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Pair correlated fragment rovibrational distributions are presented following vibrational

predissociation of the C2H2–DCl van der Waals dimer initiated by excitation of the asymmetric

(asym) C–H stretch. The only observed fragmentation pathways are DCl (v ¼ 0; j ¼ 6–9) þ C2H2

(n2 ¼ 1; j ¼ 1–5). These and previously reported data on the related C2H2–HCl species are

analysed using the angular momentum (AM) method. Calculations accurately reproduce fragment

rovibrational distributions following dissociation of the C2H2–HCl dimer initiated either by

excitation of the asym C–H stretch or via the HCl stretch, and those from C2H2–DCl initiated via

asym C–H stretch excitation. The calculations demonstrate that the dimer is bent at the moment

of dissociation. Several geometries are found that lead to H-bond breakage via a clearly identified

set of fragment quantum states. The results suggest a hierarchy in the disposal of excess energy

and angular momentum between fragment vibration, rotation and recoil. Deposition of the

largest portion of energy into a C2H2 vibrational state sets an upper limit on HCl rotation, which

then determines the energy and AM remaining for C2H2 rotation and fragment recoil. Acceptor

C2H2 vibrational modes follow a previously noted propensity, implying that the dissociating

impulse must be able to induce appropriate nuclear motions both in the acceptor vibration and in

rotation of the C2H2 fragment.

1. Introduction

The dissociation of vibrationally excited van der Waals (vdW)

molecules continues to be a topic of great interest many years

after vibrational predissociation (VP) in these weakly-bound

complexes was first observed.1 The spontaneous fragmenta-

tion of a species containing excess energy is important in a

wide range of chemical and biological contexts. When this

process involves the breaking of a hydrogen bond, it takes on

an additional significance. VP is a low-energy event involving

quantum levels located in a spectral region that is relatively

uncluttered, thus initial states may be specified quite precisely

and product states identified with a high degree of certainty.

Key experimental observables in VP experiments are the

dissociative lifetime and rovibrational distribution among

the fragment species following dissociation.2 Experiments in

which fragment state rovibrational distributions are fully

determined increase greatly our understanding of the mechan-

ism of VP. Furthermore they contain clues as to the manner in

which molecules deal with excess energy e.g. the role of

intramolecular vibrational redistribution (IVR) prior to

dissociation.

Highly excited small polyatomic molecules often exhibit

signatures of non-statistical populations among their vibra-

tional and rotational states, in marked contrast to molecules

having high density of vibrational states. At some point as

molecular complexity increases, excess energy, initially located

within a specific mode, rapidly becomes delocalised as the

molecule switches between iso-energetic configurations of its

quantum states.3 The extent of IVR becomes a significant issue

in the VP of weakly bound complexes, which usually display

nonstatistical VP, because of the disparity between the fre-

quencies of the intermolecular modes of the complex and the

intramolecular vibrational frequencies of the molecular sub-

units. In at least one theoretical treatment4 the assumption

that IVR precedes VP is an essential element. However, the

molecular parameters that determine the extent of IVR in

weakly bound complexes are not well characterised. High-

resolution VP experiments have the capacity to characterise

this change in molecular behaviour though the experimental

difficulties mount rapidly as molecular complexity increases.

In this context it is worth emphasising that vibrational resolu-

tion alone is rarely sufficient for this purpose since dynamical

detail essential to full understanding of VP is contained also in

the distribution of population among rotational states.

In this paper we present new, pair-correlated fragment

rovibrational state distributions following the VP of

C2H2–DCl, and a theoretical analysis of these as well as data

on the closely related C2H2–HCl H-bonded complex recently

reported by Li et al.5 vdW molecules in which adducts are

H-bonded to the p-electron system of acetylene have been

known for some years.6–10 The structures of complexes of

C2H2 with HX and DX (X ¼ halogen) have been studied using

a number of spectroscopic techniques and their T-shaped
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geometry is well established.6,7 The equilibrium geometry of

the HCl/DCl complex is displayed in Fig. 1. More recently,

emphasis has been placed on the dynamical properties of these

species, particularly their VP behaviour, following excitation

into modes localised primarily in either the C2H2 or the

diatomic component of the H-bonded pair.5,8–10 The results

of these experiments indicate (1) that the dissociation path-

ways are strongly dependent on the manner of initial excita-

tion and (2) the distributions among fragment states are rarely

statistical. The results reported here on pair-correlated dis-

tributions are among the most highly resolved data available

to date. They consist of correlated rovibrational distributions

of fragment states following excitation of the asym C–H

stretch in C2H2–DCl and similarly correlated distributions

reported by Li et al.5 in which VP was initiated by excitation

into either HCl or C2H2 vibrational modes of the C2H2–HCl

complex. Detailed analysis of these experiments reveals new

insights into the mechanism by which energy-rich, H-bonded

species fragment.

2. Experimental data and method of analysis

The experiment has been described in detail by Li et al.5 and is

summarised briefly here. Methods differ only slightly for the

two H-bonded species considered. For the HCl complex, two

different modes of excitation were employed. In the first of

these the dimer is excited in v¼ 1 of the asym C–H stretch and,

in the second one, in v ¼ 1 of the HCl stretch. For the

C2H2–DCl dimer, only v ¼ 1 of the asym C–H stretch was

excited. In each instance the pair-correlated distributions are

determined, thereby linking the C2H2 fragment rovibrational

distribution to individual rotational levels of v ¼ 0 HCl/DCl.

The rotational populations of the v ¼ 0 H(D)Cl fragment were

analysed using REMPI spectroscopy. Only a sub-set of jH(D)Cl

states was found to be populated in each experiment, namely

jHCl ¼ 4–7 and 6–8 for asym-C–H stretch and HCl stretch

excitation respectively and jDCl ¼ 6–9. No population was

detected in the v ¼ 1 level of H(D)Cl. The centre-of-mass

(c.m.) translational energies of the C2H2 fragments, in coin-

cidence with each individual HCl/DCl rotational state, were

obtained using velocity map imaging (VMI).5 This yields a set

of images of the velocity distribution for each individual

jH(D)Cl state with a resolution of around 30 m s�1. This is

sufficient to resolve the acetylene rotational distributions

associated with each jH(D)Cl with C2H2 states identified using

energy and momentum conservation. Thus the correlated

rotational distributions within a single, uniquely identifiable

C2H2 vibrational level were obtained following acetylene

excitation and for a limited range of acetylene vibrational

states in the case of HCl excitation. Results of this process for

jC2H2
within the n2 C–C stretch, correlated with jDCl ¼ 6–9, are

shown in Fig. 2. Note that the parity of the Ka state selected in

the excitation step determines whether odd or even rotational

states of the C2H2 fragment are populated.5 For both dimers

excitation was via Ka 2 ’ 1 and thus odd jC2H2
were only

observed for both C2H2–HCl and C2H2–DCl in the case of

asym C–H stretch excitation. When HCl stretch excitation

initiated VP, individual Ka levels were not resolved on excita-

tion and so both odd and even fragment jC2H2
are observed.

Fragment rotational state distributions for both H-bonded

species are discussed in greater detail below but here we draw

attention to a remarkable selectivity in fragment vibrational

states that are populated on dissociation, one that depends

strongly on the manner of excitation. In both C2H2–HCl and

C2H2–DCl, VP initiated via the asym C–H stretch in the dimer

populates rotational levels of the symmetric C–C stretch (n2)

Fig. 1 Equilibrium structure of the C2H2–HCl H-bonded complex

Fig. 2 Translational energy distributions of acetylene correlated with

specific rotational levels of DCl, following excitation of the asym C–H

stretch fundamental. The corresponding rotational levels of the

acetylene co-fragment are indicated. Gaussian fits to individual

jC2H2
intensities, from which rotational populations are extracted,

are shown dashed.
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and H(D)Cl v ¼ 0 exclusively. Following HCl stretch excita-

tion in C2H2–HCl, only acetylene bend modes (n4 and n5) are
populated. A similarly high degree of selectivity was noted by

Oudejans et al.9,10 in the VP of the analogous C2H2–HF

complex when excited via asym C–H stretch and the HF

stretch. The energy level diagram of Fig. 3 indicates destina-

tion states accessible to each fragment in the C2H2–HCl

dissociation. The dissociation energy of the HCl complex5,11

is 700 � 10 cm�1. That of C2H2–DCl was determined here to

be 755 � 10 cm�1. The excess energy available following HCl

stretch excitation at 2806.9 cm�1 in C2H2–HCl is 2107 cm�1,

whereas following asym C–H stretch excitation (B3280 cm�1),

it is 2581 and 2527 cm�1 for the HCl and DCl complexes,

respectively.

2.1 Theoretical analysis; the AM model

Two significant features of VP data in the acetylene–H(D)Cl

dimers require theoretical justification, the first being the high

degree of specificity among fragment vibrational states men-

tioned above and the second the rotational distributions with-

in vibrational states accessed. The latter is conventionally

expressed in terms of the partitioning of energy between

rotation and translation. More precisely this division is be-

tween fragment rotational AM and recoil orbital AM (lrec).

Questions that spring to mind include: in what manner these

observations are related; what they reveal concerning the VP

process; and whether they are representative of more wide-

spread features of VP in complex systems. Full quantum-

mechanical treatment is not feasible and in the absence of a

potential energy surface (PES), classical mechanics is not an

obvious option. Furthermore these methods have not gener-

ally given insight into the relationship between cause and effect

in the VP process, with few transferable principles emerging

from studies undertaken. As with many of the molecular

events falling within the general category of energy transfer,

VP primarily consists of changes in nuclear momentum in

which e.g. momentum of collision, or of vibration, is con-

verted into rotational and/or orbital AM. Hence a nuclear

dynamical formulation could be seen as the natural represen-

tation for collision–induced change.

In the AM model, force results from momentum change

among or between assemblies of nuclei 12 rather than via the

PES, as in the classical mechanics of Lagrange or Hamilton.

Simple expressions represent the conversion of relative motion

into vibration and/or rotation, or into recoil, without recourse

to a PES. Momentum exchange is expressed as a state-to-state

event in which quantisation and energy conservation are

imposed as constraints. A significant element in this process

is the conversion of relative motion into molecular rotation.

This may be viewed as linear-to-angular momentum conver-

sion or as creation, initially, of orbital AM in the interaction,

that is then disposed as rotation and recoil orbital AM. In

either formulation, an effective impact parameter (bn), or

molecular lever arm, is required to convert a linear- to angular

momentum. Analysis of experimental data has shown13 that

this lever- or torque-arm is invariably of molecular dimension,

having maximum value (bmax
n ) ¼ half bond length (HBL) in a

homonuclear diatomic and an equivalent distance from the

centre-of-mass (c.m.) in heteronuclear species.

Quantitative calculations of rotational distributions are

based on the physical principles of the AM model and use a

3D ellipsoid representation of the molecule of interest to

generate an appropriate molecular lever arm distribution.12

In the VP of vdW complexes, high rotational excitation within

the fragments is often observed and is attributed to interaction

with the repulsive part of the potential energy surface.

Bosanac14 has demonstrated that torque, generated via

dV(R, y)/dy, of magnitude sufficient to induce rotational state

change, is available only at the repulsive wall of a PES, the

angular variation of potential V(R, y) in the attractive region

being too slow for this purpose. This is one of the reasons that

impulsive models are effective in describing energy exchange

processes and hard shape representations have been widely

used to describe the physics of collisions.15 The first usage of

the 3D ellipsoid in collision dynamical studies was by Kreutz

and Flynn.16 The value of this shape lies in its ability to give an

accurate representation of P(bncosj), the probability density

of effective impact parameter, as a function of bn. Quantitative

agreement is obtained with experiment using ellipsoid dimen-

sions (a�b) ¼ HBL where a and b are semi-major and semi-

minor axes, respectively. Extension of this model to mass-

asymmetric species is straightforward.17 The method was

developed initially for collision-induced vibration–rotation

transfer (VRT) and collisions are simulated by a Monte

Carlo—generated set of random trajectories that sample all

regions of the ellipsoid surface and hence all values of bn up to

bmax
n . The general expression for j-change in VRT is;

Dj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
mv2r � Dv�ho

B
þ ji þ

1

2

� �2
s

� ji þ
1

2

� �
ð1Þ

where Dv ¼ vf � vi, Dj ¼ jf � ji, B is the rotational constant and

_o is the vibrational energy. eqn (1) corrects a previously

published12,17,18 erroneous form of this equation.

Fig. 3 Energy level diagram for the separate fragments of the

C2H2–HCl H-bonded dimer showing the two modes of vibrational

excitation (vertical broken arrows), excess energy available (horizontal

dotted lines) and the rovibrational states accessible as energy

acceptors.
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Vibrational predissociation of weakly-bound complexes is

envisaged as a form of VRT in which ‘internal collisions’, the

result of highly directional jostling by atoms of vibrationally

excited species, induce transitions within and/or between

vibrational modes and, simultaneously, generate rotational

and orbital angular momentum. In a weakly bound complex

there are bend and stretch modes involving the weak inter-

molecular bond, the latter facilitating the internal collision

while the former allowing the system to explore potential

dissociation geometries. This forms the conceptual basis of a

model of VP introduced recently by McCaffery and Marsh.18

Note that a significant difference between VRT and VP is that

in the latter, the range of relative orientations of the subunits

may be restricted in comparison to the case of an inelastic

collision. The point of impact between the dimer components

will be limited by the amplitude of the intermolecular bend

mode and, in the case of C2H2–H(D)X species, this motion is

about the centre-of-mass of the acetylene molecule. Thus,

depending on the equilibrium geometry and the amplitude of

the dimer bend motion, the full bmax
n value may not be

achieved. This is illustrated in Fig. 4 in which the relationship

between the point of impact on the ellipsoid surface and the

magnitude of bn is shown for three possible collision geome-

tries. The maximum value of bn is generated by impact normal

to the surface at around 451 to the c.m. for the case that the

c.m. is at the ellipsoid centre.

Calculation of rotational distributions following VP via the

AM model are similar to those employed to predict the out-

come of VRT in vibrationally excited species, though now

bmax
n becomes a variable parameter, the maximum value of

which is determined by the dimensions of the molecule con-

cerned. Thus bn can range up to HBL or its equivalent for a

heteronuclear species. In HCl, for example, this is the distance

from the c.m. to the H atom, i.e. 1.24 Å. In both C2H2–HCl

and C2H2–DCl we find that the bn values recovered from

fitting data are generally less than the theoretical maximum

available, suggesting that the bend motion of the dimer species

is somewhat restricted. By contrast the VP of the benzene–

Ar vdW complex from the 61 level occurs from a geometry well

away from the c.m. of benzene19 indicating wide amplitude in

the vdW bend. The VP of rare gas-diatomic vdW molecules is

also characterised by maximum bn values close to the geo-

metric limit.18 Here, as in the case of C2H2–NH3,
20 there is

evidence of dissociation from more than one dimer geometry.

VP involving polyatomic species having more than one

inertial axis introduces additional complexity. Sampson

et al.19 utilised an ‘equivalent rotor’ method to calculate

rotational distributions of benzene following VP of the benze-

ne–Ar vdW complex. This method, introduced to calculate

VRT probabilities in 61 benzene, was tested by comparing

calculated and experimental VRT data on a range of poly-

atomic species and is described in greater detail in the original

work.21 In this approach, rotations about a specified inertial

axis are simulated by an equivalent (ellipsoidal) rotor having

the rotational constant of the molecule about that axis and

dimensions determined from the molecular structure perpen-

dicular to that axis. Acetylene is particularly straightforward

to model, as it is a linear rotor in its ground electronic state

with c.m. mid-way between the two carbon atoms. The

ellipsoidal parameters used here for C2H2 are a ¼ 2.11 Å,

b ¼ 0.6 Å so that bmax
n ¼ (a � b) ¼ 1.51 Å.

3. Calculated distributions

Calculations were performed on C2H2–HCl and C2H2–DCl in

the manner described above. The asym C–H stretch vibration

was excited using 3281.4 cm�1 radiation in the first experi-

ment, while HCl stretch excitation at 2806.9 cm�1 initiated

dissociation in the second. In C2H2–DCl, VP was induced by

asym C–H stretch excitation at 3282.04 cm�1. In each experi-

ment, destination vibrational levels in the fragments could be

identified and so the energy available for disposal as rotation

and/or orbital AM is known for each dissociation pathway.

The calculations aim to reproduce the measured rotational

distributions in order to obtain data on the geometric config-

uration of the dimer components at the moment of dissocia-

tion, inferred from the magnitude of bmax
n . This quantity was

varied in computations of rotational distributions to obtain

best fits to experiment and the results represent un-weighted

sums of two or more calculated distributions. Thus more than

a single VP geometry contribute to the population of fragment

rovibrational states. The high quality and detail of the experi-

mental data present a unique opportunity to consider the

mechanism of VP and energy disposal processes in complex

molecules more widely and this is addressed in the Discussion

section.

Before describing destination state populations in detail we

first consider the possibility that system-specific energy or

angular momentum constraints control the partitioning of

available energy into rotation and translation, i.e. the compe-

tition between fragment rotational and recoil orbital AM. This

is a significant issue of relevance to models of VP where

Ewing’s rules22 are often used as a first approximation to

predissociation outcomes. Velocity–angular momentum dia-

grams have been used18 to show that partitioning between

product rotation and recoil is determined by molecular prop-

erties such as moment of inertia and bond length. Fig. 5 shows

a velocity–AM diagram for the acetylene fragment following

VP of the C2H2–HCl dimer initiated by asym C–H stretch

excitation. Several possible outcomes are portrayed in this

Fig. 4 Diagram to demonstrate that momentum (p) impacting on

different points of the ellipsoid surface generates effective impact

parameters (bn) of different magnitude. Impulse normal to major or

minor axes generates bn ¼ 0 only.
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figure: (i) direct population of rotational levels of ground

vibrational state of C2H2 and (ii) population of rotational

levels of one quantum of the C–C stretch (n2) of C2H2 for the

case (a) that all possible bn values up to bmax
n are accessible and

(b) for the situation where complex geometry and intermole-

cular bend vibration amplitude reduce the maximum bn
available to 0.8 Å.

Fig. 5 demonstrates that when the full theoretical maximum

bn value is utilised, energetic constraints do not restrict access

to (energetically open) jC2H2
states, a result of a large lever arm

and high reduced mass in this system. The figure suggests that

for fragment C2H2, j B 40 might be particularly favoured

since this transition requires little energy change. However, the

probability of generating rotational angular momentum falls

rapidly as j increases and thus it is unlikely that the excited

dimer will dissociate via this route. Large angular momentum

‘loads’ of this kind have been shown to constitute an exit

channel barrier or bottleneck in exothermic processes such as

VRT, VP and elementary reactions23 and may ultimately

prevent a process from occurring. The figure further demon-

strates that when bmax
n is reduced, e.g. by restricted amplitude

in the dimer bend mode, then the momentum conversion

mechanism is much less effective and places an upper limit

on j-values. Fig. 5 also demonstrates that the VP process

would benefit if a proportion of available energy were depos-

ited into a fragment vibrational state. On populating the C–C

stretch the AM load is reduced very dramatically—by around

20 ‘ for the case that bmax
n ¼ 1.5 Å. Fragment vibrational

modes represent energy repositories that are able to reduce

both energy and AM load. Fig. 5 is drawn for the case that no

HCl rotational states are populated and hence for VP to 1n2,
around 600 cm�1 of energy must be disposed as C2H2 rotation

and recoil orbital AM.

3.1 H(D)Cl rotational distributions

Fig. 6 shows experimental and calculated HCl (v ¼ 0) frag-

ment rotational populations following (i) excitation of the

C2H2–HCl dimer via the Ka ¼ 2 ’ 1 transition in the asym

C–H stretch at 3281.4 cm�1 and (ii) excitation via the Q branch

of the HCl stretch at 2806.9 cm�1. Note that the observation

of rotational excitation in the H(D)Cl fragments indicates the

diatomic cannot be in its equilibrium configuration at the

moment of dissociation, i.e. the diatomic axis is tilted relative

to the complex C2v axis. Such a tilt would occur naturally as

H(D)Cl oscillates about the equilibrium configuration in the

dimer bend motion. Lower jHCl states may also be populated

Fig. 5 Plot of fragment jC2H2
vs. velocity for VP of C2H2–HCl

following asym C–H stretch excitation. Plots are state-to-state thres-

hold conditions for energy (E) and angular momentum (A) conserva-

tion expressed as relative velocity vs. C2H2 rotational state. Two VP

routes are shown, one direct to rotational levels of ground state C2H2

(up triangles) and the other to rotational levels of the C–C symmetric

stretch (n2) of the acetylene fragment (down triangles). A-Plots are

drawn for bmax
n ¼ 1.51 Å, the maximum theoretically available, and for

0.8 Å to represent a likely value accessed in the VP process. The

shaded sections represent those regions of velocity–AM space for

which conditions of energy and AM conservation are simultaneously

met.

Fig. 6 Experimental and theoretical HCl rotational distribution

following VP initiated by excitation of the asym C–H stretch (Ka

2 ’ 1) at 3281.4 cm�1 (upper panel). Values of bmax
n used to obtain fit

were 0.24 and 0.40 Å. Experimental data from Table 2 of Li et al. are

accurate to �10%.5 Lower panel, as above, but now excitation is via

the HCl stretch Q band at 2806.9 cm�1. bmax
n values ¼ 0.32 and 0.43 Å.
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but signal intensity above background is too small to be

reliably estimated. The distribution is best regarded as one

that is biased towards the mid- to high-jHCl region.

Sufficient energy is released in the overall VP process in

C2H2–HCl to populate up to jHCl ¼ 15 (asym C–H stretch

excitation) and jHCl ¼ 13 (HCl excitation) but only a limited

sub-set of middle range jHCl values is observed. The patterns of

the reliably measurable intensities however suggest that more

than one configuration lead to dissociation. We note that

throughout this work, rotational distributions measured by

Li et al. are considered to be nascent. At even the lowest values

of translational energy measured by Li et al., separation

velocity is several angstroms per picosecond and thus on

dissociation the fragments move rapidly away from the region

where impulsive forces are generated.

Fig. 6 shows calculated rotational state populations for the

two cases considered. The states with measurable population

are of very similar magnitude. As can be seen from the figures,

theory is able to reproduce this unusual distribution but no

single bmax
n was able to match the observed patterns. Rather,

two values were needed to fit each set of data. These

bmax
n values are listed in Table 1. In the case of asym C–H

stretch excitation, the peaks at jHCl ¼ 4, 5 predominantly arise

from impact at points giving bmax
n ¼ 0.24 Å while the remain-

ing two at j¼ 6, 7 are generated with bmax
n ¼ 0.4 Å. As could be

anticipated from the up-shifted j distribution, bmax
n values are

somewhat larger when the HCl stretch initiates dissociation

and are 0.32 and 0.43 Å. The maximum torque-arm available

from the HCl diatomic is 1.06 Å and so the bmax
n values

obtained from fitting experimental data indicate only a rela-

tively small angle of tilt of the HCl bond at the moment of VP.

The bmax
n values obtained by fitting data indicate that in both

cases considered, VP occurs as a result of combined bend and

stretch motions of the weak H-bond. The origin of these

constrained distributions is discussed in section 4 below.

3.2 C2H2 rotational distributions

The rovibrational distributions in C2H2 are very sensitive to

the excitation mode by which VP is induced and results from

these two distinct modes are discussed separately.

(i) VP following asym C–H stretch excitation in C2H2–HCl

and C2H2–DCl. The molecular motion of the asym C–H

stretch in acetylene is shown in Fig. 7 together with that of

other normal modes of this molecule. Following this form of

excitation in the dimer, VP leads to population of the C–C sym

stretch mode (n2) in acetylene exclusively. Thus all of the

momentum and energy of the dissociation event are distrib-

uted between the rotational states of H(D)Cl (v ¼ 0), of C2H2

(n2), and recoil. Li et al.5 reported rotational distributions in

C2H2 correlated with each individual rotational level of HCl

and those from VP of C2H2–DCl are shown in Fig. 2. Thus for

VP via the asym C–H stretch, eight separate C2H2 (n2) rota-
tional distributions are available, one for each of jHCl ¼ 4–7

and jDCl ¼ 6–9. Different amounts of energy are available in

each case and thus different distributions of rotational states

ensue, indicating that several VP geometries are accessed.

The experimentally determined C2H2 (n2) distributions from
VP of C2H2–HCl correlated with jHCl ¼ 5 and 6 are shown in

Fig. 8. In each case there is substantial population in states up

to the energetic limit. The distributions have high relative

populations in mid-range jC2H2
states but only small contribu-

tion at low j. In all cases other than jHCl ¼ 7, for which less

than 22 cm�1 is available as C2H2 rotation, at least two values

of bmax
n were needed to obtain a reasonable fit to data. Theory

generally reproduces experimental data well, with the results

shown in Fig. 8 being typical. The fit parameters (i.e. bmax
n ) are

listed in Table 2 and span a wide range of values. This suggests

that there are few restrictions beyond the conservation laws on

the generation of rotational angular momentum. The highest

probabilities are found for geometries associated with mid to

large values of bmax
n .

Rotational distributions following VP of C2H2–DCl follow

a similar pattern, as seen in Fig. 9 where experimental and

calculated C2H2 (n2) populations correlated with jDCl ¼ 6 are

plotted. The calculation reproduces the data points within

experimental error (�10%) but some six values of bmax
n were

needed to obtain this level of agreement with the eight data

points observed experimentally. Results of calculations on this

system are given in Table 3 and these, together with data from

calculations on C2H2–HCl listed in Table 2, suggest that each

individual observable [(v; j)H(D)Cl; (v, j)C2H2
; lrec] fragment state

results from a near unique dissociation geometry for which

bn B bmax
n and that geometries corresponding to excitation of

all energetically allowed rotational levels are sampled.

Table 1 Values of bmax
n used to fit experimental HCl fragment

rotational distributions obtained by Li et al.5 following asym C–H
stretch and HCl stretch excitation of the dimer

HCl fragment.

bmax
n values/Å
C–H asym stretch exc. HCl stretch exc.
0.24; 0.40 0.32; 0.43

Fig. 7 The normal modes of acetylene.
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The acetylene j-distributions also quantify the partitioning

between C2H2 and H(D)Cl rotation and recoil orbital AM of

fragments. This topic is discussed in a later section but we note

here that the process in which energy is deposited into a C2H2

acceptor vibration and one of the widely-spaced H(D)Cl

rotational modes, greatly reduces the C2H2 AM load—a

mechanism known to speed-up the VP process.18 The parti-

tioning of this reduced energy and AM load between C2H2

rotation and orbital AM varies quite widely. Furthermore the

direction of lrec relative to jC2H2
and jH(D)Cl may be used by the

system to meet overall AM conservation. Meeting these con-

servation relations while undergoing dissociation is a complex

task. However, the data suggest that numerous geometries and

quantum pathways are available for VP, resulting in a reason-

ably efficient dissociation, as gauged by VP lifetime in the

nanosecond range.

(ii) VP following HCl stretch excitation in C2H2–HCl. On

exciting the HCl stretch vibration, the magnitude and direc-

tion of the dissociating impulse are changed and so fragment

rovibrational distributions are expected that differ from those

following asym C–H stretch excitation. The energy available,

should the n2 C–C stretch mode be populated, would be

sufficient to generate HCl in its lowest rovibrational states

only, contrary to observation. Thus the C2H2 bends n4 and n5
become the principal acceptor modes in an AM load reduction

strategy. As noted above, only jHCl ¼ 6, 7 and 8 levels are

measurably populated and the c.m. translational energy dis-

tributions correlated with these appear rather similar in overall

shape, peaking at modest recoil.5 As with the populations

described earlier, more than a single VP geometry appears to

contribute to the overall VP process and angular momentum

conservation does not constrain the C2H2 rotational distribu-

tions. The j-states of vibrationally excited C2H2 are again

Fig. 8 Experimental and calculated jC2H2
distribution in n2, the C–C

stretch, correlated with jHCl ¼ 5 (upper panel) and jHCl ¼ 6 (lower

panel). VP in this case follows excitation of the asym C–H stretch in

the dimer. Experimental jC2H2
values accurate to �10%.

Table 2 Values of bmax
n used to fit experimental C2H2 fragment

rotational distributions correlated with individual jHCl levels for the
two forms of dimer activation

C2H2 fragment. bmax
n values/Å

jHCl C–H asym stretch exc. HCl stretch exc.

4 0.3; 0.5; 0.7; 1.0
5 0.45; 0.6; 1.05
6 0.63; 1.0 0.36; 0.60; 0.9; 1.1
7 0.68 0.5; 0.66; 0.85; 1.05

Fig. 9 Experimental and calculated jC2H2
distribution in n2, the C–C

stretch, correlated with jDCl ¼ 6. VP in this case follows excitation of

the asym C–H stretch in the C2H2–DCl dimer.

Table 3 Experimental and calculated fragment C2H2 rotation state
relative intensities in the (n2), C–C stretch vibration correlated with
jDCl ¼ 6, 7, 8, 9 following asym C–H stretch excitation of the
C2H2–DCl dimer. Experimental errors are �10%

jDCl

6 7 8 9

jC2H2
Expt Calc Expt Calc Expt Calc Expt Calc

1 0.37 0.4 0.53 0.19 0.27 0.14 0.44 0.46

3 0.44 0.45 0.58 0.61 0.43 0.48 0.52 0.53

5 0.74 0.76 0.68 0.66 0.69 0.62 1 1

7 0.89 0.88 0.92 0.92 1 1

9 0.85 0.82 1 1 0.87 0.87

11 1 1 0.74 0.74

13 0.96 0.94 0.65 0.64

15 0.68 0.66

bmax
n /Å 1.15; 0.76;

0.51; 0.37;

0.23; 0.13.

1.28; 0.75;

0.5; 0.36;

0.22.

0.85; 0.43. 0.8; 0.42; 0.18.
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populated up to the maximum allowed by energy conservation

indicating that C2H2 rotation is generally favoured over frag-

ment recoil. Several values of bmax
n are needed to fit the data

and are similar in range and magnitude to those found when

VP is initiated by C–H asym. stretch excitation.

Li et al.5 were unable to obtain unique fits to these data sets

because of the high density of rotational states in this spectral

region. Nevertheless, they were able to show that the acetylene

fragment is excited with one or two bending quanta. Rota-

tional state intensities in this instance were taken from the

band contours and therefore represent only approximations to

the state-resolved probabilities. Adequate fits to these values

were obtained assuming simultaneous excitation of two quan-

ta of the n4 bend (l ¼ 0) mode for jHCl ¼ 6, 7 though there are

clear indications in the spectra that other states make some

contribution. In particular, the combination 14 þ 1n5, 2n5 and,
for jHCl ¼ 8, 1n5 and 1n4 quite evidently contribute. The

number of potential destination states increases rapidly in this

region as states of non-zero vibrational angular momentum

are accessed. Higher resolution would be needed to deconvo-

lute these contributions. This high density of low jC2H2
rota-

tional states is very likely responsible for the close similarity of

the distribution shapes found in this instance. Since there are

no kinematic constraints, the observed distributions mainly

reflect the influence of AM load on the maximum accessed

jC2H2
.

3.3 Fragment vibrational state distributions

In each dimer considered here, and for each mode of initiating

VP, one or more vibrational state of the C2H2 fragment is

excited in the process of dissociation. Direct transfer to near-

resonant rotational states of the ground vibrational state of

each fragment does not occur in the species considered here

despite the very small energy deficits involved. Thus following

asym C–H stretch excitation, transition to jC2H2
¼ 46 disposes

of all but 37 cm�1 of available energy while that to jHCl ¼ 15

leaves only 106 cm�1 to be found as C2H2 rotation and/or

recoil. Similar near-resonant transitions are possible when

HCl excitation initiates VP. These exit routes evidently are

not favoured on dissociation, behaviour that follows a general

propensity identified in exothermic inelastic, dissociative and

reactive molecular events, namely that there is a limit to the

angular momentum load a given energy-rich system may

dispose of.23 This barrier to exothermic molecular events has

its origin in the exponential-like fall in probability of generat-

ing rotational AM as magnitude increases. At some point, for

a given system, the transition probability for generating AM

change becomes too small for the process to be detected. The

deposition of substantial fractions of available energy into

vibration reduces the AM load and greatly speeds vibra-

tion–rotation relaxation and VP.18,23

In molecules having many vibrational modes, relaxation

processes are often remarkably selective24 in a manner that is

not well understood. Sampson et al.19 suggested that transi-

tions between vibrational states in inelastic and dissociative

events require the initiating impulse to be in such a direction

that the nuclear motion causing vibrational mode change

additionally be capable of inducing the appropriate molecular

rotation. These linked requirements constitute highly selective

criteria on the nature of acceptor normal modes. The principle

appears to apply to collision-induced vibrational relaxation in

a number of polyatomics21 and is consistent with the data of Li

et al.5 as well as that from C2H2–DCl reported here. The

atomic motions characterising each of the normal modes of

acetylene are shown in Fig. 7 from which the utility of this

propensity rule may be gauged. When VP is initiated by C–H

asym stretch excitation, the individual motions of nuclei are

parallel to the molecular axis and are readily de-phased and

slowed by collision with the proton of H(D)Cl as the hydrogen

bond contracts. In this process the C–H stretch is relaxed to n2,
the C–C sym. stretch, while released energy and momentum

are transferred to C2H2 rotation, H(D)Cl rotation and frag-

ment recoil on breaking the hydrogen bond.

When HCl stretch motion initiates the internal collision,

impulse is primarily generated perpendicular to the C2H2

molecular axis, readily exciting bend modes, C2H2 rotations

within n4 or n5, HCl rotation and recoil. Thus the simple

principle outlined above appears to apply here. For jHCl ¼ 8,

for example, acetylene fragments with one quantum of bend

are excited because the AM load for acetylene is sufficiently

low, whereas for lower jHCl states, two quanta of bend are

preferentially populated. Energy restrictions on HCl excitation

prevent access to the acetylene n2 mode on VP and so this test

of the general proposition is not wholly clear-cut. However,

the influence of these geometric and kinematic factors is

demonstrated in the VP of linear C2H2–NH3.
20 Following

excitation into the asym C–H stretch of acetylene, the pre-

dominant fragmentation channels are one quantum of the

umbrella inversion mode of NH3 coupled with bend modes of

C2H2. Accessible vibrational modes that are not populated are

NH3 asymmetric bend (n4), n2 C–C stretch of acetylene and

vibrational ground states of each fragment.

4. Discussion and conclusions

In the period since VP in weakly bonded vdW molecules was

first observed1 a number of theoretical approaches have been

developed to explain and predict the widely varying lifetimes

and fragment rovibrational distributions that characterise the

dissociation of these species. These are briefly discussed here as

the underlying physical principles of a theoretical method

determine the information that approach may yield and

several of the models proposed share a common theme. This

short survey allows the findings reported here to be set in

context. Theoretical methods employed over recent years have

ranged from full solution of the close-coupled equations of

scattering theory to selection and propensity rules based on

relatively simple physical precepts. Despite this, no single

approach has proved entirely satisfactory. Ideally a theory

should reproduce experimental measurements in a reasonably

quantitative fashion yet retain sufficient transparency that

‘rule-of-thumb’ guidance linking outcomes to known molecu-

lar properties may be identified. The detail and completeness

of the information contained in modern experiments offer a

unique opportunity to advance our theoretical insight.

Quite early in the development of the field, Hutson, Ashton

and Leroy25 performed close-coupled scattering calculations
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on VP in H2–Ar and isotopic variants. VP lifetimes were

calculated from the energy dependence of the S-matrix eigen-

phase sum for individual quantum states, obtaining lifetimes

420� 10�6 s. Little physical insight emerges via this approach

and the authors were forced to resort to perturbation expres-

sions for this purpose. Their conclusion, that the mechanism

was dominated by higher order potential coupling terms, is not

surprising given the high degree of fragment rotation that

frequently accompanies VP. Hutson, Clary and Beswick26

used the azimuthal and vibrational close coupling, rotational

infinite order sudden method of Clary,27 extending calcula-

tions of VP resonance widths to rare-gas—symmetric top

complexes. A number of general principles linking outcomes

to features of the PES have evolved28 and relate to situations

in which motion on a surface provides the motive force for

dissociation. Fragment rotation is related to the form of the

vdW bending wavefunction and/or interactions in exit chan-

nels as the fragments depart. In the impulsive limit, the free

rotor expansion coefficients of the bending function determine

the rotational distribution.

Few transferable rules-of-thumb emerged from these studies

though, as is well documented, the perturbation theory ap-

proach and formulation of golden rule expressions for VP by

Beswick and Jortner29 and by Ewing22 have been very fruitful

in the development of a conceptually transparent model of VP

and expressions that allow estimation of dissociative lifetime.

The origins of these energy and momentum gap expression

have been reviewed on numerous occasions.2,30 In these for-

mulations, the dependence of VP probability on the overlap

between bound and continuum nuclear wavefunctions dictates

that fragment translational motion will be constrained by this

overlap factor. Thus very often, a substantial fraction of the

energy released must take the form of fragment rotation. This

two-dimensional picture of the VP process treats rotational

energy as a balancing element in the overall energy conserva-

tion equation rather than an essential component of the

mechanism.

With greater experimental emphasis on rotational distribu-

tions following VP, this simple approach through gap laws is

found to be a useful guide for certain classes of van der Waals

molecule, e.g. complexes of diatomic hydrides such as OH, HF

etc. However, the method is less helpful in rationalising the

energy partitioning in other systems, e.g. complexes of

diatomic halogens. This dependence on molecule type was

recently shown18 to be the result of angular momentum

constraints. These limit the range of rotational states acces-

sible, often to well below the energetic limit. AM constraints in

VP particularly affect molecules that have large moment of

inertia and long bond length and this highlights a deficiency in

the two-dimensional view of VP in which fragment rotation

has no more than a residual role. Molecular dissociation is

characterised by relative motion of the departing fragments

and this is most generally written in terms of fragment orbital

angular momentum (lrec). All processes of molecular change

are required to conserve angular momentum and that gener-

ated by the dissociating impulse must be balanced by the

(vector sum of) rotational and orbital AM of the fragments.

Rotational distributions enter the ‘golden rule’ quantum

formulation of VP explicitly when an angular dependence is

added to radial variables of chemical and vdW bond distance,

as introduced by Halberstadt, Beswick and Janda.31 In this

treatment, continuum–continuum couplings must be included

in determining the continuum functions that provide compar-

ison with experiment. These latter functions are expanded as

products of vibrational functions and spherical harmonics.

Calculations reproduce experimental rotational distributions

and lifetimes, though are highly sensitive to details of the PES.

In the case of HeCl2, five parameters of the potential required

adjustment to reproduce the unusual double-peaked j-distri-

bution found experimentally. Relatively little insight into the

origin of this or other distribution shapes emerges however

and the method is limited to small molecules. The wave-packet

dynamical calculation by Gray and Wozny32 also reproduces

the two-peak structure seen in the HeCl2 rotational distribu-

tion. The structure is attributed to a quantum interference

effect. However, it is not clear from the treatment why this

vdW species is special in this respect.

Ewing33 recognised the close similarity between vibra-

tion–rotation transfer and VP explicitly in deriving a selection

rule for both processes that could be incorporated into a

simple lifetime expression. This is based on the evident reluc-

tance of an excited molecule to change quantum numbers in a

relaxation process, concisely expressed in the principle that

relaxation is only efficient when the total change in effective

quantum numbers for the process is small. The formal expres-

sion of this principle33 has an attractive simplicity being

composed of a collision frequency factor and an exponential

term in DnT, the total change in quantum numbers (vibration,

rotation and translation). The computation of these changes is

less simple, although the familiar bound–continuum wave-

function overlap plays a central part. The close link between

VP and VRT is emphasised by Forrey et al.34 These authors

note that so-called quasi-resonant VRT, in which near-reso-

nant, collision–induced, low Dj transitions involving Dv ¼ �1,
fulfil the Ewing (DnT ¼ small integer) criterion and are

furthermore characterised by very narrow rotational distribu-

tions. Forrey et al. note that a selection rule not unlike that

proposed by Ewing operates in the case of quasi-resonant

VRT and constitutes a criterion based on conserved classical

action. However, quasi-resonant VRT is restricted to a limited

sub-set of diatomic molecules35 while the formation and

subsequent VP of vdW complexes is generally non-discrimi-

nating in respect of molecule type.

Conceptually distinct from the models surveyed above is

that proposed by Kelley and Bernstein.4 In their approach, VP

is envisaged as a sequential process with intramolecular vibra-

tional redistribution (IVR) occurring prior to dissociation.

Once sufficient energy has migrated to the vdW modes, dis-

sociation may be treated using a restricted form of RRKM

theory in which only the vdW modes are considered. The

model predicts VP lifetimes for aromatic molecule—rare gas

complexes in reasonable agreement with experiment, though is

not suitable for calculating rotational distributions. The

authors point out the stringent conditions of energy match

for IVR to occur and that this requires energy-resonant

alternative configurations among the rovibrational energy

levels of the molecule concerned. At the extreme of vdW dimer

simplicity, IVR would not be expected to be significant but
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becomes more probable as molecular complexity increases.

The acetylene–HCl dimer is of intermediate density of states.

The energy level density in the excitation region is such that

IVR might be feasible if highly excited vdW modes are

involved. The evidence for and against this is discussed in

more detail below.

The AM model18 of VP assumes an impulsive interaction

that transfers momentum over a period that is short on a

vibrational timescale. An off-centre impulse generates orbital

AM (li) that, together with any initial dimer rotational AM (ji),

forms Ji the initial total AM. The probability that this initial

impulse will be converted into fragment rotation is calculated

for each state-resolved transition within the constraint that

each must obey energy conservation. Thus the primary event is

the conversion of impulse, initially generated by vibrational

motion, into rotation with recoil now the residual or balancing

item. This approach has successfully reproduced a wide range

of experimental VP data on di- and polyatomic vdW spe-

cies.18–20 The method cannot, as presently formulated, be used

to calculate VP lifetimes although a simple formula relating

lifetime to the magnitude of AM load and molecular efficiency

factors gives a rough guide.18 The AM method uses quantities

that are familiar in other chemical contexts such as bond

length, mass, spectroscopic constants, and thus rule-of-thumb

generalisations may be derived. The method has much to offer

in the analysis of VP in a system as complex as C2H2–H(D)Cl

and has successfully modelled VP in the analogous C2H2–NH3

complex.20 However, it does introduce an element not present

in earlier theoretical methods discussed above, namely

momentum exchange as the motive force for the dissociation

with energy simply constituting a conservation constraint on

the principal mechanism. Both operate on a state-to-state

basis.

In a direct dissociation, Ji is converted into fragment species

rotation plus recoil orbital AM, i.e. jC2H2
þ jHCl þ lrec in the

acetylene–HCl case. Total J must be conserved so that the

vector sum of these component rotational angular momenta,

together with recoil, must equal Ji. The magnitude of initial

orbital AM will depend on the impact point of the internal

collision and hence a number of different Ji values may be

generated throughout the many cycles of intramolecular bend

and stretch that occur prior to dissociation. Thus the molecule

must seek pathways for dissociation that satisfy the AM

conservation relation and, for each route chosen, also conserve

energy. The experimental data suggest the operation of a form

of hierarchy in energy disposal, with the largest quanta taking

precedence over the smallest; i.e. C2H2 vibrational energy

before HCl rotation, followed by C2H2 rotation, with

lrec available to meet conservation needs through fragment

relative speed and direction. Thus dissociation requires the

system to solve a complex algorithm in order for VP to occur.

However the problems that arise from angular momentum

disposal are diminished when large fractions of the excess

energy can be deposited into vibrational modes of one or more

of the fragments.

Indirect evidence of the influence of the above-mentioned

factors is available in the VP of van der Waals dimers contain-

ing diatomic18 and polyatomic19,20 molecules. The work re-

ported here and that of Li et al.5 is noteworthy in that a

complete determination of the states populated in both frag-

ments was achieved with quantum states in the C2H2 fragment

correlated with those in H(D)Cl. We have shown here that

rovibrational distributions among the fragments obtained

experimentally may be reproduced using a simple, transparent

model of VP. Are there new causative relationships that may

be deduced from these data? In what follows we summarise the

findings of this study and end by stating the principal conclu-

sions.

First we consider the hierarchical element, mentioned

above, in which processes depositing the largest energy quanta

set conditions on those lower down the scale of quantum size.

Population of HCl v ¼ 1 is not feasible on energy grounds for

either form of initial excitation. In experiments on C2H2–DCl,

vibrationally excited DCl fragments have not been observed

following C–H excitation. Direct vibration–rotation conver-

sion to high-lying j-states of C2H2 v ¼ 0 is highly unlikely on

the grounds that the AM magnitude is too large to have

significant probability. Similar arguments apply to near-reso-

nant j-states of H(D)Cl v ¼ 0. Potential energy acceptor states

therefore are those accessible vibrational modes of C2H2

namely the fundamental in n2 (C–C stretch), and fundamen-

tals, overtones and combinations of n4 and n5, the bend modes.

In the first step of VP, the energy-rich molecule reduces the

AM load by dumping a substantial fraction of its available

energy into a suitable fragment high-energy (usually vibra-

tional) mode. This step appears to be important in ensuring an

efficient dissociation pathway. VP following asym C–H stretch

excitation leads to population of the n2 C–C stretch while that

following HCl excitation yields C2H2 fragments in bend

modes, outcomes that are predictable from the motions of

the normal modes in conjunction with the principle19 that the

impulse causing state change be in such a direction that

rotation may be simultaneously excited in the final vibrational

state. The results of experiments discussed here and on

C2H2–NH3
20 support this propensity rule. Note however that

in the related C2H2–HF dimer, there is evidence8 that VP

initiated by HF excitation preferentially deposits the major

fraction of available energy into HF rotation in a dissociation

that is faster than those discussed here. The experimental

method does not involve direct determination of quantum

state populations, which are inferred from fragment angular

distribution measurements.8 C2H2–HF may represent a special

case in which the energy and AM algorithm the weakly-bound

species must solve in order to dissociate is particularly simple.

In this instance jHF ¼ 11, the dominant channel, leaves

sufficient energy remaining to access jC2H2
¼ 3 in the acetylene

ground vibrational state. Values of bmax
n required to achieve

these in the fragments are quite modest, as is that to produce

an appropriate Ji. Also, the large rotational constant of HF

allows the disposal of significant amount of energy into

relative few rotational quanta.

Once the complex has identified a suitable energy dump

mode for the major fraction of available energy, attention

focuses on processes involving the next largest quanta, here in

the H(D)Cl rotational modes. As noted above, the H(D)Cl

rotational distributions for both modes of excitation have

maximum values in jHCl ¼ 4–7 and jDCl ¼ 6–9 following asym

C–H stretch excitation and jHCl ¼ 6–8 when HCl stretch is
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excited. The upper limit on jH(D)Cl in each instance is set by

energy limitations once the major portion has been disposed

into the C–C stretch in the former case and into overtone and

combinations of the bend modes in the latter. Routes invol-

ving bend mode fundamentals with consequent high jC2H2
are

little populated and, more generally, experiment suggests that

pathways involving jC2H2
4 20 are disfavoured. All observed

rotational states are associated with impact parameters that

are well within the range of motion of intermolecular vibra-

tional modes of the complex.

The final disposal into the smallest quanta, i.e. the rota-

tional states of C2H2 and accompanying recoil orbital AM is

determined by the need to conserve overall energy and AM

while minimizing the AM load. In each excitation regime,

C2H2 rotational levels up to the energetic maximum are

observed for each jHCl. In the case of HCl stretch excitation,

the potential final state level density among the bend overtones

and combinations is too great for a clear identification to be

made, though the data demonstrate that bending levels in

C2H2 are always excited. Indeed, a reasonable fit to band

contours for jHCl ¼ 6, 7 was obtained assuming 2n4 to be the

destination state. Though conclusions regarding detailed par-

titioning between orbital and rotational AM are difficult to

make, the data indicate that for each jHCl the most efficient VP

routes are those for which the AM load is manageable. From

the well-resolved C2H2 rotational distributions following asym

C–H stretch excitation, it is clear that disposal of the small

remnants of energy and AM is rather democratic among

rotation and orbital AM. This fits well with findings from

the theoretical analysis that several relative geometries of the

molecular subunits are active in the dissociation.

In the preceding discussion of momentum exchange, a

direct, impulsive model of VP in which the excitation energy

remains localised until the instant of dissociation was used.

This is a sensible approach, considering the difficulties in exact

calculations for weakly bound dimers. Other approximate

models have been used to describe VP, and these are com-

plementary to the approach described here. For example, a

common interpretation involves energy flow through resonant

vibrational modes into the reaction coordinate in order for

dissociation to occur. Even in the absence of exact energy-

resonant configurations in each subunit, the zeroth order

states can evolve via eigenstates of the complex that include

coupling to intermolecular bend and stretch intermolecular

modes in high quantum states. These intermolecular modes

together with the C–C stretch and bend form the bath states

into which the initial excitation flows in a concerted step, as

the excited dimer evolves into dissociated fragments. Four

low-frequency intermolecular bend and stretch modes exist

that are strongly coupled through anharmonic terms and these

can evolve into the fragment rotor states and recoil orbital

AM that are seen experimentally.

Several summarising comments of wider relevance to VP in

general and to low-energy breaking of H-bonds in other

contexts can be made on the basis of the analysis of the results

of Li et al.5 on VP in C2H2–HCl and those reported here on

C2H2–DCl. These are listed below.

1. In processes involving ‘large’ molecules, VP is more

complex than can be dealt with by application of Ewing’s

rules alone. The dissociation no longer hinges on a simple

competition between rotation and recoil orbital AM. Now

vibration–rotation, rotation–rotation as well as rotation–

recoil competition determines the outcome of the VP event.

2. The role of nuclear motion is central to the dissociation of

these chemically and biologically significant systems. A static

model involving no more than electron displacement could not

account for the experimental observations.

3. Whether or not IVR necessarily precedes VP depends on

the specific system under consideration. The treatment here

does not assume IVR as a prerequisite but a perfectly valid, if

cumbersome, theory including partial IVR could probably

account for the observations.

4. Several configurations of the dimer components may lead

to dissociation, each of which appears to be of roughly equal

probability. Each entails deposition of a large fraction of

available energy into a C2H2 vibrational mode and smaller

amounts of energy into available HCl or DCl rotations. The

upper limit to jH(D)Cl is set once the initial step is determined.

Lower limits on jH(D)Cl are less clear-cut and may be a

consequence of the AM load created for jC2H2
if too much

energy remains. Pathways with jC2H2
4 20 appear generally to

be disfavoured. Remaining, unused energy is disposed into

C2H2 rotation and recoil orbital AM. Sharing between these

appears to be quite flexible within the constraints of meeting

overall energy and AM conservation and limits set by the

higher level processes.

5. Calculations based on the internal collision AM model

reproduce experimental data and yield information on geo-

metry at the moment of dissociation. Taken together with

more general principles deduced from related work, some rule-

of-thumb predictability regarding the outcome of VP in com-

plex molecules may be feasible.

6. Vibrational predissociation in C2H2–H(D)Cl, a complex

problem when formulated in quantum or classical mechanical

terms, is relatively straightforward to describe using the

method outlined here. In this, VP may be related to conven-

tional chemical representations of molecules and their known

vibrational motions, as well as the mechanism by which they

proceed to the dissociation coordinate.
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