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The state-to-state predissociation dynamics of the HCl–acetylene dimer were studied following

excitation in the asymmetric C–H (asym-CH) stretch and the HCl stretch. Velocity map imaging

(VMI) and resonance enhanced multiphoton ionization (REMPI) were used to determine pair-

correlated product energy distributions. Different vibrational predissociation mechanisms were

observed for the two excited vibrational levels. Following excitation in the of the asym-CH stretch

fundamental, HCl fragments in u = 0 and j = 4–7 were observed and no HCl in u = 1 was

detected. The fragments’ center-of-mass (c.m.) translational energy distributions were derived

from images of HCl (j = 4–7), and were converted to rotational state distributions of the

acetylene co-fragment by assuming that acetylene is generated with one quantum of C–C stretch

(n2) excitation. The acetylene pair-correlated rotational state distributions agree with the

predictions of the statistical phase space theory, restricted to acetylene fragments in 1n2. It is
concluded that the predissociation mechanism is dominated by the initial coupling of the asym-

CH vibration to a combination of C–C stretch and bending modes in the acetylene moiety.

Vibrational energy redistribution (IVR) between acetylene bending and the intermolecular dimer

modes leads to predissociation that preserves the C–C stretch excitation in the acetylene product

while distributing the rest of the available energy statistically. The predissociation mechanism

following excitation in the Q band of the dimer’s HCl stretch fundamental was quite different.

HCl (u = 0) rotational states up to j = 8 were observed. The rovibrational state distributions in

the acetylene co-fragment derived from HCl (j = 6–8) images were non-statistical with one or two

quanta in acetylene bending vibrational excitation. From the observation that all the HCl(j)

translational energy distributions were similar, it is proposed that there exists a constraint on

conversion of linear to angular momentum during predissociation. A dimer dissociation energy of

D0 = 700 � 10 cm�1 was derived.

I. Introduction

The hydrogen bond has been accepted as an important inter-

molecular binding force between a proton donor and acceptor,

since the chapter, ‘‘The Hydrogen Bond’’ appeared in Paul-

ing’s 1939 book.1 In the broadest definition, a proton acceptor

can be an electron lone-pair or the polarizable electrons of a p
bond. Understanding the nature of hydrogen bonding in

environments ranging from the condensed to the gas phase,2,3

including the structural organization of biomolecules,4 has

been a longstanding goal of chemical physics.5–7 Due to their

weak bond dissociation energies relative to covalent or ionic

bonds, hydrogen bonds can be switched on or off within the

range of thermal fluctuations at temperatures typical of living

systems.4 From a reaction dynamics point of view, studying

hydrogen bonded complexes has revealed nonstatistical pre-

dissociation behavior, which is often mode dependent.2,6,8 The

goal of this work is to examine in detail vibrational energy

redistribution (IVR) during predissociation, i.e. energy trans-

fer through intermolecular and intramolecular coupling, and

the existence of vibrational adiabaticity.2,8,9

In this study, velocity–map ion imaging (VMI) was com-

bined with resonantly enhanced multiphoton ionization

(REMPI) to obtain pair-correlated photofragment energy

distributions from the vibrational predissociation of the

HCl–acetylene dimer. These experiments require high resolu-

tion, because for each HCl rotational level there can be many

correlated acetylene levels that have small energy gaps. The

main advantage of the imaging technique is its ability to select

(by REMPI) a specific rotational state of the HCl fragment

and determine the translational energy distribution associated

with it at a resolution that reveals the rotational distribution in

the acetylene co-fragment. In addition, by using VMI the

dissociation energy of the HCl–acetylene dimer can be deter-

mined accurately.

Information on the structure and spectroscopy of the

HCl–acetylene dimer is known from microwave and infrared

(IR) spectroscopy in the gas phase and Fourier transform

infrared (FTIR) spectroscopy in matrix-isolation studies.10–15

The geometry is ‘‘T-shaped’’ with the hydrogen bond forming

between the hydrogen of HCl and the center of the distribu-

tion of p electrons of acetylene. Dayton et al. reported the first
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high-resolution IR spectrum for the asymmetric C–H (asym-

CH) stretch mode of the dimer.14 By simulating the absorption

spectrum of the dimer as a b-type transition, the band origin of

the asym-CH stretch fundamental was determined at 3278.08

cm�1, approximately 11 cm�1 red shifted from the band origin

of the acetylene monomer. The high-resolution IR spectrum of

the dimer’s HCl stretch mode was measured by Carcabal

et al.15 It is red shifted by 79 cm�1 from the monomer origin—

a much larger shift than that observed for the asym-CH

stretch. The smaller red shift in the asym-CH stretch mode is

attributed to its relatively small coupling to the hydrogen

bond, in contrast to the HCl stretch motion, which is in the

vicinity of the hydrogen bond. The linewidths observed in the

high-resolution IR spectra range from 192 to 1037 MHz

(depending on the rotational band) for the asym-CH stretch

mode14 and are 173 MHz for the HCl stretch mode.15

The vibrational predissociation of the dimer following

asym-CH stretch excitation has previously been examined by

two experimental groups.14,16,17 They disagreed on the dimer’s

bond dissociation energy and the formation of HCl (u = 1)

products. Oudejans and Miller (OM) concluded that HCl is

produced only in u = 0, with acetylene co-fragments having

one quantum of C–C stretch excitation (n2),17 whereas Rudich

and Naaman reported the observation of HCl in u = 1.16

In the present work, we report on the state-to-state reaction

dynamics of the vibrational predissociation of the HCl–

acetylene dimer following excitation in both asym-CH stretch

and HCl stretch modes. The dimer’s bond dissociation energy

was determined at D0 = 700 � 10 cm�1 and the pair-

correlated distributions of specific HCl(j) states were analyzed.

We conclude that different vibrational predissociation me-

chanisms take place following asym-CH and HCl stretch

excitations and propose that the coupling between the inter-

molecular and intramolecular modes that governs vibrational

to vibrational (V–V) and vibrational to transnational (V–T)

energy transfer is sensitive to the location of the initial vibra-

tional mode excited in the dimer. We confirm that the dy-

namics following asym-CH stretch excitation is governed by

V–V transfer to the C–C acetylene stretch. In contrast, energy

transfer following HCl stretch excitation resembles that in a

hard sphere collision, and we suggest that constraints on linear

to angular momentum transfer, as described in the hard

ellipsoid model of McCaffery,18 can explain qualitatively the

experimental results of this work.

II. Experiment

Vibrational predissociation of the HCl–acetylene dimer

formed in a pulsed supersonic molecular beam was studied

following pulsed IR laser excitation. Rotationally excited HCl

fragments were ionized by 2 + 1 REMPI and detected by

time-of-flight (TOF) mass spectroscopy and VMI.19

HCl–acetylene dimers were formed in a pulsed nozzle

(piezoelectric, 0.5 mm orifice) by supersonic expansion of a

mixture of 5% HCl (Matheson Trigas, 99.999%) and 10%

acetylene (Matheson Trigas) in He (99.9999%) at 2 atm

stagnation pressure. Acetylene was purified by trap-to-trap

distillation at the temperature of an ethanol/CO2 slush bath to

minimize acetone contamination. After supersonic expansion,

the molecular beam was collimated by a skimmer (1.0 mm

orifice, Beam Dynamics) before intersecting at right angles in

the ion-acceleration lens assembly two-counter propagating

and linearly polarized pulsed laser beams. The timing of the

lasers’ firings was carefully optimized to excite dimers in the

early part of the molecular beam pulse, where their highest

relative abundance was found. An estimate of the rotational

temperature in the molecular beam was obtained at T = 5 K

from the REMPI spectrum of the HCl monomer monitored

through the V (12) ’ X(1S+)(0) transition near 236 nm.20,21

Pulsed IR radiation was generated from an OPO-OPA

system (LaserVision, 0.4 cm�1, 18–22 mJ at 2700–3400

cm�1) pumped by a Nd:YAG laser (Continuum, PRII 8000).

The frequency was calibrated by monitoring the asym-CH

stretch vibration of methane in a photoacoustic cell.22,23

Rotationally excited HCl fragments were detected by 2 + 1

REMPI using the Q branch of the f(3D2) ’ X(1S+) transition

at 243.81–243.90 nm as the intermediate.21 The REMPI

ultraviolet (UV) laser radiation was generated by frequency

doubling the output of a dye laser system (Continuum,

ND6000, Coumarin 480, 0.07 cm�1) pumped by a Nd:YAG

laser (Spectra Physics, GCR 230). The polarizations of the IR

and UV laser beams were maintained parallel to the plane of

the ion image, i.e. perpendicular to the TOF axis. The IR (2.5

mJ) and UV (0.07 mJ) laser beams were focused by lenses of

40.0 and 20.0 cm focal length, respectively. The time delay

between the IR and UV lasers was fixed by a time delay

generator (Stanford, DG535), which was controlled by a

computer through a GPIB interface (National Instrument).

The spectra were obtained by alternately taking an average

under ‘‘IR on’’ and ‘‘IR off’’ conditions, where ‘‘IR on’’

indicates that the IR laser was fired 20 ns earlier than the

UV laser and ‘‘IR off’’ indicates that the IR laser was fired

1.0 ms after the UV laser.

The VMI arrangement was described in detail else-

where.19,24,25 In brief, it consists of a four lens ion-acceleration

assembly,26 a 60 cm long drift-tube and a CCD camera (LA

Vision, Imager) that monitors a phosphor screen coupled to a

MCP ion detector (BURLE electro-optics Co.). This setup was

operated in two modes: (i) TOF mass spectrometer for spec-

troscopy experiments and (ii) VMI for translational energy

distributions. Due to the small translational energy of the

fragments, the voltages applied to the ion-acceleration lens

were reduced to expand the size of images for improved

resolution. An event counting method was used to collect

the raw two-dimensional (2-D) images,27 and the 2-D images

were converted to three-dimensional (3-D) velocity distribu-

tions using the basis set expansion (BASEX) method.28 The

resolution of the VMI experiment is Dn D 30 m s�1 and is

determined primarily by parameters of the molecular beam

expansion.

III. Results and analysis

1. HCl(j) photofragment yield spectra

We obtained IR spectra of the dimer in the range of the asym-

CH stretch and HCl stretch fundamentals by monitoring HCl

photofragments in selected rotational levels by REMPI while
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scanning the IR laser frequency. High-resolution IR absorp-

tion spectra have been investigated previously in this re-

gion,16,17 and the derived molecular spectroscopic constants

are summarized in Table 1.

HCl REMPI spectra obtained following excitation of the

dimer’s asym-CH stretch show that HCl in u = 0 was

produced in rotational states up to j = 7, as shown in Fig.

1. Rotationally resolved IR spectra obtained by monitoring

HCl photofragments in j = 4–7 are shown in Fig. 1a as insets.

These spectra are in good agreement with simulations (b-type

transition) calculated using the molecular constants given in

Table 1 and an example is shown in Fig. 1b for HCl (j = 7)

yield spectrum. Notice that the relative heights of the K bands

in the IR photofragment yield spectra are not reproduced in

the simulation. This is because the observed IR spectra are

obtained by recording photofragment yields (action spectra)

and their shapes depend on the fractional yield of the mon-

itored HCl (j) fragment in exciting different K levels. For

example, we observe that Ka (1 ’ 0) increases in relative

intensity when monitoring low j states of HCl.

When monitoring HCl in j o 5 enhanced absorption

features appear to the red of the dimer’s spectrum. These

features are typical of larger complexes. For example, spectral

features at o3270 cm�1 are similar to IR absorption features

of large acetylene complexes that have been studied by high-

resolution IR spectroscopy.29 Although enhancements are

observed for HCl j = 3 photofragments with ‘‘IR on’’, as

shown in Fig. 1a, the IR spectrum was not rotationally

resolved, indicating that most of the HCl (j = 3) photofrag-

ments are produced in the dissociation of larger complexes.

HCl REMPI spectra following HCl stretch excitation of the

dimer are shown in Fig. 2. HCl(j) yield spectra were obtained

for j = 6–8 where enhancements are significant. The yield

spectra are in good agreement with a-type simulations of the

HCl stretch of the dimer obtained by using the molecular

constants given in Table 1. When monitoring HCl (j = 3–5),

the IR spectra do not show the typical structures of the dimer

even though enhancement is seen. This observation is similar

to the case discussed above for the asym-CH stretch. Spectral

contamination from larger complexes increases on the higher

frequency side (>2810 cm�1) as seen in Fig. 2a. This fre-

quency range is close to IR absorptions of the HCl dimer30,31

and trimer.32

Three experimental conditions allow observation of predis-

sociation events predominantly from the HCl–acetylene di-

mer: (1) state selective pumping of the dimer in the asym-CH

stretch or the HCl stretch mode, which helps eliminate pre-

dissociation of larger complexes; (2) enhancements in state-

selective signals from specific HCl(j) photofragments; and (3)

monitoring the early part of the pulsed molecular beam (30 ms
time window in a 300 ms pulse width) to optimize the relative

population of HCl–acetylene dimers.

2. Rotational state distributions of HCl and acetylene

fragments

The global rotational state distribution of HCl fragments was

directly obtained from the 2 + 1 REMPI spectra of HCl

(u = 0) shown in Fig. 1 and 2, after background subtraction.

The relative HCl(j) populations obtained following asym-CH

stretch and HCl stretch excitations are given in Table 2.

Populations are presented only for those levels that show both

significant enhancement and typical IR spectra of the HCl–

acetylene dimer. No HCl in u = 1 was observed.

Table 1 Spectroscopic constants for the HCl–acetylene dimer (all
values are given in cm�1)

Asym-CH stretcha HCl stretchb

A00 1.20363 (30) 1.196 (4)
B00 0.08270 (20) 0.08275 (1)
C00 0.07696 (22) 0.07703 (1)
A0 1.19403 (37) 1.194 (1)
B0 0.08206 (24) 0.08394 (2)
C0 0.07726 (21) 0.07859 (2)
n0 3278.0784 (20) 2806.9172 (2)

a Ref. 17. b Ref. 15.

Fig. 1 (a) HCl photofragment 2 + 1 REMPI spectra obtained by

exciting the Ka = 2 ’ 1 transition of the asym-CH stretch of the

HCl–acetylene dimer at 3281.4 cm�1 and scanning the UV laser

through the Q branch of the f (3D2) ’ X(1S+) transition of HCl with

‘‘IR on’’ (solid) and ‘‘IR off’’ (dotted), respectively. Transitions from

j = 0 and 1 are not shown, because they are heavily perturbed. HCl

(j = 4–7) photofragment yield spectra are shown as insets. (b) HCl

(j = 7) fragment yield IR spectrum (solid) compared to a simulated

spectrum (dotted) of a b-type transition calculated with molecular

constants given in Table 1.
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Global rovibrational state distributions in the acetylene

fragment were not measured, but pair-correlated distributions

were derived from the HCl(j) images as described below. In

assigning rovibrational states of the acetylene co-fragment,

restrictions on rotational state populations imposed by nuclear

spin statistics in the predissociation were taken into account.

The correlation between the Ka level of the HCl–acetylene

dimer and the j state of the acetylene co-fragment has been

discussed by Miller and coworkers.17,33 Briefly, for asym-CH

stretch excitation, even (odd) Ka states of the dimer can

produce odd (even) rotational states of acetylene fragments

when the vibrational symmetry of the acetylene fragment is

gerade (ungerade). The corresponding correlations for the

dimer’s HCl stretch excitation are: even (odd) Ka states of

the dimer can produce even (odd) rotational states of the

acetylene fragment when the vibrational symmetry of acety-

lene fragment is gerade (ungerade).

In our experiments, Ka = 1 ’ 0, 0 ’ 1 and 2 ’ 1

transitions of the asym-CH stretch fundamental are resolved,

as seen in Fig. 1b. The rotational states of the acetylene

fragments produced following Ka = 2 ’ 1 transitions will

be distributed in even or odd rotational states depending on

the vibrational mode of the acetylene fragment following the

rules above. The situation for HCl stretch excitation is differ-

ent: the monitored Q branch of the a-type band is very

congested and the IR laser bandwidth is too large to resolve

individual Ka transitions. Therefore, the acetylene’s rotational

states can be both even and odd rotational states. This is taken

into account in the analyses presented below.

2(a). Pair-correlated acetylene state distributions following

asym-CH strech excitation. 2-D cuts of reconstructed 3-D

images of HCl(u = 0, j = 4–7) photofragments produced

following excitation of the asym-CH stretch (Ka = 2 ’ 1) of

the dimer are shown in Fig. 3. The corresponding center-of-

mass (c.m.) translational energy distributions obtained by

applying energy and momentum conservation are presented

in Fig. 4. In our case, energy conservation is given by:

D0(dimer) = hn + Ep(dimer) � Ej(HCl) � Ev,i(C2H2)

� Ej(C2H2) � ET (1)

where hv is the energy of the IR photolysis photon, Ej(HCl) is

the rotational energy of the HCl(j) fragment, Ev,i(C2H2) and

Ej(C2H2) are the vibrational and rotational energies of the

acetylene co-fragment (with the subscript i indicating the

different vibrational modes of the acetylene fragment) and

ET is the c.m. translational energy obtained from the measured

translational energy of HCl(j). The internal energy of the

dimer, Ep(dimer), is negligible in the molecular beam (T =

5 K). Ej(HCl) is calculated by using the rotational constants

of HCl.20,21

Fig. 2 (a) HCl photofragment 2 + 1 REMPI spectra obtained by

exciting the Q branch of the HCl stretch of the HCl–acetylene dimer at

2806.9 cm�1 and scanning the UV laser through the Q branch of the

f(3D2) ’ X(1S+) transition of the HCl with ‘‘IR on’’ (solid) and ‘‘IR

off’’ (dotted), respectively. HCl (j = 6–8) photofragment yield spectra

are shown as insets. (b) HCl (j= 8) fragment yield IR spectrum (solid)

compared to a simulated spectrum (dotted) of an a-type transition

calculated with molecular constants given in Table 1.

Table 2 Rotational state distributions of HCl fragments from the vibrational predissociation of the HCl–acetylene dimers

Asym-CH stretch Ka = 2 ’ 1 transition HCl stretch Q band

HCl (u = 0)
This work Oudejans et al.a This work

Exp. PST Exp. Exp.

j r 3 — 2.13 0.83 —
4 0.83 (0.10)b 0.97 0.44 —
5 0.90 (0.09)b 1.00 1.00 —
6 1.00 (0.10)b 0.75 0.50 0.63 (0.08)
7 0.60 (0.07)b 0.11 — 1.00 (0.11)
8 — — 1.00 (0.11)

a Ref. 17. b Errors are shown in parentheses and reflect standard deviation.
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To determine D0(dimer) we need to know Ev,i(C2H2) and

Ej(C2H2). By considering the energetically allowed combina-

tions of acetylene rovibrational states, it should be possible to

find a unique assignment that yields a single value of D0

(dimer) for the dissociation channels terminating in HCl

(j = 4–7). Previous studies have given indications how to

narrow this search. Specifically, in predissociation of the HF–

acetylene dimer, Miller and coworkers observed a propensity

for excitation of one quantum of the n2 mode in the acetylene

fragment in asym-CH stretch excitation.33 They assumed the

same propensity for the HCl–acetylene dimer system, which was

not resolved in their experiments.17 Making the same assump-

tion in fitting our data, the fine structure in all the HCl(j)

translational energy distributions is fit well by the rotational

states of C2H2(1n2) when D0(dimer) = 700 � 10 cm�1.

To obtain rotational state distributions, we fitted the trans-

lational energy distributions of each HCl(j) with a set of

Gaussian functions, using a standard nonlinear least-squares

routine, the Levenberg–Marquardt method.34 The width of

the Gaussian functions, which is related to the translational

energy resolution, primarily depends on broadening by the

molecular beam expansion conditions.

The nuclear spin selection rules described in the previous

section are obeyed in the predissociation, at least for the high

rotational levels, which are well resolved. This is demonstrated

by the c.m. translation energy distributions shown in Fig. 5,

which were obtained by exciting the dimer’s asym-CH stretch

via the Ka = 2 ’ 1 and Ka = 1 ’ 0 transitions. Examination

of the low energy parts of the distributions shows that only

odd acetylene rotational states are populated in the Ka =

2 ’ 1 case and even ones in Ka = 1 ’ 0. The low rotational

levels of the acetylene, which have small energy separations and

higher recoil energy, cannot be resolved in our experiment.

2(b). Pair-correlated acetylene state distributions following

HCl stretch excitation. The c.m. translational energy distribu-

tions of HCl(j= 6–8) photofragments obtained following HCl

stretch excitation are shown in Fig. 6. With the bond dissocia-

tion energy set at D0(dimer) = 700 cm�1, the n2 vibrational

mode of the acetylene fragment is not energetically accessible.

The allowed rovibrational states of acetylene are shown as

short sticks in Fig. 6 and the dotted vertical lines indicate the

translational energy thresholds for the energetically allowed

vibrational levels of acetylene.

The high density of accessible rovibrational states of ace-

tylene prevents us from obtaining a unique determination of

the rovibrational state distributions. Nevertheless, it is possi-

ble to exclude several possibilities by careful examination of

the translational energy distributions for different HCl(j)

products. Let’s examine first the possibility that two quanta

Fig. 3 2-D cuts in reconstructed images of HCl (j = 4–7) obtained by exciting the dimer in the Ka = 2 ’ 1 transition of the asym-CH stretch at

3281.4 cm�1. Note that the images become smaller as the monitored j state of HCl increases, reflecting the decrease in available energy.
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of bend, 2n4, 1n4 + 1n5, or 2n5 (where n4 is the cis-bend and n5
is the trans-bend), are populated. By inspection of the transla-

tional energy distributions of HCl in j = 6 and 7 in Fig. 6,

these combinations appear to provide a good fit if rotational

excitation is added to each vibration. However, for HCl(j= 8)

two quanta of bend alone are not sufficient to fit the data,

because products with higher translational energies than al-

lowed energetically are generated. The next possibility is an

acetylene product with one quantum of bend excitation, i.e.,

1n4 or 1n5. In this case, the translational energy distributions

can be matched, albeit with high rotational excitation in the

acetylene fragment. Referring to energy conservation, there

are two issues: (1) can highly rotationally excited acetylene

fragments be produced; and (2) why HCl(j = 9) is not

detected? If formation of highly rotationally excited product

states is allowed, then HCl(j= 9) should also be observed, but

it is not. Thus, product rotation appears to be restricted.

Production of acetylene in its ground vibrational state can

be discounted. This channel should be accompanied by high

rotational excitation of the acetylene co-fragment. The trans-

lational energy resolution of our imaging arrangement is

sufficient to resolve such high levels, as demonstrated in

Fig. 4 and 5, but they are not seen. Therefore, it is most likely

that acetylene fragments are produced predominantly with

one or two quanta of bending vibrational excitation.

IV. Discussion

1. Comparison with previous results

Predissociation of the HCl–acetylene dimer was studied before

following excitation in the asym-CH stretch but not the HCl

stretch. Rudich and Naaman concluded, based on their ob-

servation of HCl (u = 1) fragments, that the dissociation

energy of the dimer was D0 = 170–260 cm�1.16 However, no

detailed IR photofragment yield spectra were presented to

confirm that HCl(u = 1) fragments were produced from

predissociation of the dimer and not from larger clusters.

Later, OM used an optothermal detector to measure the

photofragment angular distributions.17 They did not observe

HCl in u = 1 but found a propensity for populating one

quantum of n2 in the acetylene fragment. The bond dissocia-

tion energy of D0 = 830 � 6 cm�1 was obtained by fitting the

angular distributions of the photofragments and assuming

that acetylene co-fragments were populated only in low rota-

tional states with an average rotational energy of 59 cm�1.

The bond dissociation energy of D0 = 700 � 10 cm�1

reported here, which differs by 130 cm�1 from the value of

OM, was determined by a more direct method. Because the

reported errors in the two values are small, the difference must

derive from assumptions made in estimating D0. In fact, the

two values can be reconciled by shifting the HCl rotational

distribution of OM by one quantum. In our work, the rota-

tional state distribution in the HCl fragment was determined

directly by REMPI, showing that levels up to j = 7 were

populated with a maximum population in j = 6. The HCl(j)

populations of ref. 17 were determined indirectly, by fitting the

total product angular distribution, and OM concluded that

levels up to j = 6 were populated, with a maximum in j = 5.

Fig. 4 Center-of-mass (c.m.) translational energy (ET) distributions

corresponding to images of HCl(j = 4–7) shown in Fig. 3. The odd j

assignments correspond to rotational states of the acetylene co-frag-

ment produced with one quantum in n2 (C–C stretch mode). See the

text for details.

Fig. 5 Comparison of c.m. translational energy distributions ob-

tained by pumping Ka = 2 ’ 1 (solid line) and Ka = 1 ’ 0 (circles

with solid line) transitions of the asym-CH stretch, respectively, and

monitoring HCl(j = 5). Odd and even j levels of the acetylene co-

fragment are observed for Ka = 2 ’ 1 and Ka = 1 ’ 0 transitions,

respectively. See the text for details.
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The second source of difference between the two results, which

is smaller, derives from the rotational state distributions in the

acetylene fragments. Our images show clearly that the rota-

tional state distribution in the acetylene co-fragment depends

on the HCl(j) level. In contrast, OM assumed similar distribu-

tions, all centered at low rotational levels. When we subtract

the difference HCl(j = 7) � HCl(j = 6) = 146 cm�1 from the

dissociation energy obtained by OM, a modified bond energy

of D0 = 684 � 6 cm�1 is obtained, much closer to our value.

The difference in the acetylene rotational state distributions

accounts for the rest of the discrepancy between the two

values.

The dimer’s bond dissociation energy was also calculated by

high level ab initio methods. A value of D0 = 1.9 kcal mol�1

(665 cm�1) was obtained by Pople et al. (MP4SDQ level on

6-31G* basis).35 Later, D0 = 2.00 kcal mol�1 (700 cm�1) was

obtained (with zero point energy correction to De) from MP2

perturbation and ACPF methods.17,36 Recently, Carcabal

et al. reported D0 = 460 cm�1 by performing CCSD(T)

calculations with cc-pVTZ basis set.15 They also estimated

values ranging from 291 to 608 cm�1 from analyzing their

measured spectra. The bond dissociation energy obtained in

this work is in good agreement with the majority of the ab

initio calculations.

2. Comparison of rotational distributions with phase space

theory (PST)

Because the pair-correlated rotational excitation in the acet-

ylene co-fragment obtained following asym-CH stretch excita-

tion decreases for higher HCl(j) levels, it is sensible to compare

it to PST predictions. Rotational state distributions were

computed for dissociation from the Ka = 2 dimer level, taking

into account energy and angular momentum conserva-

tion.6,37–39 Angular momentum conservation dictates that

J(dimer) = j(HCl) + j(C2H2) + L (2)

where J(dimer), j(HCl) and j(C2H2) are the angular momenta

of the HCl–acetylene dimer, HCl fragment and acetylene

fragment, respectively, and L is the orbital angular momen-

tum. In the calculations, J(dimer) was weighted according to a

5 K Boltzmann distribution.

We restricted the PST calculations by assuming, as in the fits

shown in Fig. 4, that only the 1n2 level of the acetylene

fragment is populated. The calculated and experimental rota-

tional state distributions in acetylene fragments correlated

with HCl j = 4–6 are shown in Fig. 7. Only odd rotational

states of acetylene were considered for Ka = 2, as explained in

the previous section.

The experimental and restricted PST calculations agree

surprisingly well despite the fact that the vibrational distribu-

tion in acetylene is nonstatistical. It is well established that

vibrational motions in the excited parent have different de-

grees of adiabaticity in evolution to products during uni-

molecular dissociation, i.e. vibrations become adiabatic at

different points along the reaction coordinate.2,6 In the case

of the acetylene–HCl dimer, a model in which restricted IVR is

combined with unimolecular decomposition can best explain

the observed results. The C–C stretch in the acetylene frag-

ment appears to be immune to further IVR and is isolated

from the unimolecular reaction coordinate. The near reso-

nance between the dimer’s asym-CH stretch (B3280 cm�1)

and a combination of C–C stretch (1974 cm�1) and two

quanta of acetylene bend (each B600 cm�1) is the driving

force for the initial V–V transfer within the acetylene moiety.15

Following V–V transfer, it is reasonable to assume that break-

ing of the hydrogen bond proceeds by coupling of bending

motions in acetylene to intermolecular vibrational modes in

the dimer (calculated at 324, 260, 92 and 64 cm�1).15 These low

frequency modes can couple effectively, giving rise to a

statistical apportioning of energy among translational and

rotational degrees of freedom of the products.

The relative rotational state populations of HCl fragments

obtained in the experiment are given in Table 2, which also

shows the values obtained by PST calculations. HCl(j) is

populated up to the highest level predicted to be energetically

allowed when acetylene products are being generated with one

quantum of C–C stretch. The measured populations are not

too different from PST predictions, except that the measured

highest rotational levels appear to have larger populations

than predicted by PST. This may reflect the well known

Fig. 6 C.m. translational energy distributions obtained by pumping

the Q band of the HCl stretch of the dimer at 2806.9 cm�1 and

recording images of HCl(j = 6–8). The dashed vertical lines indicate

the translational energy thresholds for vibrational modes of the

acetylene co-fragment assuming D0 = 700 cm�1. The sticks indicate

the rotational states of each vibrational mode of the acetylene co-

fragment; the numbers under the bars give the rotational state assign-

ments. Both odd and even j can be populated, as explained in the text.
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propensity to minimize translational energy release in pre-

dissociation of complexes.2,3

In summary, the product state distributions obtained fol-

lowing asym-CH stretch excitation are dominated by the

initial V–V transfer within the acetylene moiety of the dimer,

which gives rise to C–C stretch and bend excitation and

constitutes the rate determining step in this relatively slow

predissociation. Subsequent efficient coupling between the

acetylene bending modes and the intramolecular dimer modes

leads to breaking of the hydrogen bond and results in largely

statistical distributions of rotational and translational energies

in the products.

3. Predissociation dynamics following HCl stretch excitation

As discussed above, the predissociation dynamics following

HCl stretch and asym-CH stretch excitation are quite differ-

ent. In contrast to the strong propensity for populating 1n2 in
acetylene in the latter case, no propensity for a specific

vibrational level is observed in the former. The acetylene

fragments can be born with either zero, one, or two quanta

of bending excitation and the ratio may depend on the co-

fragment HCl(j) state. Oudejans et al., who studied the pre-

dissociation of the HF–acetylene dimer following HF stretch

excitation, also observed a broader vibrational distribution in

the acetylene fragment than the one obtained in asym-CH

stretch excitation.33

The maximum observed rotational level of HCl is j = 8,

smaller than the highest level allowed energetically (j = 13 for

acetylene in the ground vibrational state). This is in contrast to

the case of asym-CH stretch excitation, where the highest

allowed HCl level (j = 7) is produced along with 1n2 in

acetylene. The most intriguing result is that the translational

energy distributions for all the observed HCl(j) states are

similar, as seen in Fig. 6. This suggests that the predissociation

dynamics following asym-CH stretch and HCl stretch excita-

tions differ in a way that is related to the different location of

the excited dimer’s vibrational level with respect to the motion

of the hydrogen atom involved in the hydrogen bond. Whereas

the asym-CH stretch and the C–C stretch vibrations are

orthogonal to the hydrogen bond, the HCl stretch is parallel

to it and therefore is coupled more efficiently to the dissocia-

tion coordinate, as attested to by the large frequency shift of

the dimer’s HCl stretch.

Several models can be considered in describing the predis-

sociation dynamics. The well-known energy gap40,41 or mo-

mentum gap law42,43 models have been used widely to describe

vibrational predissociation of van der Waals (vdW) com-

plexes. According to this model, the dissociation rate is

roughly proportional to the exponent of the negative term of

the translational energy released for each product channel.

Therefore, excitation of high internal degrees of freedom in the

fragments would lead to low c.m. translational energy and an

increase in the predissociation rate. The momentum gap law

can qualitatively explain why a large fraction of the available

energy goes to vibrational excitation of the acetylene fragment

and rotational excitation of HCl and acetylene fragments. In

addition, Ewing has proposed that the predissociation rate

decreases in channels for which a large change in the number

of quanta is required.41 This disfavors products with high

rotational excitation and may explain the propensity for

bending excitation in the acetylene fragment that is accom-

panied by relatively low rotational excitation. It may also

explain why HCl levels with j > 8 are not observed.

However, the momentum gap law does not explain why the

c.m. translational energy distributions for all the measured

HCl(j) states are similar. This observation suggests the exis-

tence of a kinematic constraint in the transformation of linear

to angular momentum. Recently, several experimental and

theoretical papers discussed the role of such a constraint in the

predissociation of the vdW complexes.18,44,45 McCaffery and

coworkers represented the rotational distribution of fragments

by considering the vibrational predissociation process as an

internal collision within the vdW complex.18,44,45 This ap-

proach treats the enhanced motion of the vibrational mode

in the vdW complex as localized and approximates it as an

Fig. 7 Rotational state distributions of the acetylene fragment cor-

related with the HCl(j = 4–6) and obtained by exciting the Ka =

2 ’ 1 band of the asym-CH stretch of the dimer. The circles show the

experimental results and the solid line depicts the distribution obtained

by PST.
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internal collision between an atom and a diatom. Forces act

impulsively in the interaction region defined as a surface of a

hard ellipsoid with dimensions related to the bond length of

the diatom in the vdW molecule.46,47 Linear-to-angular mo-

mentum transfer plays a central role in the kinematics under

the constraint of energy conservation.

Application of this model to the HCl–acetylene dimer is

complicated, but we can envision that when the HCl stretch is

excited, the vibrational motion is mostly localized in the H

atom due to its small mass and the linear acetylene can be

approximated as a diatom. Consequently, the vibrational

predissociation could be described qualitatively by the model

proposed by McCaffery, in which the linear momentum of the

H atom of HCl is converted to rotational angular momenta of

both fragments, subject to kinematic constraints. In addition

to the need to obtain a reasonable approximation for the

equivalent hard ellipsoid potential for this larger complex, the

model must account for the angular momenta of both HCl

and acetylene. However, because it has treated successfully

several cases in which similar constraints were observed, the

model may be able to reproduce the limitation on the rota-

tional excitation in HCl and the requirement that some energy

remains in relative translation. A more quantitative explana-

tion must await theoretical studies.

V. Summary

The predissociation dynamics of the HCl–acetylene dimer

were studied using VMI at the pair correlated level. The

dissociation energy of the dimer is found to be D0 = 700 �
10 cm�1. The predissociation mechanism depends on the

initial vibrational level excited in the dimer. In the case of

asym-CH stretch excitation, an accidental near-resonance

exists between the dimer’s asym-CH stretch fundamental and

a combination of acetylene C–C stretch and two quanta of

bend, which facilitates initial V–V transfer within the acetylene

moiety. Subsequent coupling of the bends to the intermolecu-

lar modes of the dimer leads to unimolecular decomposition

with near-statistical energy partitioning among the rotational

and translational degrees of freedom of the products. The

dimer’s C–C stretch excitation evolves adiabatically to the

acetylene product and no other vibrational levels in acetylene

are excited. HCl is produced only in u = 0, with a rotational

distribution that appears somewhat biased towards the highest

rotational levels, in accordance with the momentum gap law.

A different mechanism is dominant in predissociation fol-

lowing excitation of the dimer’s HCl stretch vibration, which is

parallel to the dissociation coordinate. In this case, there is no

preference for a specific vibrational level in the acetylene

fragment. Rather, one or two quanta of cis- or trans-bend

are predominantly excited and their relative populations vary

with HCl(j) in a way that obeys the momentum gap law and

minimizes the number of transferred quanta, as proposed by

Ewing.42 The observation of similar translational energy

release in all the observed HCl(j) distributions suggests that

the predissociation can be treated as a hard sphere collision, in

which the transfer of linear to angular momentum is limited by

a kinematic constraint. The hard ellipsoid model proposed by

McCaffery may be able to describe quantitatively the energy

partitioning in this case.18
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