J0 pairs at the bottom right corner to low-J1 and high-299 

J0 pairs in the top left corner.  The rapid decrease in intensity indicates that the latter are strongly 300 

disfavored for predissociation via both stretch overtones.  Almost all product pairs have J1 > J0 301 

following excitation of either the bound or free HCl stretch overtones of the dimer.  The regions in 302 

the upper right corners comprise energetically inaccessible product pairs while the absence of 303 

population below the bands indicates that pairs with less rotational excitation (and consequently 304 

higher translational energy) are not populated.  Summing horizontally or vertically gives the overall 305 

rotational distributions P(J0) or P(J1), which are shown as bar charts.  The product pair populations 306 

and their associated uncertainties are presented quantitatively in Table 1 and average values of J1, J0, 307 

and |ΔJ| (where ΔJ = J1 – J0), compiled in Table 2, are identical within measurement uncertainty.   308 

An alternative view of the product pair population distributions is presented in Figure 8, where ΔJ 309 

(assumed to be equivalent in magnitude to the recoil orbital angular momentum, ΔJ = –L) is plotted 310 

against the recoil translational energy, ET.  Accessible product pairs are shown as dots, while detected 311 

pairs are represented as circles, with areas proportional to their populations.  The ET axes for 2ν1 and 312 
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2ν2 excitation are offset to account for the different amount of available energy (EAVL = 5259 cm–1 or 313 

5199 cm–1, respectively) such that identical (J0,J1) pairs overlap.  Figure 8 highlights some key 314 

features of the product pair populaltion distributions.  All detected product pairs have ET < 600 cm–1 315 

and the vast majority have ΔJ > 0.  Following 2ν1 or 2ν2 excitation, the average translational energy 316 

has values ⟨ET⟩ ≈ 90 cm–1 or 60 cm–1, indicating that only 1–2% of the available energy is partitioned 317 

into translation.  The product pair distributions determined following 2ν1 and 2ν2 excitation are 318 

similar, although a few additional pairs are available for the former as a result of the larger EAVL.  For 319 

the majority ΔJ > 0 population, sequences comprising constant values of J1 form upward-curving arcs 320 

as J0 decreases.  Along these arcs, the observed population generally decreases monotonically.  For 321 

example, the maximum population in the (J0,14) sequences occurs for the highest energetically 322 

accessible value of J0, corresponding to (4,14) for 2ν1 and (3,14) for 2ν2, and decrease as J0 decreases.  323 

The same trend also holds for product pairs comprising J1 = 11, 12, and 13.  This trend is less distinct 324 

for the minority ΔJ < 0 population, where the equivalent sequences of pairs with constant J0 and 325 

decreasing J1 form downward-curving arcs in the lower half of the figure.  Figure 8 also highlights 326 

which product pairs are not observed.  While the (J0, 14) pairs account for almost half of the observed 327 

products, the (14,J1) pairs , which would have smiliar low-ET values are not observed at all.  Other 328 

high-J0 levels also contribute only marginally.  No product pairs with |ΔJ| >12 are observed, and small 329 

values are also disfavored, although in that case the larger differences in ET between successive 330 

members of the sequence means that compartively few pairs are accessible.   331 

4. Time dependence 332 

Vibrational predissociation lifetimes, τVP, of the 2ν1 and 2ν2 states have been determined by 333 

measuring the dependence of the HCl REMPI signal as a function of time delay between the IR pump 334 

and UV probe pulses.  The time resolution of the measurements is limited by the temporal profile of 335 

the laser pulses, which have FWHM of ~6 ns.  Transient ion yields were measured for various 336 
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background free transitions in the E–X (0,0) region.  The resulting time-dependent profiles were fit 337 

to the product of a single exponential rise and Heaviside step function, convoluted with a Gaussian 338 

function to mimic the instrument resolution.51  Excitation of the acceptor HCl stretch overtone 2ν1 339 

led to a measurable time dependence – the vibrational predissociation lifetime is τVP = 13±1 ns (1σ 340 

uncertainty).  In contrast, predissociation lifetime after excitation of the donor stretch 2ν2 was 341 

shorter than the instrument resolution, leading to an upper limit of τVP < 6 ns.  No J dependence could 342 

be identified. 343 

Discussion 344 

Overtone spectrum of (HCl)2.  The HCl stretch overtone of (HCl)2 has been the subject of far less 345 

attention than the fundamental, with only the cavity ring-down spectrum of Wittig and co-workers 346 

appearing in the literature.35  Jensen et al.52 performed calculations on a six-dimensional ab initio 347 

potential energy surface to predict band origins of 5643 and 5609 cm–1 for the 2ν1 and 2ν2 modes, 348 

respectively, which are in reasonably good agreement with the experimental 2ν1 and 2ν2 band origins 349 

of 5656 cm–1 and 5597 cm–1.  The calculated transition dipole moments suggest the free HCl stretch 350 

overtone, 2ν1, is approximately three times stronger than the bound HCl stretch overtone, 2ν2.52  The 351 

observed intensities in the IR action spectrum shown in Figure 1 cannot be compared directly 352 

without taking into account the HCl product state distributions resulting from the vibrational 353 

predissociation.  The IR action spectrum was obtained probing J1 = 12 and analysis of the population 354 

distributions (Figure 6 and Figure 7) show that the J1 = 12 populations after excitation of 2ν1 and 2ν2 355 

are the same within error (15±3 and 10±4, respectively, expressed as percentages).  Consequently, 356 

the factor of two difference in the 2ν1 and 2ν2 integrated peak areas can be related directly to the 357 

relative transition strengths, which is in good agreement with the calculations. 358 

The highest frequency features in the IR action spectrum at 5671 cm–1 and 5683 cm–1 are assigned to 359 

the Ka = 0←0 and Ka = 1←0 sub-bands of the 2ν2+ν4 combination band, based on frequencies reported 360 
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by Fárnıḱ et al.18  Four ν2+νn combination bands involving low frequency intermolecular modes of 361 

(HCl)2 (plus those due to isotopologues) were observed in high-resolution spectra and assigned to 362 

the van der Waals stretch (ν4) and geared bend motion (ν5).  Three out of four of the assignments 363 

were based on transitions originating from the upper tunneling level (permutation-inversion 364 

symmetry label B+), which lies ~15 cm–1 above of the lower (A+) level.  Using a 3D quantum 365 

mechanical model, transition moments from the A+ level were calculated to be 40 times weaker than 366 

corresponding transitions from the B+ level, which was proposed to be a consequence of the 367 

extremely floppy nature of the dimer.  In contrast, for the more rigid HF dimer several of the 368 

equivalent combination bands were observed originating from both tunneling components by 369 

Anderson et al.,53 with the exception of the ν2+ν4 band, which was still only observed from the B+ 370 

level.  Interestingly, our 2ν2+ν4 assignment only holds true if the transition originates from the lower 371 

tunneling state, suggesting that the relative intensities of overtone transitions originating from the 372 

A+ state are larger.  Application of the model used by Fárnıḱ et al.18 to predict vibrational transition 373 

moments may shed light on the effects that can arise from overtone excitation.  Higher resolution 374 

spectroscopic measurements would certainly allow for definitive assignments of the (HCl)2 375 

combination bands in this region of the spectrum. 376 

Value of D0.  The bond dissociation energy of 395±7 cm–1 found in this work is ~40 cm–1 smaller than 377 

the theoretical value of 431±1 cm–1 calculated by Mancini et al., which is in excellent agreement with 378 

previously reported experimental values for HCl dimer (the calculations also agree well with 379 

experimental measurements of D0 for the HCl trimer).28  Pine and Howard determined a value of D0 380 

= 431±22 cm–1 for (HCl)2 from measured temperature-dependent IR line-strengths.8  The value was 381 

later refined by Valentini and coworkers,30,31 who used position-sensitive translational spectroscopy 382 

(POSTS) to directly measure the translational energy of HCl product pairs to obtain a more precise 383 

value of D0 = 439±1 cm–1.  The POSTS method utilizes counterpropagating pulsed lasers (pump + 384 

probe) that are spatially separated by a known distance and fixed time delay.54  By physically 385 
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scanning the distance between the pump and probe beams over hundreds of μm, the fragment spatial 386 

distributions and ultimately recoil velocities are measured.  Product translational energies are 387 

obtained from simulations of the POSTS data that require precise knowledge of the time delay and 388 

spatial coordinates.  While temporal jitter of the laser beams and uncertainties in spatial alignment 389 

can lead to errors, the temporal jitter of < 1 ns and the reported spatial uncertainty of ±2 μm would 390 

give rise to a small uncertainty in the speed of ~3 m s–1, corresponding to the shortest time delay (0.8 391 

μs) and smallest distance (300 μm).  As in the velocity-map imaging measurements, the experimental 392 

observable in POSTS is the recoil speed distribution.  In the current measurements, D0 is determined 393 

directly from the radii of rings in the ion images and does not require precise knowledge of the time 394 

delay or spatial overlap between the two laser beams.  As discussed earlier, potential sources of error 395 

in the VMI experiments arise from uncertainty in the pixel-to-speed calibration factor or the IR 396 

photon energy, neither of which are significant enough to account for the difference.  Equation (1) 397 

neglects internal energy of the parent dimer and excitation of a hot band or high-J levels would lead 398 

to an apparent reduction in D0.  While incomplete cooling in the expansion is a possibility, this 399 

explanation is unsatisfactory.  The same value of D0 was determined following excitation of both 2ν1 400 

and 2ν2 implying that the same hot band (or J levels) would have to be responsible at both IR 401 

excitation wavelengths, which seems improbable.  Also, there are no internal degrees of freedom that 402 

provide the required ~40 cm–1 of additional energy.  The frequencies of the intermolecular 403 

vibrational modes (ν3–ν6) determined from analysis of combination bands are too large (>60 cm–1) 404 

while the tunneling splitting is too small (~15 cm–1).  The presence of sufficiently high-J levels (J ≈ 405 

25) would result in broadened vibrational bands in spectrum, beyond the limitation of the laser 406 

bandwidth.  The discrepancy in D0 values appears, therefore, to be systematic but its origin is unclear.   407 

Correlated product pair distributions.  The ion imaging measurements characterize 22 distinct 408 

product pairs resulting from 2ν1 predissociation and 20 from predissociation of 2ν2.  In all pairs 409 

identified, one of the HCl monomer products retains one quantum of vibrational excitation.  This 410 
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observation is consistent with Ewing’s selection rules for vibrational predissociation, which state 411 

that the change in effective quantum numbers is minimized.55  In contrast, earlier experiments by 412 

Wittig and co-workers suggested the surprising result that vibrational predissociation of overtone 413 

excited (HCl)2 led to the formation of highly rotationally excited HCl(J0 = 20, 21),39 for which energy 414 

conservation requires that the co-fragment be formed in v = 0.  We find no conclusive evidence to 415 

support (J0,J0) pair formation following overtone predissociation of the HCl dimer.  The most likely 416 

candidate in the 2+1 REMPI spectra is line C (indicated in Figure 2), for which J0 = 20 and J1 = 12 are 417 

equally plausible assignments.  However, the relative magnitudes of the features in the speed 418 

distribution corresponding to the J0 = 6, 7, 8 partner fragments are the same as those observed when 419 

probing J1 =12 unambiguously on the F–X(0,1) P(12) transition.  Formation of J0 = 21 limits the 420 

partner monomer to J0 ≤ 4.  The large background signals from residual monomer in the molecular 421 

beam makes probing low-J levels in v = 0 challenging but images obtained using the E–X(0,0) Q(3) 422 

and Q(4) transitions show no rings that could be attributed to J0 = 21 co-fragments.  In principle, 423 

REMPI detection of products is a more straightforward approach than that used in the earlier 424 

experiments, in which the H atoms produced by 193 nm photolysis of dimers, vibrationally excited 425 

dimers, and predissociation products were detected.  Predissociation of the intermediate resonant 426 

states may well hinder direct detection of very high-J product levels, however. 427 

The complete HCl(J0,J1) product pair population distributions shown in Figure 6, Figure 7, and Figure 428 

8 have qualitatively the same shape for 2ν1 and 2ν2 predissociation, with a propensity to minimize 429 

the total translational energy release and form pairs with J1 > J0.  For all product pairs observed, the 430 

fraction of the available energy partitioned into translation, fT = ⟨ET⟩/EAVL < 0.02.  The detailed P(J0,J1) 431 

distributions for 2ν1 and 2ν2 excitation are somewhat distinct, however, which contrasts with the 432 

lack of mode-dependence observed by Valentini and co-workers after excitation of ν1 and ν2.29,30  The 433 

linear surprisal analysis performed by Ni et al.30 on the P(J0,J0) distributions obtained following 434 

fundamental excitation resulted in a surprisal parameter of 39±5 for both ν1 and ν2, indicating large 435 
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deviation from the statistical prior.  An equivalent analysis of the overtone data yields even larger 436 

positive surprisal parameters of 64±8 (2ν1) and 53±12 (2ν2), indicating even greater (and mode-437 

specific) deviations from the statistical prior distribution and an even greater propensity for energy 438 

disposal into rotational motion rather than translation.  However, the prior distribution is evaluated 439 

using three translational degrees of freedom and does not conserve angular momentum.56  These 440 

deficiencies are corrected in phase space theory (PST), which correctly reduces the translational 441 

degrees of freedom to two and satisfies angular momentum conservation.  Figure 9 compares the 442 

observed product pair distributions, plotted as P(ET), for 2ν1 excitation, with the calculated statistical 443 

prior PST distributions.  The results for 2ν2 excitation are almost identical.  The statistical calculations 444 

are constrained to only show (J0,J1) product pairs, which are calculated to account for only ~19% of 445 

the total distribution.  The experimental product state distributions deviate significantly from both 446 

statistical models and show strong dynamical bias for energy disposal into rotational motion rather 447 

than translation.   448 

The probability of formation of (J0,J1) product pairs can also be described using a simple momentum-449 

gap model, as applied by Ni et al. in their analysis of predissociation via the stretch fundamentals:30 450 

𝑃(𝐽0, 𝐽1) = exp(−𝜇𝜈𝐽0,𝐽1
/𝑎) (2) 

Here, μ is the reduced mass, 𝑣𝐽0,𝐽1
 is the recoil velocity of the particular (J0,J1) pair, and 𝑎  is a 451 

normalization constant.  A comparison of the experimental P(J0) and P(J1) distributions after 2ν1 and 452 

2ν2 excitation with the predictions of the momentum-gap model is shown in Figure 6 and Figure 7, 453 

respectively.  The momentum-gap model predicts broader P(J0) and P(J1) distributions than those 454 

observed experimentally.  Specifically, it underpredicts the population in high-J1 levels, and 455 

overpredicts the population in high-J0 levels.  As can be seen in Figure 8, accessible product pairs that 456 

would result in similarly modest ET values are conspicuously absent (literarily, the dogs that did not 457 

bark) or strongly disfavored.  The momentum-gap law does not distinguish between pairs with high-458 
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J1 that are observed and pairs with high-J0 that are not.  Other disfavored low-ET pairs appear to be 459 

those that would result in either very large or very small values of |ΔJ|.  For the former, the constraint 460 

is likely due to limitation on the orbital angular momentum, since ΔJ = –L.  Large values of ΔJ require 461 

formation of either J1 or J0 levels that are near the limit of available energy, leaving insufficient energy 462 

available for recoil to generate enough compensatory orbital angular momentum.  For small values 463 

of |ΔJ|, the accessible pairs are sparse, since both J0 and J1 must be similar in magnitude and relatively 464 

large to minimize ET. 465 

The quenching of interconversion tunneling suggests the dimer structure becomes more rigid after 466 

HCl stretch overtone excitation, and one might expect the dynamics to show similarities to the 467 

predissociation of (HF)2.34  Product pair distributions resulting from vibrational predissociation of 468 

(HF)2 after excitation of the HF stretch fundamentals have been measured by Bohac et al.33  While the 469 

rotational distributions also showed a strong propensity for small ET, they could not be described by 470 

either a linear surprisal analysis or the momentum-gap model.  Rather, the P(J0,J0) distributions 471 

showed a propensity for formation of low-J0–high-J0 pairs, while J0 ≈ J0 pairs were suppressed.  The 472 

(HF)2 predissociation data show statistically significant positive correlations between P(J0,J0) and 473 

|ΔJ|, the absolute value of the difference in J0 values for each pair.  The low-J0–high-J0 pair propensity 474 

was interpreted as being a result of an impulsive dissociation in which the H-bond donor HF 475 

experiences a larger torque and becomes the high-J0 product, while the acceptor HF experiences a 476 

small torque and becomes the low-J0 fragment.  Overtone excitation of (HCl)2 leads to product pair 477 

distributions that show similar correlations between P(J0,J1) and |ΔJ|.  A key difference, however, is 478 

that excitation of the fundamental stretches in (HF)2 restricts products to the vibrational ground state 479 

and renders the donor/acceptor indistinguishable while overtone excitation results in one fragment 480 

retaining one quantum of vibration.  Within the impulsive model, one might expect 2ν2 excitation to 481 

result in the donor being formed in v = 1 and the acceptor in v = 0, leading to pairs with (J1 > J0), and 482 

vice versa for 2ν1 excitation (J1 < J0).  Since almost all product pairs are formed with J1 > J0 for both 483 



22 

overtones, there appears to be no obvious association between the vibrationally excited fragment 484 

and its role as either donor or acceptor.  Trajectory calculations exploring the vibrational 485 

predissociation of (H2O)2 after excitation of the donor OH stretch fundamental have shown that the 486 

donor and acceptor moieties switch roles multiple times prior to dissociation,57 which occurs with a 487 

time constant of 80 ps.  It is highly likely that similar interchange of donor and acceptor occurs in the 488 

(HCl)2 after overtone excitation, for which the predissociation lifetimes are significantly longer. 489 

McCaffery and co-workers have developed a model for collision-induced rotational and vibrational 490 

energy transfer,58 and subsequently extended it to describe vibrational predissociation.59  The model, 491 

which is rooted in classical mechanics, is based on linear to angular momentum interconversion via 492 

the short range repulsive part of the intermolecular potential.  Diatomic molecules are modeled as 493 

hard ellipses, with parameters determined from bond lengths.  The model has successfully been used 494 

in various contexts, including modeling the product rotational distributions arising from vibrational 495 

predissociation of various weakly bound dimers.60–62  Here, we apply it qualitatively to overtone 496 

predissociation of HCl dimer with the simplifying assumption that dissociation leads to counter 497 

rotation of the HCl monomers i.e. the orbital angular momentum of the products is equal and opposite 498 

to the difference between the rotational angular momenta for the H-bond acceptor and donor 499 

fragments: 500 

Δ𝐽 = 𝐽d − 𝐽a = −𝐿 (3) 

Trajectory calculations exploring the vibrational predissociation of (H2O)2 have found J–J 501 

correlations that indicate the fragment J vectors are preferentially antiparallel.57  Following the 502 

approach taken for rotational transfer in diatom-diatom collisions,63 we can write two separate “A-503 

equations” for the angular momentum generated in the H-bond acceptor and donor: 504 

𝐽a = 𝜇𝑣r𝑏n,a
max (4a) 
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𝐽d = 𝜇𝑣r𝑏n,d
max (4b) 

Here, μ is the reduced mass, vr is the threshold or channel-opening velocity, and 𝑏n
max  are the 505 

maximum torque-arms for the H-bond acceptor and donor.  The orbital angular momentum is 506 

determined by the sum of the torque-arms:63 507 

𝐿 = 𝜇𝑣r(𝑏n,d
max + 𝑏n,a

max) (5) 

The “E-equation” for vibrational predissociation is given simply by: 508 

Δ𝐸𝐽0,𝐽1
=

1

2
𝜇𝑣r

2 
(6) 

where Δ𝐸𝐽0,𝐽1
 is the energy gap from the initially excited dimer to a specific (J0,J1) product pair. 509 

While the energy conserving threshold velocities are readily calculated using known HCl term values, 510 

the slopes of the A-plots depend on the values of 𝑏n
max.  To estimate 𝑏n

max, the monomers are modeled 511 

as hard ellipses with semi-major and semi-minor axes related by a = 2b; the length of the semi-major 512 

axis a is chosen to be equal to either the equilibrium bond length (re = 1.297 Å) or the outer turning 513 

point of a vibrationally excited HCl molecule, which has been found empirically to be appropriate for 514 

vibrational predissociation.59  Outer turning point values of rmax = 1.393 Å, 1.496 Å, and 1.576 Å were 515 

calculated for v = 0, 1, and 2 using LeRoy’s program RKR1,64 with Dunham coefficients reported by 516 

Rank et al.45  Figure 10  shows the dimer geometry, optimized at the MP2/aug-cc-pVDZ level of theory 517 

using NWCHEM,65 and identifies the coordinate system.  As a heteronuclear diatomic, HCl has two 518 

effective maximum torque-arms (corresponding to impulse at the H and Cl ends of the molecule).  If 519 

the angle θ is defined relative to the y-axis (minor axis) as shown in Figure 10, then 𝑏n
max can be 520 

calculated using:66   521 



24 

𝑏n
max = |

[(𝑎2 − 𝑏2) sin 𝜃 − 𝑎𝑥0] cos 𝜃

√𝑎2 cos2 𝜃 + 𝑏2 sin2 𝜃
| 

(7) 

The ellipse is centered at the mid-point of the HCl bond, and x0 is the displacement of the center of 522 

mass towards the Cl atom.  The dependence of 𝑏n
max and θ on the angle α (the angle between the bond 523 

axis and the center of mass recoil) are shown Figure 10.  Optimum values for 𝑏n
max for the donor and 524 

acceptor fragments are summarized in Table 3 alongside lower values that reflect the calculated 525 

dimer equilibrium geometry.  As noted earlier, interchange of the donor and acceptor on the 526 

predissociation timescale is likely.  The terms donor and acceptor are used here to refer to the 527 

fragments that access the long and short torque arms, respectively.   528 

Figure 11 shows a velocity-angular momentum (vr–J) plot for HCl dimer predissociation after 529 

excitation of the donor stretch overtone, 2ν2; the equivalent diagram for 2ν1 is very similar and 530 

modified only by the slight increase in EAVL and choice of values for 𝑏n
max .  The A-plots for the donor 531 

and acceptor have been evaluated using the largest possible torque-arms of 𝑏n,d
max = 0.95 Å and 𝑏n,a

max 532 

= 0.22 Å, which corresponds to use of the outer turning point for v = 2 and v = 0 , respectively.  Use of 533 

smaller values of the effective torque-arms that would be appropriate for the equilibrium geometry 534 

reduces the A-plot slopes (the effect is more dramatic for the acceptor).  The E-plots are calculated 535 

for (J0,J0) and (J0,J1) products using rotational term values.  The backward-arching shape is typical for 536 

vibrational predissociation and the E-plot for formation of (J0,J1) products terminates at the energetic 537 

threshold, where J0 or J1 = 14, while that for (J0,J0) extends to J0 = 21.  In both E-plots, the partner is 538 

implicitly formed in J = 0.  For the donor (long torque arm), predissociation is energetically 539 

constrained for all but the highest Jd product levels (the E-plot lies at larger values of vr than the A-540 

plot).  Simultaneously satisfying energy conservation requires a reduction in the effective torque-541 

arm, which suppresses low-Jd channels in particular.  For the acceptor fragment (short torque arm), 542 

linear to angular momentum conversion becomes the dominant constraint beyond Ja = 9 for (J0,J1) 543 

products and Ja = 14 for (J0,J0) products.  Reduction of 𝑏n,a
max has a significant effect on the slope of the 544 
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acceptor A-plot and implies imposition of an even more stringent angular momentum constraint.  The 545 

most probable product channels are those that most easily satisfy both angular momentum and 546 

energy requirements.  For (J0,J0) pairs the vr–J plot suggests that Jd ≈ 20 is most probable, while for 547 

(J0,J1) pairs, Jd ≈ 13 is most likely.  Based on the experimental observations, Jd corresponds to J1 548 

(although the constraints are the same for J0) since but it is clear that only the long torque-arm is able 549 

to generate the high-J1 levels observed experimentally. 550 

The vr–J plot can be used to rationalize why (J0,J0) pairs are not observed experimentally (pace Liu et 551 

al.39).  As noted by McCaffery and Marsh in their discussion of the predissociation of van der Waals 552 

complexes of OH with various partners,59 vibrational excitation of one of the fragments can serve as 553 

a sink for a large fraction of EAVL and significantly reduces the angular momentum load.  We also show 554 

in Figure 11 a reduced E-plot for Ja products where the co-fragment is in Jd = 20 (such high J levels 555 

are inaccessible via the shorter acceptor torque-arm).  The shallow acceptor A-plot indicates an 556 

upper limit of Ja ≤ 5 (and much lower for smaller values of 𝑏n,a
max that would be more representative 557 

of the dimer geometry) and consequently requires a lower limit product orbital angular 558 

momentumof |L| = |Jd – Ja| ≥ 15.  Significant variation in the dimer geometry such that both monomer 559 

fragments can access the longer torque-arm would have only a small effect of reducing the lower 560 

limit to |L| ≥ 13.  The intermolecular potential is likely insufficiently anisotropic to generate such 561 

large values of L when using the combined torque-arm defined in Equation 7 and formation of (J0,J0) 562 

product pairs are strongly suppressed.  We note that (J0,J1) product pairs with values of ΔJ > 11 are 563 

observed to have minimal populations (see Figure 8) and the average value is only ~8 (see Table 2).   564 

Focusing first on 2ν2 excitation, almost all experimentally observed (J0,J1) product pairs have J1 > J0, 565 

as shown in Figure 8.  The difference in the slopes of the A-plots suggests that it is the donor fragment 566 

that must be formed with the larger value of J.  The product pair with the greatest population is (6,13) 567 

and Figure 11 shows the reduced E-plot obtained when J1 = Jd =13.  The reduced E-plot suggests that 568 

only J0 = Ja ≤ 4 channels are accessible if angular momentum is generated via the acceptor torque-569 
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arm.  However the (4,13) pair is formed with a population more than ten times smaller than (6,13), 570 

and (J0,13) pairs with lower values of J0 are not observed, a trend that can be justified by the 571 

momentum-gap law.  The vr–J plot implies that generation of J0 = 5, 6 requires the system to access 572 

the longer torque arm, which may indicate signifcant rearrangement prior to predissociation and is 573 

consistent with interchange of the donor and acceptor fragments.  In general, however, comparison 574 

of the overall P(J1) and P(J0) product state distributons shown in Figure 7 with the vr–J plot shown in 575 

Figure 11 suggests a correspondence between J1 and Jd and between J0 and Ja.  The cluster of most 576 

populated J1 levels are consistent with the Jd channels that most readily satisfy energy and angular 577 

momentum constraints.  Similarly, the most populated J0 levels broadly coincide with the most 578 

accessible Ja channels indicated on the vr–J plot.  It seems reasonable to conclude that the dominant, 579 

although not exclusive, predissociation mechanism involves the donor HCl retaining one quantum of 580 

vibrational excitation.  For the small subset of product pairs with J1 < J0, it seems likely that 581 

intramolecular vibrational energy redistribution (IVR) occurs but is incomplete on the 582 

predissociation timescale (τvp < 6 ns).   583 

One might expect the correspondence to be reversed following excitation of the free (acceptor) HCl 584 

stretch overtone, 2ν1, and J1 to be associated with the acceptor and J0 with the donor.  The vr–J plot is 585 

qualitatively the same, with only slight changes due to the choice of maximum torque-arm and the 586 

available energy.  However, the product pair distributions for 2ν1 excitaiton also show a strong 587 

propensity for J1 > J0, indicating that once again it is the (nominal) H-bond donor fragment that is 588 

preferentially vibrationally excited.  The longer predissociation lifetime τvp = 13 ns allows signifcantly 589 

more time for IVR and interchange of the donor and acceptor fragments, which might be expected to 590 

lead to roughly equal propensities for J1 < J0 pairs as for the dominant J1 > J0 pairs.  It seems that 591 

localizing vibrational energy in the donor allows more efficient coupling to the continuum, and leads 592 

to the obsered strong propensity for J1 > J0.  Further experiments focusing on vibrational excitation 593 

of the (H35Cl–H37Cl) heterodimers, coupled with mass-resolved detection of the monomer 594 
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predissociation products would allow direct measurements of the relationship between the 595 

particular mode excited and partitioning of the energy between rotational vibrational levels of the 596 

donor and acceptor fragments.  Trajectory calculations would also be valuable. 597 

Predissociation lifetimes: Vibrational predissociation lifetimes of τVP = 13±1 ns and < 6 ns were 598 

determined from the appearance times of HCl products after excitation of 2ν1 and 2ν2, respectively; 599 

the latter measurement is an upper limit defined by the laser pulse duration.  The predissociation 600 

lifetimes are significantly shorter than those observed after fundamental excitation, where linewidth 601 

measurements indicated values of τVP ≥ 100 ns for ν1 and 31±7 ns for ν2.14  Direct measurements of 602 

HCl appearance times after ν2 excitation by Ni et al.30 were broadly consistent with the linewidth 603 

measurements, but found a shorter lifetime for ν1 excitation.  Observation of faster rates after 604 

excitation of the upper tunneling component associated with ν2 excitation suggests some degree of 605 

mode specificity.  The faster predissociation rates observed after excitation of the bound HCl stretch 606 

overtone can be explained by its stronger coupling to the intermolecular van der Waals dissociation 607 

coordinate.1,2  The predissociation lifetimes of (HF)2 after excitation of ν1 and ν2 have been reported 608 

as 17±1 ns and 0.48±0.05 ns, respectively.34   609 

Conclusion 610 

The vibrational predissociation dynamics of (HCl)2 after HCl stretch overtone excitation has been 611 

studied using velocity-map ion imaging and 2+1 REMPI detection of monomer products.  IR action 612 

spectra show features assigned to the free (2ν1) and bound (2ν2) HCl stretch overtones, and a 613 

combination band involving the intermolecular van der Waals stretch mode (2ν2+ν4).  2+1 REMPI 614 

spectroscopy was used to detect HCl(J1) predissociation products via the V1Σ+–X1Σ+(16,1) and F1Δ2–615 

X1Σ+(0,1) transitions and HCl(J0) levels via an unidentified 1Σ+ state, following IR excitation of both 616 

2ν1 and 2ν2.  Fragment speed distributions derived from ion images were used to obtain correlated 617 

product pair distributions, P(J0,J1); all product pairs identified comprise one vibrationally excited and 618 
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one vibrational ground state HCl molecule, and the majority of pairs are formed with J1 > J0, regardless 619 

of which stretch overtone was excited.  The measurements support a dimer dissociation energy of D0 620 

= 397±7 cm–1, which is smaller than previously reported values.   A strong propensity to minimize 621 

the translational energy release accompanies overtone predissociation, with fT < 0.02.  Detailed 622 

analysis of the pair-correlated rotational distributions suggests that the predissociation dynamics 623 

are vibrational mode-dependent.  The specificity is modest but appears to be characteristic of 624 

overtone excitation and distinct from the mode-independent predissociation dynamics observed 625 

following fundamental excitation of (HCl)2.  The LM→AM model has been used to rationalize the 626 

product pair state distribution qualitatively.  Further calculations would be required to test its ability 627 

to describe the experimental observations quantitatively. 628 
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Tables 829 

Table 1  Product pair populations and uncertainties (1σ) derived from the ion images 830 

and REMPI spectroscopy.   831 

(J0,J1) P(J0,J1) 2ν1 P(J0,J1) 2ν2 

(2,14) 3.6±1.0 9.2±2.7 

(3,14) 17.1±3.0 31.4±8.0 

(4,14) 25.8±4.4 – 

(4,13) 1.0±0.3 2.7±0.7 

(5,13) 2.5±0.6 3.1±0.8 

(6,13) 17.3±3.5 33.0±8.7 

(6,12) 0.3±0.2 1.2±0.5 

(7,12) 6.3±2.0 8.8±3.4 

(8,12) 8.6±2.7 – 

(7,11) 0.6±0.2 1.2±0.5 

(8,11) 2.5±0.7 1.4±0.5 

(9,11) 2.8±0.8 3.3±1.3 

(10,7) – 0.1±0.1 

(10,8) 0.1±0.1 0.3±0.2 

(10,9) 0.3±0.1 0.1±0.1 

(11,7) 0.2±0.1 0.3±0.2 

(11,8) 0.8±0.3 1.3±0.7 

(11,9) 3.2±0.9 0.1±0.1 

(12,7) 0.9±0.3 0.4±0.3 

(13,3) 0.5±0.2 0.2±0.1 

(13,4) 1.0±0.4 0.5±0.2 

(13,5) 3.3±1.3 1.3±0.6 

(13,6) 1.4±0.6  

  832 
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Table 2 Summary of quantities determined form product rotational distributions for 833 

predissociation of (HCl)2 after excitation of 2ν1 and 2ν2.  Shown are available energies 834 

(EAVL), average product recoil translational energy (⟨ET⟩), fraction partitioned into 835 

translation (fT), average product rotational quantum numbers formed in v = 0, 1 (⟨J0⟩, 836 

⟨J1⟩), and the average difference (⟨ΔJ⟩).   837 

 2ν1 2ν2 

EAVL / cm–1 5259±7 5199±7 

⟨ET⟩ / cm–1 91±82 68±77 

fT 0.017±0.016 0.013±0.015 

⟨J1⟩ 12.4±2.4 12.9±1.7 

⟨J0⟩ 5.9±2.9 5.1±2.4 

⟨|ΔJ|⟩  7.9±2.9 8.3±2.8 

 838 

  839 
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Table 3 Ellipse parameter a, the length of the semi-major axis evaluated at the outer 840 

turning point of the RKR potential for various vibrational levels; the length of the 841 

semi-minor axis is b = a/2.  Also shown are the maximum torque-arm, 𝑏n
max, values 842 

for the donor (impulse at H) and the acceptor (impulse at Cl).  Values in parenthesis 843 

were evaluated at the equilibrium geometry.  844 

 a / Å 𝑏n,d
max / Å 𝑏n,a

max / Å 

v = 2 1.57 0.95 (0.73) 0.26 (0.07) 

v = 1 1.50 0.97 (0.80) 0.25 (0.07) 

v = 0 1.39 1.00 (0.82) 0.22 (0.06) 

re 1.29 1.03 (0.85) 0.19 (0.07) 

 845 
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Figures 847 

 848 

Figure 1  IR action spectrum of (HCl)2 obtained probing H35Cl(J1 = 12) predissociation 849 

products.  Solid and dashed ladders indicate bands due to the (H35Cl)2 homodimer 850 

and the H35Cl–H37Cl heterodimer, respectively.  The 2ν2 transition at 5597 cm–1 (blue) 851 

and the 2ν1 transition at 5656 cm–1 (red) were excited for imaging measurements.  852 

Also shown in green is the high-resolution cavity ring-down spectrum recorded by 853 

Liu et al.31 854 
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 856 

Figure 2  2+1 REMPI spectra of a section of the HCl E1Σ+–X1Σ+(0,0) Q-branch recorded 857 

on the m/z = 36 (H35Cl+) channel.  The UV only spectrum (black) shows signal due to 858 

residual HCl monomer present in the molecular beam.  The upper spectra were 859 

recorded with the IR pump tuned to either the 2ν1 band at 5656 cm–1 (red) or the 2ν2 860 

band at 5597 cm–1 (blue).  The IR+UV spectra contain additional spectral lines and 861 

show enhancement of some E–X(0,0) transitions.  Assignments are made based on 862 

known HCl spectroscopy and analysis of speed distributions obtained from ion 863 

images.  The transitions marked with asterisks have not been identified. 864 
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 866 

Figure 3  2+1 REMPI spectra of the HCl F1Δ2–X1Σ+(0,1) band.  No UV only signal was 867 

observed in this region.  The spectra were recorded with the IR pump tuned to either 868 

the 2ν1 band at 5656 cm–1 (red) or the 2ν2 band at 5597 cm–1 (blue).   869 
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 871 

Figure 4  Ion images and normalized speed distributions obtained probing HCl(J1) 872 

predissociation products on the F–X(0,1) transition following predissociation of 873 

(HCl)2 via the 2ν1 (red) and 2ν2 (blue) modes.  Fits to Gaussian functions are shown 874 

in black.  Vertical ladders mark the maximum speed calculated for formation of the 875 

partner fragment in the specified J0 levels.  Solid and dashed ladders represent speeds 876 

calculated using our experimental value of D0 = 397±7 cm–1 and the previously 877 

reported value of D0 = 439 cm–1, respectively.  Shaded regions represent 1σ standard 878 

deviations.  Features marked with asterisks originate from overlapping REMPI 879 

transitions. 880 
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 882 

Figure 5  Ion images and normalized speed distributions of HCl product lines B and F 883 

(shown in Figure 2) resulting from the predissociation of (HCl)2 following excitation 884 

on the 2ν1 (red) and 2ν2 (blue) bands.  Lines B and F have been assigned to HCl(J0=11) 885 

and HCl(J0 =13), respectively.  See text for discussion.  Horizontal ladders mark the 886 

speeds for formation of the partner fragment in specified J1 levels calculated using D0 887 

= 397±7 cm–1.  Shaded regions represent 1σ standard deviations. 888 

  889 



41 

 890 

Figure 6  Correlated product pair population distributions P(J0,J1) after excitation of 891 

(HCl)2 on the 2ν1 band.  The total population has been normalized to 100.  Horizontal 892 

and vertical bars show the total rotational population distributions in v = 0 and v = 1, 893 

P(J0) and P(J1), respectively, after summation over all co-fragment levels.  Black circles 894 

represent the normalized populations calculated using an energy-gap model (see text 895 

for details).  Error bars represent 1σ uncertainties. 896 
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 898 

Figure 7  Correlated product pair population distributions P(J0,J1) after excitation of 899 

(HCl)2 on the 2ν2 band.  The total population has been normalized to 100.  Horizontal 900 

and vertical bars show the total rotational population distributions in v = 0 and v = 1, 901 

P(J0) and P(J1), respectively, after summation over all co-fragment levels.  Black circles 902 

represent the normalized populations calculated using an energy-gap model (see text 903 

for details).  Error bars represent 1σ uncertainties. 904 
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 906 

Figure 8  Product pair population distributions plotted as ΔJ = J1 – J0 against recoil 907 

translational energy, ET, after excitation of 2ν1 (red, bottom axis) and 2ν2 (blue, top 908 

axis).  The areas of the circles are proportional to populations and the fainter outer 909 

circles represent the uncertainty range (1σ).  Dots (black) indicate the locations of all 910 

energetically accessible product pairs.  The horizontal axes are offset such that pairs 911 

with the same (J0, J1) values overlap. 912 
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 914 

Figure 9  Comparison of experimental product pair population distribution following 915 

2ν1 excitation (red circles) plotted against translational energy, ET, with (a) statistical 916 

prior and (b) phase space theory distributions.  The calculated distributions have 917 

been normalized to have the same maximum value as the experimental distribution. 918 
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 920 

Figure 10  Top: (HCl)2 geometry and internal coordinates for hard ellipse model.  Each 921 

HCl monomer is modeled as an ellipse, centered at the midpoint of the bond.  The 922 

semi-major and semi-minor axes are defined such that a = 2b, where a is chosen to be 923 

the outer turning point for v =2 or the equilibrium bond length.  The blue dashed line 924 

represents an assumed recoil vector that connects the centers of mass for each HCl 925 

molecule; α is the angle between an HCl bond and the recoil vector.  The effective 926 

torque-arm, bn is calculated from the angle θ as described in the text.  θ = +90° is the 927 

H-atom end of the molecule, θ = –90° is the Cl-atom end.  Bottom: Plot showing 928 

variation of angle α (blue) and effective torque-arm (red) with angle θ.  Solid lines 929 

correspond to calculations using a = rmax(v = 2) and dashed lines for a = re. 930 
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 932 

Figure 11  Velocity-angular momentum plots for vibrational predissociation of (HCl)2 933 

after excitation of the H-bond donor stretch overtone, 2ν2.  E-plots for individual 934 

monomers are represented as filled squares for (J0,J0) and (J0,J1) product pairs where 935 

one fragment is in J = 0.  A-plots are calculated for the H-bond donor and acceptor 936 

moieties using both optimum values of 𝑏n
max for the donor (open circles) and acceptor 937 

(open triangles).  Reduced E-plots are also shown for a (J0,J0) pair where one fragment 938 

is in J = 20 (blue) and a (J0,J1) pair where one fragment is in J = 13 (red). 939 
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