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Studies of reactions of van der Waals (vdW) molecules or clusters can provide
a window through which we can investigate a variety of eŒects of weak
intermolecular interactions on the chemical process of interest. Here we focus on
the reactions of oxygen atoms with vdW complexes. These reactions were chosen
since the reactions of oxygen atoms with hydrogen halides, saturated hydrocarbons
and water molecules have been studied extensively in both the gas and the
condensed phases. In addition, the presence of a low-lying excited electronic state,
in the oxygen atom, means that its chemistry may be particularly sensitive to
perturbations of the environment, for example those introduced by incorporating
one or more of the reactants into a vdW complex. In this review we discuss
association reactions of oxygen atoms with CO and NO and the reactions of
oxygen atoms, both in their ground O( $ P) state and in the excited O( " D) state, with
saturated hydrocarbons, water and with HCl complexes. The studies of the
reactions of oxygen atoms with vdW molecules were used to gain insights into
generic eŒects of complex formation on chemical reaction dynamics, reactivity and
product state distributions. The results of these studies were summarized in several
general rules that describe the eŒects of the `environment ’ on bimolecular
reactions.
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1. Introduction

In the process of transferring knowledge and intuition from gas- to condensed-

phase processes, one is faced with the question of how the environment aŒects

chemical processes. For example, one can ask whether changes in the environment will

lead to the emergence of properties that were not observed in the isolated gas-phase

process. In the discussion that follows, we shall use the term `environment’ to

represent the solvent or other molecules that interact weakly with the reactants and

products of the reaction of interest. Studies of reactions of van der Waals (vdW)

molecules or clusters can provide a window through which we can investigate a variety

of eŒects of weak intermolecular interactions on the chemical process of interest.

These issues have been the subjects of numerous studies [1± 5] and review articles in

recent years [6 ± 13]. In the discussion that follows, we shall focus on the reactions of

oxygen atoms with a variety of vdW molecules and clusters. The chemistry of reactions

with atomic oxygen is of interest because of the importance of oxygen in many

common chemical processes in solution, in biological systems and in important

atmospheric processes [14]. In addition, the presence of low-lying excited electronic

states means that the chemistry of oxygen atoms may be particularly sensitive to

perturbations of the environment, for example those introduced by incorporating one

or more of the reactants into a vdW complex. We shall try to use our studies of the

reactions of oxygen atoms with vdW molecules to gain insights into generic eŒects of

complex formation on chemical reaction dynamics, reactivity and product state

distributions. When possible, we shall use the results of these studies to develop

general rules that describe the eŒects of the `environment’ on bimolecular reactions.

The reactions of oxygen atoms with hydrogen halides, saturated hydrocarbons and

water molecules have been studied extensively in both the gas and the condensed

phases (for several recent studies on the reactions of oxygen atoms see [15]). Owing to

the amount of very detailed informationabout reaction dynamics that can be obtained

from gas-phase studies, these studies have provided a vast amount of information

about the chemistry of these processes. The motivation for performing detailed studies

of the chemistry of isolated vdW molecules comes from the notion that insights that

are gained from these studies will be relevant to `real-life’ chemistry, speci® cally

chemistry occurring in solution or on surfaces. The notion that mechanisms inferred

from studies of isolated molecules can be transferred to processes occurring in

condensed media is based on the assumption that solvent ± solute interactions are small

compared with the separations between electronic states. This assumption is well

justi® ed when regions of the potentials that are near crossings of two or more

electronic states are not energetically accessible. However, it is well known that the

potential energy surfaces for reactions of atomic oxygen cross because of symmetry

breaking and spin ± orbit couplings. Therefore, it is likely that the reactions

mechanisms, inferred from gas-phase studies, will be strongly aŒected by small

changes to the environment.

vdW molecules and clusters provide a laboratory in which the eŒects of solvation

on chemical reaction dynamics can be investigated. They have the advantage that most
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Reactions of oxygen atoms with vdW molecules 461

of the experimental tools that have been developed for studying gas-phase reactions

can be applied to these investigations. In addition, the relative ease with which

computer simulations can be performed on the vdW systems, since their size and the

initial conditions are both well de® ned, make these systems ideal for theoretical and

computational studies. Finally, as we shall demonstrate below, in many cases the

presence of a small number of solvent molecules can lead to the solvent eŒects that are

similar to those observed in liquids.

Studies of reactions of neutral vdW molecules can be performed in one of two

con® gurations. In the ® rst, a vdW complex is produced and the reaction inside the

cluster is initiated by dissociating or by electronically exciting one of the components

in the complex. This type of study was reviewed recently [8 ± 12], and we shall refer to

these reactions as intracluster processes. The second type of study is performed in a

crossed-molecular-beam set-up. Here a beam of complexes is intersected by a beam of

reacting atoms or molecules. These intercluster reactions will be the focus of the

present review.

2. The kinematics, kinetics and electronic eŒects

When reactions of two isolated species take place, there are severe constraints on

the chemistry. The most obvious of these are the conservation of energy and linear and

angular momenta. When relatively small molecules are involved, the lifetime of the

collision complex is short. Attaching a `third body’ to the reactants, even a single

atom, can relax the above constraints on the reacting species and signi® cantly lengthen

the collision complex lifetime.

In the discussion that follows, we shall focus on three types of eŒects that are

expected to result from complex formation: kinematics, kinetics and electronic. We

shall illustrate these eŒects using the results of classical trajectory calculations,

performed on a London ± Eyring ± Polyani ± Sato (LEPS) potential that represents the

O($ P) 1 HR reaction. Here R is approximated by a single uni® ed fragment, which

represents the rest of the hydrocarbon molecule. The simulations are also performed
[16] with an argon atom attached in an R E H E Ar geometry.

One may argue that, owing to the weak interactions between the spectator atom

and the reactants, it is expected that this `third body’ will leave the collision complex

® rst. In fact, as can be seen in the results plotted in ® gure 1, in general this is not the

case for the generic O( $ P) 1 Ar · HR reaction. Owing to the weak interactions between

the argon atom and the other species in the system, there is a long delay between the

time when the force is exerted on the vdW bond and when the spectator feels the

impact. Consequently, the vdW complex will often be longer lived than the collision

complex.

It is important to realize that classical trajectory simulations may easily miss the

magnitude of this eŒect. This is a consequence of the diŒerences between the

probability distributions for molecular vibrations obtained from classical and

quantum treatments, plotted in ® gure 2. These diŒerences can have a dramatic eŒect

on the calculated lifetime of a vdW complex after collision with oxygen. The reason for

this can be understood as follows. In classical mechanics, the intermolecular modes are

primarily sampling regions of the potential near the turning points, where the gradient

is largest. When a collision occurs, there will be a sharp change in the potential energy

in the vdW modes. By contrast, in quantum mechanics or when classical simulations

are biased by a quantum-mechanical distribution[17], the most probable con® guration
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462 A. B. McCoy and R. Naaman

Figure 1. Time dependences of the OH (Ð Ð ), RH (-----) and RAr ( ± ± ± ) distances from a
representative trajectory for the O($ P) 1 Ar· HR reaction. (Reprinted, with permission,
from [16].)

Figure 2. A comparison of the quantum ( ± ± ) and classical ( [ [ [ [ ) probability distributions for
the ground state of a harmonic oscillator potential (Ð Ð ).
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Reactions of oxygen atoms with vdW molecules 463

of the vdW modes is at the minimum-energy geometry, where the gradient of the

potential is zero. In this case, the collision with oxygen will lead to a much smaller

change in the potential energy in these coordinates. By comparing the quantum and

classical dynamics, it becomes clear that the energy transfer into the vdW coordinates

will be more e� cient in classical simulations than in quantum-mechanical simulations.

Since energy transfer is less e� cient in the quantum case, we anticipate that the

lifetimes obtained from classical simulations could be signi® cantly shorter than those

obtained from quantum simulations. Preliminary studies of the eŒect of initial

conditions on the calculated collision complex lifetime support this idea [18].

2.1. The kinematics eŒect

Constraints due to linear and angular momenta do not usually aŒect the observed

products or their internal energy distributions. However, the conservation of both

energy and angular momentum can have a major impact on the way that energy is

distributed among the products. The role of the third body in terms of energy uptake

is relatively straightforward and usually not particularly important. This is due to the

weak coupling between the internal degrees of freedom of the reactants and those of

the spectator atoms or molecules. The small size of this coupling is also the reason why

only a small fraction of the collision energy is expressed in the inert species.

However, the kinematic eŒect is very profound in association and exchange

reactions. Worsnop et al. [1(b)] observed that kinematics play a major role in exchange

reactions involving vdW complexes. In addition, the association reactions of O( $ P)

with CO [19] and with NO [20, 21] are dramatically enhanced by the introduction of

the `third body’.

A general trend that is observed in almost all reactions of vdW complexes is the

rotational `cooling’ of the products, compared with that observed for the cor-

responding monomeric processes. This decrease in energy in the rotational degrees of

freedom can be rationalized by the availability of more states that conserve the total

angular momentum when the reaction occurs in a complex. However, in some cases

the rotational energy in one of the products is even lower than predicted by the

statistical arguments. The explanation for this eŒect lies in the facts that the observed

fragment is a diatomic and the collision complex is long lived. In this case, the energy

distributionof the diatomic product can be described by a model that is similar to that

which is used to explain the low rotational population in diatomic products desorbed

from surfaces [22] or in diatomic products probed following infrared multiphoton

dissociation [23]. Another explanation for the observed rotational cooling is rotational

energy exchange. Interacting rotors can end up with much less rotational energy they

had initially owing to rotational to translational energy transfer.

2.2. The kinetics eŒect : kinetics versus thermodynamics

Reactions in crossed molecular beams are usually controlled by the kinetics of the

reaction and not its thermodynamics. By lengthening the lifetime of the collision

complex, the system will have enough time to ® nd a low-energy path and follow the

thermodynamics. Since this eŒect is related to the increases in the collision complex

lifetime, it is closely associated with the kinematics. For example, the existence of a

spectator allows the system to explore regions of phase space that are not available to

the isolated system. By exploring larger regions of phase space, it becomes more

probable that the system will ® nd a way to bypass high-energy barriers.
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464 A. B. McCoy and R. Naaman

Figure 3. A schematic representation of the potential energy surfaces related to the reaction
of atomic oxygen with saturated hydrocarbons (a) in a collinear con® guration and (b)
when the oxygen atom is approaching at a 90Êangle relative to the C E H bond. (Reprinted,
with permission, from [24].)

Figure 4. Bending motion in a reactive O 1 Ar · HR trajectory. In addition to the bending angle
h (lower Ð Ð ), the R E H ([ [ [ ), O E H (upper Ð Ð ) and Ar E R ( ± ± ± ) distances are also
shown. (Reprinted, with permission, from [16].)

We shall refer again to the O($ P) 1 HR reaction. As shown in ® gure 3, in the

collinear con® guration there is a barrier on the triplet surface. However, if the oxygen

atom approaches in a collinearcon® gurationand then samples the T-shaped geometry,

it has a chance to cross down to the singlet surface and to insert into the HR bond

instead of abstracting the hydrogen atom. An example of a trajectory that could

undergo such a transition is shown in ® gure 4. Clearly, this system undergoes many

bending vibrations during the lifetime of the collision complex. This is the motion that
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Reactions of oxygen atoms with vdW molecules 465

is required to induce e� cient crossing between the triplet and singlet surfaces. Similar

results have also been obtained in simulations of the liquid-phase processes [25].

2.3. The electronic eŒect : ionization potentials, electron a� nity and electronic state

mixing
Perhaps the most dramatic of the eŒects that are expected to result from the

formation of vdW complexes are electronic in nature. These eŒects are usually

unexpected, since electronic energy diŒerences are typically much larger than those

related to the vdW interaction. It is important to realize that relative energies may not

provide a particularly sensitive indicator for mixing of electronic states. Since

reactions are related to the electronic wavefunctions, minute changes to the wave

function, that have little eŒect on the eigenvalues, can have a large eŒect on the

reactivity. This eŒect can be particularly pronounced in cases of symmetry-forbidden

processes, where the reactivity of the monomers is extremely low. The addition of a

spectator can break the symmetry and open previously closed channels. Because there

is zero background from the monomeric process, these processes are relatively easy to

probe. This type of phenomenon was ® rst suggested by Dixon et al. [1(a)] in changing

a four-centre forbidden process into a six-centre allowed reaction.

Another type of electronic eŒect has been observed in the Ba 1 CO
#

reaction [26].

There it was found that formation of CO
#

dimers increased the reaction cross-section

by nearly an order of magnitude. This observation was explained by a change in the

mechanism from a direct to a harpooning process. The change in mechanism can be

rationalized in terms of the dramatic change in the electron a� nity of CO
#

brought

about by cluster formation. A more general electronic phenomenon comes from the

crossing of two potential surfaces, induced by the complex formation. This

phenomenon will be discussed in details in the case of the reaction of O(" D) with

hydrocarbons.

3. The complex size eŒect : methane, propane and water clusters

In discussing the eŒect of complex size on reactions of neutral vdW complexes and

clusters, one has to realize that very few truly size-dependent experimental studies have

been performed. This is due to the di� culty in separating or distinguishing between

clusters of diŒerent sizes that are produced in molecular beams. Several methods for

discriminating between clusters of various sizes have been developed. These include

the elegant method of Buck and Ettischer [3] that exploits the fact that neutral clusters

of diŒerent masses will be scattered at diŒerent angles upon collision with a beam of

He atoms. Alternatively, laser-induced reaction enhancement processes have been

employed. In this approach, a photon, usually in the infrared, is used to enhance the

reactivity of a size-selected complex. This method has been primarily used in studies

of photodissociation processes in clusters (for example [27, 28]). In all, very few

systems have been studied using either of these techniques. Therefore, most of the

available information on size-dependent reactivity is based on indirect evidence,

including the conditions in the molecular beam or by using ionization or spectroscopic

methods to analyse the cluster size distribution in the molecular beam.

Clearly, as the size of the clusters increases, the system will contain more degrees

of freedom. One may expect that this will cause the reaction to behave more

`statistically’ as the cluster size increases. As will be shown, this view represents an

oversimpli® cation of the cluster `size ’ eŒects that are important in reactions of atomic

species with a complex. We have found that there are three general situations.
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466 A. B. McCoy and R. Naaman

Figure 5. Rotational energy distributions for the # P
$ / #

(black bars) and # P
" / #

(white bars) spin
orbit states of OH produced from the reaction of O( " D) with (a) H

#
O and (H

#
O)

#
and with

(b) (H
#
O)

n
, 2 ! n ! 6. The estimated error in these results is approximately 10 %.

In the ® rst, the monomers that make up the cluster are themselves `large

molecules’ , containing a su� cient number of vibrational degrees of freedom that the

monomeric reaction behaves statistically. In this case, cluster formation is expected to

have no eŒect on the reaction. This is the case for the reaction of O(" D) with propane,

where increasing the size of the propane clusters has no observable eŒect on the

internal energy of the OH product [29, 30].

A second class of systems includes those in which the units that make up the cluster

are held together by weak vdW interactions. In this case, one expects that there will be

diŒerences between reactions of clusters and the monomeric species since the existence

of a `third body’ will aŒect the kinematics of the reaction. However, since the

molecules in the complex are weakly coupled, energy is not easily transferred between

the units and the size eŒect is expected to be small. This type of behaviour was

observed in the reaction of O( " D) with methane clusters, where clusters react to form

OH that is rotationally cold, compared with the monomeric process, a result that is

independent of the size of the cluster [29].

The third class of systems includes those in which the constituents are strongly

coupled, as is the case in water complexes. Here, one expects to observe a size eŒect on

the observed products and on their internal energy distributions. This type of

behaviour is exempli® ed by the reaction of O(" D) with water clusters, shown in ® gure

5. In this reaction, three size regimes are observed. For small clusters, dimers and

perhaps trimers, the OH product is produced with less internal energy than is

expressed in the OH products obtained from the monomeric process. For medium-

sized clusters, with up to seven or eight water molecules, a statistical internal energy

distribution is observed, while reactions with larger clusters do not produce any OH

products. These results can be understood in terms of the distributionof energy among

the water subunits. When the complex is small, cooling by means of rotational to

translational energy transfer is observed. This behaviour is qualitatively similar to that

observed for reactions of weakly bound complexes, described above. When the size of

the cluster increases, the collision complex lifetime increases and the system behaves
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Reactions of oxygen atoms with vdW molecules 467

statistically.However, for large complexes, containingmore than eight water subunits,

the lifetime of the complex after reaction provides su� cient time for the OH products

to recombine on the surface of the complex. Consequently, no free OH is detected [30].

4. Internal energy distributions in the products

When discussing the internal energy distributions of the OH products, formed by

reactions of atomic oxygen with clusters containing saturated hydrocarbons, HCl and

water there are three eŒects that should be considered. They are the vibrational energy

and angular momentum distributions as well as the relative populations of the # P
" / #

and # P
$ / #

spin ± orbit states of the OH formed by the reaction. We shall consider these

in order from highest- to lowest-energy eŒects.

In the case of vibrational energy, both experiment and classical trajectory

simulations indicate a decrease in population of the v 5 1 state of OH when the

reaction occurs in a cluster. In the case of reactions of O(" D) with methane and

methane clusters, the ratio of the population in v 5 1 to the population in v 5 0

decreases from 1.22 to 0.20 when clusters of methane were reacted [29]. The vibrational

distributions resulting from reactions of O( $ P) with HCl and Ar · HCl at 1 eV collision

energies are plotted in ® gure 6(a). In this case, the relative populations in the v 5 1 and

v 5 0 states of OH decrease from 0.255 to 0.056 when a single argon atom is

introduced [31]. The main reason for the observed decrease in the population on

vibrationally excited states of OH comes from the fact that the non-reactive species in

the cluster will take with them a fraction of the collision energy. In the case of the

O($ P) 1 HCl reaction, this corresponds to approximately 10 % of the collision energy.

A second mechanism for the loss of vibrational energy comes from the fact that in

these systems the collision complex is shorter lived than the vdW complex.

This second eŒect, while possibly important in the mechanism for the decrease in

vibrational energy expressed in the OH product, will de® nitely play a role in the

observed rotational cooling of the OH product after reaction. This eŒect is clearly

illustrated in ® gure 7, in which we have plotted the angular momentum distributions

for the two spin ± orbit states of OH when O( " D) reacts with methane and clusters.

Similar eŒects can be seen in classical studies of the reaction of O($ P) with HCl and

Ar· HCl. In ® gure 6(b), we plot the rotational distributions that correspond to the

vibrational distribution plotted in ® gure 6 (a). To simplify the comparison, instead of

plotting the full angular momentum distributions for each vibrational level, we have

plotted the average angular momentum for each vibrational product. The widths of

the angular momentum distributions are indicated by the error bars. In both the

O(" D) 1 methane and the O($ P) 1 HCl reactions, the angular momentum distributions

are shifted to lower values of N or j when the reactant is incorporated into a complex.

This decrease in the angular momentum that is expressed in the OH products is a

result of the fact that the M · OH vdW complex is longer lived than the collision

complex. This diŒerence in lifetimes is not surprising in the case of the O( $ P) 1 HCl

reaction because it proceeds over a barrier. Since it is energetically downhill to go from

the transition state to the products, much more kinetic energy is transferred to the

departing chlorine atom than to the other atoms or molecules in the cluster.

Consequently, the weakly bound complex lives signi® cantly longer than the collision

complex and there is time for rotation to translation energy transfer to occur.

For the above argument to apply to the O(" D) 1 (CH
%
)

n
reaction, it must also

proceed over a barrier, at least in the case when OH products with low angular

momentum are formed. This is contrary to what we would expect from the monomeric
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468 A. B. McCoy and R. Naaman

Figure 6. Product state distributions for the OH products formed from the O($ P) 1 HCl (D )
and Ar · HCl ( E ) reactions at (a), (b), (c), (d ) 2 eV and (e), ( f ) 3.28 eV collision energies.
The left-hand column provides vibrational energy distributionswhile the average angular
momentum is plotted in the right-hand column. The error bars for the vibrational
energies represent one standard deviation,while those for the average angular momentum
provide a measure of the width of the angular momentum distributions, as described in
the text. (Reprinted, with permission, from [31].)

case where it is known that the reaction proceeds by an insertion mechanism. To

understand the mechanism for the observed rotational cooling in reactions of O( " D)

with methane clusters, we return to a discussion of ® gure 3(b). At this geometry, there

is a crossing between the O( $ P) and O(" D) 1 HR surfaces which is spin forbidden for

the monomeric process but which can be accessed when methane is incorporated into

a cluster. The crossing becomes more favourable for reactions of clusters because the

introduction of additional methane molecules breaks the total symmetry of the

system. It also increases the collision complex lifetime, thereby providing the system

more time to access this second mechanism. If the system undergoes the crossing from

the singlet to the triplet surface in the reactant channel, then the reaction will occur by

means of an abstraction mechanism. This mechanism favours collinear O E H E R

collisions and will result in lower angular momentum being expressed in the products.

In addition, by conservation of electronic angular momentum, this mechanism also

favours the formation of OH in the # P
$ / #

spin ± orbit state over the # P
" / #

state, as is

re¯ ected in the distributions, plotted in ® gure 7(b).

If, on the other hand, the system reacts on the O( " D) surface, the products will be

generated with higher angular momentum and no preference for either of the two

spin ± orbit states of the OH product should be observed. In fact, comparing the high-

energy end of the angular momentum distributions from the reaction of methane and

clusters of methane, little diŒerence is observed. Both distributions appear to peak at

around N 5 12 and extend beyond N 5 13. Similar behaviour can be seen in the results

of classical studies of the O(" D) 1 HCl reaction, plotted in ® gure 8. As in the reaction

of O( " D) with hydrocarbon molecules, this reaction is exothermic and proceeds by

forming a long-lived intermediate HOCl complex. As can be seen in the results plotted

here, there is little diŒerence between the angular momentum distributions arising
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Reactions of oxygen atoms with vdW molecules 469

Figure 7. The rotational state distribution of OH (v 5 0) from the reactions of O(" D) with (a)
CH

%
and (b) CH

%
clusters. The populations in the electronic sublevels # P

$ / #
(black bars)

and # P
" / #

(white bars) are normalized. (Reprinted, with permission from [29].)

Figure 8. Angular momentum distributions of the OH products that correspond to (a) v 5 1,
(b) v 5 3 and (c) v 5 5, formed from the reactions of O( " D) with HCl ( * ) and Ar· HCl
( + ). (Reprinted, with permission, from [31].)

from the reaction with HCl and Ar· HCl. Unlike the reactions on the triplet surface, the

reactions on the singlet surface proceed through the formation of a long-lived collision

complex, which is lower in energy by several electron volts than either the reactants or

products. Consequently, there is su� cient excess energy to eject the other molecules in

the complex during the collision complex lifetime. This will cause less energy to be
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470 A. B. McCoy and R. Naaman

available to be expressed in the vibrational degree of freedom of the OH product but

will have only a small eŒect on the overall angular momentum distribution of the OH

products. In the discussion that follows, we shall investigate these and other systems

in more detail, looking for the various eŒects of complex formation on the dynamics

and products of a variety of reactions of atomic oxygen.

5. Speci® c reactions

5.1. Association reactions of O( $ P)

To start, we shall consider the eŒect of complex formation on association reactions
[19, 20]. This type of reaction is unique, since the reactions cannot occur without a

third `body’ that will take energy and stabilize the reaction product. Namely the pure

`monomeric ’ process does not occur, unless energy can be taken by a photon.

Therefore, the ability to form complexes allows us to investigate association processes

that occur in condensed phase but could not be investigated in the past in a controlled

manner, as can be done in a crossed-molecular-beam set-up. Speci® callywe shall focus

on the reactions

CO[ R
m

1 O($ P) ! CO*
#

1 mR,

NO [ R
m

1 O($ P) ! NO*
#

1 mR.

In these reactions, R
m

represents spectator atoms or molecules and CO*
#

and NO*
#

represent electronically excited states of the product.

In the case of the reaction of CO, we found that, when an expansion of neat CO was

used, the reaction e� ciency increased nearly linearly with increasing CO pressure.

When CO is expanded with argon, neon or helium, a stronger pressure dependence on

the cross-section is observed than for the neat CO expansion. This is an indication of

a larger m dependence for these expansion conditions. When the pressure is further

increased, the cross-section decreases, indicating that there is some cluster size beyond

which the reaction no longer occurs. In general, the cross-sections for the mixed

expansions are smaller than for the neat expansion, for the same total pressure. These

eŒects can be clearly seen in the results plotted in ® gure 9. Increasing the Ar:CO ratio

in the mixture from 19.3:1 to 77 :1 increases the intensity slightly, whereas increasing

the He :CO ratio decreases the intensity, as is demonstrated by the results in table 1.

These results provide information on the eŒect introducing of one or more

spectator atoms or molecules to O( $ P) 1 CO association reaction. In particular, they

show that, when the spectators are in a vdW complex with CO, they can substitute for

the third body in the corresponding collision process. Small clusters of neat CO, that

are probably dimers [19], are found to be more reactive than complexes in which one

or two rare-gas atoms are attached to the CO molecule, as is indicated by the lower

intensity arising from the Ar } CO or He } CO expansions than for the neat CO

expansion at lower pressures. Two competing eŒects lead to the above observations.

First, as the cluster size increases, more vibrational degrees of freedom are available to

accept the excess energy from the CO[ O [ R
m

collision complex. This will promote the

formation of a stable CO*
#
. This eŒect is responsible for the increase in the intensity

with increasing pressure observed under all three of the experimental conditions,

plotted in ® gure 9. In addition,as the number of helium or argon atoms in the complex

increases, they can eŒectively screen the reactive site, thereby leading to the observed

decrease in intensity at the highest pressures that we investigated. When there are one

to four helium or argon atoms, this screening is only partial, but for CO[ R
m

complexes

with m " 4, the screening is nearly complete and the reactivity falls oŒwith increasing
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Reactions of oxygen atoms with vdW molecules 471

Table 1. Comparison of the theoretical and experimental ratios for a variety of CO ± rare-gas
mixture compositions. The experimental ratio represents the ratio of pressures necessary
to yield a given signal intensity and the masses used to compute the theoretical ratio is
given by (m

"
} m

#
) " / # , where m

i
represents the weighted average of the masses of the species

in the mixture.

Mixtures CO: rare gas Rexpt Rtheory

CO } He

CO } Ar

1:77 3.6 3.04

CO } He

CO } Ar

1 :19.3 2.0 2.76

CO } He 1:77 to 1 :19.3 1.8 1.09
CO } He 1:38.6 to 1 :19.3 1.2 1.06
CO } Ar 1:77 to 1 :19.3 0.9 1.00

Figure 9. The signal dependence on the pressure for constant-composition beams of CO,
CO ± He and CO ± Ar. (Reprinted, with permission, from [19].)

m. The above eŒects are primarily steric and energetic. We shall see that a similar

combination of eŒects can also be seen in bimolecular reactions when we compare the

cross-sections for reactions of O(" D) and O( $ P) with HCl and Ar · HCl.

To understand the dependence of the chemilumenescence intensity on the CO:Ar

or CO:He ratio, we need to consider the role of the average mass of the expansion on

the size of clusters. In particular, to obtain a similar cluster distributions for two

diŒerent expansion conditions, Hagena [32] has argued that the pressures should be

related by

P
#
5 P

" 0 m "

m
#

1 " / #

(1)

where m
i
provides the average mass of the expansion mixture. A comparison of the

observed and predicted pressure dependences is given in table 1. Overall, the agreement

is quite good, which argues that the observed diŒerences between the diŒerent mixed

expansions can be rationalized solely on the grounds of diŒerent cluster size

distributions for a given pressure. Therefore, the most important factor in determining
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472 A. B. McCoy and R. Naaman

the cross-section is the cluster size and overall CO} rare-gas composition and not the

details of which rare-gas atom is present.

If we turn our attentionto the reaction of NO with O($ P), the situation is somewhat

diŒerent. First, we ® nd that the chemilumenescence intensity increases as the third

power of the pressure. This result is independent of the composition of the

expansionÐ neat NO, NO } Ar or NO } He. Further, analysis of the angular distri-

butions indicate that because NO dimers are particularly stable species. In contrast

with CO where (CO)
#

and Ar· CO are both expected to be bound by 50 ± 100 cm±
" [33,

34], the NO dimer [34] has binding energies of approximately 550 cm±
" compared with

Ar· NO [35], which is bound by approximately100 cm±
" . Therefore, whereas the results

for CO come from a variety of complexes of CO with the rare-gas atoms in the beam,

the observed signal in the NO experiments arose primarily from (NO)
#
.

The fact that the cross-section increases as the third power of the pressure, rather

than as the square, indicates that this is a non-equilibrium process. Instead, the

pressure dependence of the cross-section should be formulated in terms of kinetic

equations from which a cubic dependence is obtained. This dependence is expected

when, as in this case, the dissociation energy of the cluster is larger than the collision

energies. This situation is in contrast with the observations for the CO system where

the expansions were in equilibrium.

5.2. Exchange reactions of O( $ P) with saturated hydrocarbons

The reaction of O( $ P) with small saturated hydrocarbon molecules is known to

proceed via a collinear abstraction mechanism, in the gas phase [36]. This process

results in the production of rotationally cold OH products. However, in reactions of

O($ P) with large saturated hydrocarbon molecules, the OH rotational distribution

becomes statistical [37]. Moreover, in reactions in solution or in neat liquids, the

alcohol, rather than OH, is the primary product. Two possible explanations for this

result are ® rstly recombination of the R 1 OH reaction products or secondly the

reaction crossing from the O( $ P) to the O( " D) reactive surface on which the reaction

proceeds through an insertion mechanism. The ® rst of these possibilities has been

ruled out by the fact that in reactions of chiral hydrocarbon the initial con® guration

was retained [38].

When the reaction of O($ P) with cyclohexane was studied in a crossed-molecular-

beam set-up [24], it was found that cyclohexanol is formed when clusters are present

in the beam. It has been suggested that, in the reactions with cyclohexane clusters, the

collision complex lifetime is increased, compared with that for the monomeric process
[16]. This will enhance the intersystem crossing between the triplet and the underlying

singlet surface [39]. As is the case for reactions of O( " D) with saturated hydrocarbons,

the O( " D) with cyclohexane reaction occurs through an insertion mechanism. This

mechanism may also be responsible for the formation of alcohols when O($ P) reacts

with large hydrocarbons and in the liquid phase. In addition, this mechanism explains

the more statistical rotational distribution of the OH that is formed from reactions of

large saturated organic molecules compared to that resulting from reactions of

methane. As we discussed in section 2.1, the idea that even a single atom, when

attached to the hydrocarbon, can increase signi® cantly the collision complex lifetime

is supported by classical simulations and this increase in the complex lifetime will

facilitate the necessary curve crossing for this reaction [16].
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Reactions of oxygen atoms with vdW molecules 473

Figure 10. Velocity distributions of the OH (v 5 0; N 5 1) from reactions of O( " D) with
propane (Ð Ð ), methane (Ð [ Ð ) and methane clusters (-----). The velocities are obtained
in the centre-of-mass frame and in the methane clusters ; the remaining cluster fragment
is assumed to have in® nite mass. (Reprinted, with permission, from [29].)

5.3. Exchange reactions of O( " D) with saturated hydrocarbons

We have already alluded to some of the features of the reactions of O(" D) with

hydrocarbon clusters in section 4. In the discussion that follows, we shall focus on

some of the features that are unique to these systems. We shall focus on the eŒects of

complex formation on the rotational, vibrational, electronic and K -doubling state

population distributions and translational energy distributions of the OH in v 5 0, 1

emerging from the reactions of O(" D) with methane and propane.

As was described above, signi® cant vibrational and rotationalcoolingare observed

in the OH products when methane clusters are reacted, compared with the product

state distributions resulting from reactions of the monomers. In addition, we ® nd that

the kinetic energy of the OH that is formed from the reaction of methane clusters is

lower than that resulting from the monomeric process. This is illustrated by the OH

velocity distributions, plotted in ® gure 10. In the case of the monomeric reaction, the

OH emerges with a very broad velocity distribution peaking at 5 3 10 & cm s±
" . When

methane clusters are allowed to react, the OH velocity distribution is narrower and has

two peaks at 1.5 3 10 & and 3.6 3 10 & cm s±
" . These peaks probably arise from the two

mechanisms for the reaction of methane clusters with O($ P), with the fast OH resulting

from the abstraction process occurring on the triplet surface, while the slower OH

emerges from the insertion reaction that takes place on the singlet potential energy

surface.

The observed vibrational and translational coolingof the products of the reactions

of O(" D) with methane clusters, compared with the monomeric process, are due to

kinematic factors. The similarity of the masses of the complexing methane molecules

and the approaching oxygen atom imply that momentum will be transferred very

e� ciently to this `third body’ . In addition, the departing methane molecule may take

away a fraction of the exothermic as kinetic energy. This will manifest itself in the

colder translational energy distributions, plotted in ® gure 10, as well as the cooler

vibrational energy distributions of the OH products, described above.

This loss of energy to the clustering molecules also implies that the dissociation

process will be slower when clusters are involved compared with the monomeric
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474 A. B. McCoy and R. Naaman

reaction. While dissociating, the collision complex undergoes out of plane rotations.

Because of the increase in the ratio between the collision complex lifetime and

rotational period of OH, the two K -doubling components of the OH products mix,

and the preference for the A´ state that has been observed for the monomeric process
[29] vanishes. Experimentally, we observe that the population ratio between the two

K -doublingcomponents follows the unconstrained dynamics model, implying that the

OH is free to rotate during the dissociation of the complex. These eŒects have been

attributed to contributions from the abstraction mechanism [40], or to a long-lived

collision complex that dissociates after the energy has been equilibrated [41].

When the same changes in the experimental conditions are made for the propane

system, some rotationalcooling is observed, but the eŒect is much smaller. In addition,

the reactions of O( " D) with propane monomers result in OH products that are

rotationally colder than the products that resulted from reactions of O( " D) with

isolated methane molecules. In both cases, we ® nd that there is a high probability for

forming OH in its # P
$ / #

spin ± orbit state with N 5 1.

These features are interconnected and provide a database for a comprehensive

understanding of the reaction dynamics of O(" D) reactions with clusters of methane.

Methane, in contrast with all larger saturated hydrocarbons, is a rather rigid molecule,

containing only high-frequency vibrational modes. Methane clusters, on the other

hand, have low-frequency modes that are associated with the vdW interactions. In this

way, methane clusters resemble a large hydrocarbon molecule and the reaction of

these species can be explained by analogy with the dynamics of such systems. The

existence of low-frequency modes in the cluster and in larger hydrocarbon molecules

leads to stabilization of the collision complex and lengthening of its lifetime. As is

veri® ed by classical trajectory simulations, the longer complex lifetime allows the

oxygen to sample larger regions of the phase space. Consequently, the probability for

curve crossing from the singlet to the triplet potential energy surface is enhanced. If the

electronic angular momentum is conserved in this transition, oxygen in its $ P
#
state will

be formed. Since the reactants are rotationally cold and the angular momentum

associated with the transferred hydrogen atom is small, the electronic angular

momentum provides the main contribution to the total angular momentum and

therefore is conserved in the process. By following the electronic correlation curves,

the OH product should emerge with a preference for the # P
$ / #

electronic state [30].

We believe that the reaction mechanism, in which curve crossing takes place during

the lifetime of the collision complex, is a general mechanism in the reactions of oxygen

atoms as we have also seen it in reactions of O($ P) with cyclohexane dimers, described

in the next section. These phenomena shed new light on the eŒect of solvent molecules

on the reaction dynamics. By introducing low-frequency modes into the system, the

solvent molecules stabilize the collision complex, allowing the system to explore more

areas of phase space for longer time, and non-adiabatic transitions to become more

probable [39].

5.4. Reactions of O( " D) and O( $ P) with HCl complexes

Unlike the reactions of atomic oxygen with hydrocarbons, described above, our

studies of the reactions of oxygen with HCl, (HCl)
#

and Ar· HCl have been performed

under conditions such that these reactions are occurring on a single potential surface.

As such, we shall consider the reactions of O( $ P) and O(" D) as separate processes.

Before considering the eŒects of complexation on the dynamics of these reactions,

it may be helpful to consider the diŒerences in the energetics of the two reactions,
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Reactions of oxygen atoms with vdW molecules 475

Figure 11. The energetics of the reactions of (a) O($ P) and (b) O( " D) with HCl. the reported
energies are based on the Koizumi et al. [42] and Schinke[43] potentials respectively. All
energies are reported in electron volts, with the reactant’s energy de® ning the zero in
energy. (Reprinted, with permission, from [31].)

shown in ® gure 11. These plots are based on the O($ P) 1 HCl potential of Koizumi et

al. [42] and the O( " D) 1 HCl potential of Schincke [43]. According to these potentials,

the O(" D) 1 HCl reaction that forms OH is exothermic by 2 eV, with a strongly bound

HOCl intermediate, while the reaction that forms OCl is endothermic by 0.3 eV and

may proceed either by going through the formation of the HOCl complex or by

forming a H E ClE O collision complex, which is 1 eV higher in energy than the

reactants. Finally, the reaction of O( $ P) with HCl to form OH is thermoneutral and

has a barrier of approximately 0.45 eV.

In the case of the reaction of O($ P) with HCl at low to moderate collision energies,

electronic eŒects appear to dominate. For example, at collision energies of, on

average, 0.136 eV, time-dependent calculations of the reaction probabilities on two ab

initio based potential surfaces [42, 44] predict reaction probabilities in the range of

10±
’ ± 10±

& [45]. When the HCl is incorporated into (HCl)
#
, the reaction probability
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476 A. B. McCoy and R. Naaman

Figure 12. The probability density associated with the three lowest-energy states of HCl.

Figure 13. The electron density contour map (a) for HCl in its ground state, r 5 1.247 A/ , and
(b), (c) for HCl with bond lengths of (b) 1.35 A/ and (c) 1.45 A/ , corresponding to excitation
to v 5 1 and v 5 2 respectively. The contour lines are drawn and represent 2 0.001,
2 0.005, 2 0.01, 2 0.02 and 0 from the outside inwards. (Reprinted, with permission,
from [46].)

increases by approximately three orders of magnitude to 10±
$ [46]. If we compare this

result with the changes to the reaction probability brought about by excitation of the

HCl bond into v 5 1, we ® nd that vibrational excitation leads to an increase in the rate

constant by two orders of magnitude [47, 48]. According to quantum calculations [45,

49] on the Koizumi et al. potential, excitation of HCl to v 5 1 leads to a factor of 1000

increase in the reaction probability. The mechanism, for the observed increase in

reactivity with excitation of the HCl vibration, is well understood. By exciting the HCl

stretch, one is eŒectively putting energy into the reaction coordinate. Consequently,

the reaction probabilities, obtained when HCl is in its ® rst excited state, are typically

much larger than those obtained when the energy is put into other degrees of freedom,

for example translation or rotation [45, 49].

From an electronic standpoint, the increase in reactivity from HCl (v 5 1) can be

seen as a re¯ ection of the increase in the probability amplitude at larger values of r,

shown in ® gure 12. While the most probable HCl distance is 1.29 A/ when v 5 0, at v

5 1 or 2, this distance is increased to 1.58 and 1.65 A/ , respectively. As the HCl bond

is allowed to extend, the electron density on the hydrogen is reduced. This is illustrated

in electron density plots shown in ® gure 13, where the electron densities are plotted

when the HCl distance is 1.25, 1.35 and 1.45 A/ . These densities are calculated within
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Reactions of oxygen atoms with vdW molecules 477

Figure 14. The electron density contour map for HCl dimer in its equilibrium con® guration.
A cut through the ClHCl plane is presented. The values for the contour lines are the same
as those used in ® gure 13. (Reprinted, with permission, from [46].)

the generalized valence bond treatment with restricted con® guration interaction for

the monomer and second-order Mo$ ller± Plesset perturbation theory is used in the

calculations on (HCl)
#
. In both cases, a 6-31G** basis set is used.

If we compare the above results to the electron density distributions for the HCl

monomers in (HCl)
#
, plotted in ® gure 14, we ® nd a similar decrease in the electron

density in the HCl monomers upon complexation.This decrease in the electron density

on the hydrogen atoms can be viewed as a result of charge transfer from the proton to

the chlorine atom when the vdW bond is formed.

One way to rationalize the barrier to the O($ P) 1 HCl reaction is in terms of the

hydrogen atom in HCl being embedded inside the electronic density of the chlorine

atom, as is shown in ® gure 13(a). In order for reaction to occur when HCl is in this

con® guration, the oxygen atom will need to penetrate the repulsive electron cloud

before it can react. Within this picture, enhancement of reactivity upon vibrational

excitation of HCl can be seen to result from the hydrogen atom moving further away

from the electron density around the chlorine atom. This eŒectively thins the repulsive

electron cloud that the oxygen atom must penetrate in order to react. The larger the

amplitude of the HCl vibration, the thinner is the eŒective electron cloud. Similar

thinningof the electron clouds around the hydrogen atoms is oberved in (HCl)
#
. In this

case, the weakening comes from the transfer of electron density away from the so-

called hydrogen bonding proton towards the chlorine end of the other monomer. This

charge transfer eŒectively reduces the electron density around this hydrogen, making

it potentially more reactive than the free HCl molecule. This eŒect is expected to be

comparable with that obtained from vibrational excitation.

In addition to changes in the electron density, we should also consider kinematic

eŒects of complex formation on the reaction cross-section [31]. To investigate these

eŒects we have used classical trajectory simulations. Because the simulations are

purely classical, tunnelling is not included in the calculations and we are forced to

consider much higher collision energies, those in the range of 1± 3 eV. For these

simulations, we use the potential of Koizumi et al. [42] to describe the interactions

between O($ P) and HCl. The potential of Schinke [43] is used to describe the

O(" D) 1 HCl reaction. The intermolecular interactions are included through the

introduction of an argon atom through pairwise additive Ar· O, Ar · H and Ar · Cl
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478 A. B. McCoy and R. Naaman

Figure 15. The cross-section for OH formation for the reactions of O( $ P) with HCl (* ) and
Ar · HCl ( + ). The cross-sections have been ® tted to excitation functions, described in the
text. The error bars for each result represent one standard deviation. (Reprinted, with
permission, from [31].)

potentials [46]. Although these energies do not correspond directly to the experimental

conditions, studies of the classical cross-sections at these energies provide insights into

possible kinematic eŒects on the reactivity of systems incorporated into vdW

complexes. In ® gure 15 the cross-sections for the reactions of O( $ P) with HCl and

Ar· HCl are plotted as functionsof the collision energy. This reaction is approximately

thermoneutral with a barrier of 0.45 eV, and it is classically forbidden for collision

energies below 0.45 eV. As such, the excitation function is expected to take the form
[50]

r E 5 C(E 2 Eth )n exp [2 m(E 2 Eth )]. (2)

We take Eth to be the diŒerence between the barrier height and the zero-point energy

of the HCl, and C, m and n are chosen to reproduce the three calculated values of

r OH (E ). Clearly with as many parameters as data points, we have no way to check the

reliability of the parameters, but we use the resulting curves to investigate general

features of the eŒects of complexation on the O( $ P) 1 HCl reaction.

To understand the observed trends, we need to consider three eŒects of the

introductionof an argon atom to the system. First, the introductionof the argon atom

increases the eŒective size of the complex. This can be seen by comparing the minimum

Ar· HCl distance of 4.00 A/ [51] with the HCl bond length, which is only 1.27 A/ [52].

Because of these diŒerences, the eŒective size of Ar · HCl is more than twice that of

HCl. This increase in size should increase the cross-section. One must also consider the

fact that the argon atom will remove a fraction of the collision energy from the

collision complex. For the O($ P) 1 HCl reaction, we ® nd that, on average, the argon

atom leaves with 10% of the initial relative translational energy. This will lower the

energy available for the O 1 HCl reaction and will eŒectively shift the curve given by

equation (2). Finally, the argon atom can block the formation of the collision complex.

This eŒect can be understood in terms of the fact that the minimum-energy

con® guration of Ar · HCl corresponds to the argon, hydrogen and chlorine atoms
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Reactions of oxygen atoms with vdW molecules 479

Figure 16. The cross-sections for OH formation for the reactions of O(" D) with HCl ( * ) and
Ar · HCl (+ ). The cross-sections for the O( " D) 1 HCl reaction reported in [43] are also
shown ( V ). The calculated cross-sections have been ® tted to excitation functions,
described in the text. Error bars for each result represent one standard deviation.
(Reprinted, with permission, from [31].)

being collinear, with the hydrogen atom between the other two. On the other hand, the

O E H E Cl transition state occurs when the O E H E Cl angle is approximately 133Ê. When

the zero-point energy in the Ar · HCl bend is considered, the argon atom may

completely block the formation of an O E H E Cl transition state complex, thereby

decreasing the cross-section for the reaction.

At low collision energies r (HCl)
OH

" r (Ar · HCl)
OH , and steric eŒects appear to dominate. At

higher energies, the cross-section for OH formation is as much as four times larger for

collisions with ArE HCl than for collisions with HCl. We conclude that at higher

collision energies the increase in the size of the HCl complex is an important factor in

the increase in the cross-section. Finally, the shift in the peak in the excitation function

can be attributed to the loss of, on average, 10% of the collision energy to translation

of the argon atom.

The reactions of HCl and Ar · HCl with oxygen in its ® rst excited electronic state

display similar eŒects. Because this reaction is endothermic and proceeds through the

formation of a strongly bound OHCl intermediate, we expect that the cross-sections

will decay approximately exponentially with collision energy [50]. The calculated

cross-sections for eight collision energies between 0.25 and 3.5 eV are plotted as open

squares in ® gure 16. We ® t these points to the excitation function

r E 5 C exp ( 2 mE) (3)

with C 5 15.81 A/ # and m 5 0.465 eV±
" . The function also reproduces the cross-

sections reported by Schinke [43], plotted as open diamonds in this ® gure. The cross-

sections for OH formation from reactions of O( " D) with Ar · HCl are plotted as full

squares. These were also ® tted to the excitation function in equation (3). Here C 5
12.70 A/ # and m 5 0.214 eV±

" .

An interesting feature of the cross-sections for these reactions is that, while at

lower collision energies the cross-section r (Ar · HCl)
OH for the reaction with Ar · HCl is
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480 A. B. McCoy and R. Naaman

Figure 17. A representative O( $ P) 1 HCl trajectory: (a) the OH (Ð Ð ), OCl (Ð Ð ) and HCl
( ± ± ± ) distances plotted as functions of time; (b) the ArO ( Ð Ð ), ArCl ( ± ± ± ), and ArH
(Ð Ð ) distances plotted as functions of time.

smaller than the cross-section r (HCl)
OH for reactions of HCl, at higher energies, r (Ar · HCl)

OH

" r (HCl)
OH . To understand the observed trends, we need to consider three eŒects of the

argon atom on the system, as described above.

Given the observed relative trends in r (HCl)
OH and r (Ar · HCl)

OH , we believe that the steric

eŒects represent the dominant eŒect of the introduction of an argon atom when the

collision energy is low. At the highest collision energies, we ® nd that

r (HCl)
OH (E ) E r (Ar · HCl)

OH (E 2 © EAr ª ), (4)

where © Ear ª represents the average kinetic energy of the argon atom for these

collisions. This leads us to conclude that the energy eŒect of the argon atom is more

important than the size eŒect for this particular reaction. Similar behaviour has been

observed by Varandas and co-workers [53] in their studies of reactions of H with

Ar· O
#
.

Another eŒect that needs to be considered in the discussion of the eŒects of

complexation on the reactions of O($ P) and O( " D) with HCl comes in the relative

lifetimes of the collision complexes in the presence and absence of a complexing agent.

In particular, we are interested in how diŒerences in lifetimes, brought about by

introducing a third body, will aŒect the product state distributions for the reaction of

interest. Based on the results described above for reactions with hydrocarbon clusters,

we know that an important eŒect of complexation is in cooling the reaction products.

The mechanism of this is clearly illustrated in the trajectory that was obtained for the

O($ P) 1 Ar · HCl reaction, shown in ® gure 17. Because the argon atom departs from

the collision complex with, on average, less kinetic energy than the chlorine atom, the

eŒective lifetime of the Ar · OH vdW complex is longer than that of the collision

complex. This longer-lived Ar· OH vdW complex will result in the observed rotational

cooling of the OH product. In contrast, because the O(" D) 1 HCl proceeds through a

long-lived, strongly bound HOCl collision complex, some of the excess energy will be

used to eject the argon atom. As a result, in this reaction, the collision complex lives,
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on average, longer than the vdW complex and as a result much less rotational cooling

has been observed in this reaction than in the O( $ P) 1 HCl reaction [54].

5.5. Reactions of O( " D) with water clusters

As was alluded to in section 3 above, reactions of O( " D) with water clusters provide

a distinct situation from the reactions with HCl or saturated hydrocarbons. This

diŒerence is a re¯ ection of the unusually strong intermolecular forces that hold water

clusters together. In the case of small clusters, dimers and possibly trimers, we ® nd that

less internal energy is expressed in the OH product than was the case for the

monomeric process. In the case of medium-sized clusters, with up to seven or eight

water molecules, a statistical distribution of internal energy is observed, while large

clusters do not produce any OH product.

While many features of the dynamics of this reaction are similar to those of the

reactions, described above, there are some notable diŒerences. First, in contrast with

the other reactions described above, the reaction of O( " D) with water produces two

OH products. The new OH is formed by the hydrogen atom that was removed from

the water molecule and takes the same role as the OH product of the other reactions.

The old OH is the spectator OH molecule that remains after H
#
O has lost a hydrogen

atom. This OH takes on the role of Cl in the O($ P) 1 HCl reaction or R in the reactions

with hydrocarbons. When we detect the OH that is formed by reactions of O(" D) with

water clusters, we cannot distinguish between the new and the old OH molecules. In

addition, unlike the reactions of O(" D) with hydrocarbon molecules, there appear to

be multiple size regimes over which the OH product state distribution evolves. Based

on the dependence of the OH vibrational state distribution on the collision energy, we

believe that the O(" D) 1 H
#
O reaction is proceeding through an abstraction mech-

anism, analogous to that observed in the O($ P) 1 HCl or HR reactions [55]. Finally,

for small water clusters, we observe diŒerent rotational distributions for the two

spin ± orbit states for all values of N, and not just for low N, as was shown in ® gure 7.

In the case of water dimers, the kinematics of the reaction are similar to those of

the O($ P) 1 Ar· HCl reaction, described above. In this case, the old OH products take

on the role of the chlorine atom and will escape the complex rapidly. Therefore, we do

not expect that this OH product will undergo signi® cant rotational cooling. On the

other hand, the new OH is expected to remain in the complex for some time before the

OH E H
#
O complex is fully dissociated. This will lead to rotational cooling of the new

OH product when it is formed from reaction with the water dimer compared with

reactions with the water monomer. This cooling is somewhat masked in ® gure 5(a) by

the fact that both monomers and dimers are present in the beam. Another feature of

the OH product state distributions that diŒers from that observed for the reactions

with hydrocarbon clusters, is the nearly monotonic decrease in the population in the
# P

$ / #
with increasing N. In the case of the reactions with hydrocarbon clusters, this

distribution was clearly bimodal with a second peak at large N.

When larger clusters of water are allowed to react, the angular momentum

distributions for the # P
$ / #

and # P
" / #

spin ± orbit states are similar. This result re¯ ects the

fact that the larger binding energy of water clusters, compared with the hydrocarbon

clusters, makes it more di� cult for the cluster to dissociate following reaction.

Further, the structure of the water clusters makes it likely that the old OH will become

trapped in the cluster. Since both of the OH products are associated with a massive

partner, they will be thermalized during the complex lifetime. As the clusters become

larger, with more than seven or eight water monomers, the lifetime of the water cluster,
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after the reaction, is su� ciently long for the two OH products to have time to

recombine. Consequently, we are unable to observe OH products reactions of O( " D)

with clusters with more than approximately eight water molecules.

6. Summary and conclusions

The chemistry of oxygen atoms and how it is aŒected by the introduction of

solvating atoms or molecules is of importance if we are to understand many important

processes in nature, from atmospheric chemistry to biochemistry. Beyond its practical

relevance, the fact that oxygen atoms have a very low ® rst excited electronic state

makes their reactivity a sensitive tool for investigating the variation in reaction

mechanisms induced by the solvent. Despite the experimental di� culties in studying

neutral clusters, the information obtainedso far allows us to derive several conclusions

on the eŒects of the `solvent ’ molecules on chemical reactions. Speci® cally, reactions

in clusters lead to the following.

(1) The collision complex lifetime is lengthened, which may result in e� cient

surface crossing.

(2) There exist internal energy distributions in the products that depend on the

diŒerence between the collision complex lifetime and the lifetime of the vdW

complex. If the vdW complex dissociates before the reaction ends, the

introduction of a third body has little eŒect on the rotational energy

distribution. However, in most cases, the vdW bonds survive beyond the

collision complex lifetime and therefore the products emerge with less internal

energy than in the monomeric process.

In addition, we ® nd that the complex size eŒect depends on two parameters : the

size of the molecules from which the complex is formed and the coupling between the

units in the complex. When the monomer is already a `large molecule’ , namely it

contains many internal degrees of freedom, then the cluster formation has almost no

eŒect on the reaction. However, the formation of complexes from `small molecules’

has a large eŒect on the reactivity. If the constituents of the complex are weakly

coupled, then the exact size of the complex is of essentially irrelevant. However, for

strongly bound complexes (such as water clusters), the exact size will aŒect the reaction

mechanism and the products formed.

Experimental di� culties in performing size-selective studies on the reactions of

vdW molecules and the multidimensionality of the problem are probably the reason

why relatively few studies on the subject have been performed either experimentally or

theoretically. Advances in both directions are required in order to gain further insights

into this ® eld. These will be of great importance if we are to understand the

relationship between how reactions occur in the gas phase and processes that take

place in a more `realistic ’ chemical environment, namely the condensed phase.
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