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Metastable decay of NT-He, (v=1) (1 < n<6) clusters!
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Abstract

Laser and mass spectroscopic techniques have been combined to explore the fragmentation processes of metastable
N7 —He, ionic clusters. It has been found that clusters possessing a single quantum of the N - .- N stretching vibration
decay on the 100 ps time scale. The rate for the relaxation of the N - - - N stretching vibration in larger N —He, complexes
has been determined by measuring the relative intensities of hot bands involving the N- - N stretch vibration in the
B — X spectra and comparing with the hot-band intensity for the N3 —He complex for which a lifetime for the v = 1 state
of 220 + 30 us has been previously measured. While for the smaller complexes (n = 1-3) the relaxation rate is propor-
tional to ligand number there appears to be some saturation for the larger species (n = 4—6). The roughly linear increase
in dissociation rate with ligand number and the ionic fragment size distribution are consistent with a two-step fragmenta-
tion process whereby a single He atom collides inelastically with the vibrationally excited core with the recoiling N

undergoing intracluster collisions with the other ligands leading to further He evaporations.
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1. Introduction

For some time we have been concerned
with the spectroscopy and dynamics of ionic
complexes, particularly those consisting of an
N3 core attached to one or more He or Ne
ligands. Investigation of such ionic systems
enjoys the practical advantage that both
primary cluster mass selection and determina-
tion of the fragment size distribution are
straightforward wusing mass spectroscopic
techniques. In addition, the ease with which
ions can be steered, stored, trapped and
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detected facilitates the characterisation of
relatively slow dynamic processes. Our studies
of the NJ —He, complexes have been carried
out in a tandem mass spectrometer system
and have entailed observation of resonance-
enhanced photodissociation after excitation
of the B «— X electronic transition of the NJ
chromophore.

Of some initial surprise in our studies
was the appearance in the NI —He electronic
spectrum of vibronic bands arising from
transitions in complexes possessing one
quantum of the N-N stretch vibration [1].
It appears that complexes with =~ 2200 cm™! of
internal energy survive the 100—200 us journey
from ion source to laser interaction region
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even though the He- - -Nj binding energy is of
the order of 100cm™". Recently we have deter-
mined a dissociation lifetime of 220 + 30 us for
the Ny -He(v = 1) compiex [1]. This deter-
mination relied on the measurement of the
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ments are difficult as they involve altering the
potential of the ion source and the field axis
potential of the first quadrupole, changes
which in our apparatus must be accompanied
by adjustment of 15 or so electrostatic lens
potentials. Therefore we have adopted a some-
what different strategy, entailing comparison
of the intensity ratios of the 1} hot band and
origin transitions with that of N7 —He. If the
initial proportion of N —He, with (v=1) is
independent of cluster size, differences 1n
the relative intensities of the or1g1n and 1}
transitions at a specific time after formation
reflect differing rates of vibrational pre-
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There are several precedents for slow
vibrational predissociation/metastable decay
processes in neutral and ionic systems. For
instance, recent time-of-flight measurements
in a pulsed nozzle FT microwave spectro-
meter put a lower limit of 1ms on the life-
times of the (10°0) level of Ar---HCl and
Kr---HCI [2]. Another example involves the
(Nz);,'r clusters, where vibrational meta-
stability occurs on the microsecond to milli-
second time scale and is due to the
intracluster relaxation of a high- frequency
N-N Sti'etCuulg vibration followed b oy loss
of a specific number of N, ligands [3-5]. In
addition, a lower bound of lﬂuq has been
determined for NeCl, (X ! Zg, =1) [6].

On the basis of the calculated and measured
strength of the He---N3 bond (~ 100cm™') a
single quantum of the N-N vibration
(2200cm™!) should be energetically sufficient

to remove up to 20 helium ligands. Neverthe-
less, for clusters up to NJ ~He, the dominant
fragmentation channels involve loss of only
one or two ligands, aithough an appreciabie
fraction of the complexes lose more ligands.
In this paper it is argued that together with
the dissociation rate data, the product ion
distribution is consistent with a two-stage
dissociation mechanism whereby primary
relaxation of the Nj vibration occurs in a
half collision with a single He ligand with
subsequent evaporations from a hot nascent
Nj -He,_, complex responsible for further

He loss.

2. Experimental methods

The N, -He, clusters were investigated
in a tandem mass spectrometer system
equipped with a cluster ion source. As
previous papers give a complete description
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we merely summarise the details most relevant
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fragmentation experiments. Cluster ions are
created by electron bombardment of a
1:1000 N,/He gas mixture issuing from the
orifice of a pulsed nozzle (stagnation pressure
4-5bar, nozzle diameter = 0.8 mm, electron
energy =~ 200eV). The resulting plasma is
skimmed and positive ions are focused into
a quadrupole mass filter where mass selection
of the desired N; —He, cluster ion is accom-
plished. After deflection through 90° by an
electrostatic quadrupole bender the ions are
injected into an r.f.-octopole ion guide where
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laser. A second quadrupole mass filter is set
to transmit Ni photofragment ions. Spectra
are recorded by monitoring the fragment
ion intensity as the laser wavelength is
scanned. In all instances photon absorption
resulted in complete cluster fission, with Nj
the only observable photofragment. The
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laser power was sufficient to saturate the
B — X absorption of N3 (2.5mJ pulse™! with
a beam diameter of 3-5mm). Spectra of
Nj —He, n = 1-6 were recorded in consecutive
scans with no change in ion-source conditions
or laser operating parameters.

The effective age of the N3 ~He, complexes
decides the ratio with v=1 and v=0 Nj
cores. Usually a 20--30 us bunch of ions was
created by pulsing the accelerating voltage for
the ionising electron beam. The laser pulse was
timed to fire when the bulk of the ions were in
the octopole ion guide, the age of the ions
being the difference in the electron beam
and laser beam firing times. Several series of
N3 -He, spectra were recorded with flight
times ranging from 90 to 140 us.

For metastable fragmentation experiments,
N3 -He, clusters were mass selected by the
first quadrupole with the second quadrupole
set to transmit the Nj-He,_,, N -He,_,
etc. masses. With an octopole field axis
potential of ~ 3V we observe metastable
decay in an =~ 80 us time window beginning
when the Nj-He, ions enter the octopole
=~ 90-120 us after their formation in the ion
source. Branching ratio measurements were
also made for Nj-He, (n=2-4) ions
trapped in the octopole for one millisecond
before being released for mass analysis and
single ion counting. Counting of fragment
ions was accomplished using a photon
counter. To minimise mass discrimination
effects a strategy was adopted whereby the
ratios of counts for adjacent fragment
masses were measured. For example for
Ni-He; the ratios [Nj-He,]/[N;-He;]
and [Nj-He]/[NJ] were ascertained. As
the difference between the adjacent fragment
masses is small compared to the total
mass, collection efficiencies should be similar.
In order to further guard against discrimina-
tion effects, the resolution of the second
quadrupole mass filter was adjusted to have
an effective AM of =~ 1.5u, sufficient to

separate the various fragments but broad
enough to maximise collection efficiency.

To gauge the importance of collision-
induced dissociation (CID) Ar was intro-
duced into the octopole ion guide and the
ratio of fragment NJ to parent Nj-He
counts was measured as a function of
pressure. These data are displayed in Fig. 1.
For pressures less than 107 Torr CID is a
minor process compared to collisionless meta-
stable decay. The metastable dissociation
experiments described in this paper were
conducted with pressures of 2 x 107 Torr
or lower. Due to the presence of other ions
with m = 32 u in the primary beam (e.g. OF),
the y-axis intercept in Fig. 1 represents a lower
limit for the metastable N3y —He fraction.

There may be some concern that N5 —He,
complexes with v > 1 also contribute to the
metastable fragmentation. Two observations
counter this possibility. First we have been
unable to observe the 13 hot band in spectra
of Nj —He,, complexes which, given the signal-
to-noise ratio attainable with the apparatus,
implies that the population of the v; =2
level in the octopole is less than 5-10% of
the v; = 1 level. Furthermore the metastable
branching ratios were independent of the ion
energy in the octopole region intimating that if
the v; = 2 level is populated it has a similar
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Fig. 1. Fragmentation of Nj —He complexes caused by introdu-
cing Ar into the octopole ion guide. The ratio of the mass 28
signal to the mass 32 signal is plotted as a function of Ar pres-
sure. Due to the presence of OF impurities in the primary ion
beam the y-axis intercept represents a lower limit for the meta-
stable NJ —He fraction.
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Fig. 2. Spectra of Nj —He, (n = 1-6) complexes near 390nm
displaying both the B — X origin and the 1} N=N stretch hot
band.

fragmentation pattern to the v; =1 level. It
appears most likely that the initial population
of NJ —He, (v; = 2) complexes is small enough
and the metastable fragmentation rate is
sufficiently rapid for the population to be
effectively zero by the time the complexes
reach the octopole.

3. Results

A series of Ny-He, (n=1-6) spectra
including the B « X origin and the 1} hot-
band transitions collected under identical
experimental conditions is shown in Fig. 2.
As the number of He ligands increases there
is a broadening of the bands and a diminishing
of the relative size of the 1] peak compared to
the origin peak. We note that if the ions are
trapped within the octopole for more than a
few hundred microseconds the hot band dis-
appears entirely whilst the more intense origin
band remains. The spectra for Nj-He,
(n = 1-3) shown in Fig. 2 are similar to the
ones reported previously [8], though in the
current experiments to maximise the signal-
to-noise ratio, the transition was intentionally
saturated and consequently power broadened.

Our assertion is that the decrease in the
relative size of the 1} peak as the cluster

becomes larger reflects an increase in the
vibrational relaxation/predissociation rate. If
the following assumptions are valid it is
possible to determine the relative decay rates
of the various Nj -He, (v=1) clusters by
comparing the intensities of the origin and 1]
hot-band peaks.

(i) The formation rate for NJ —He, clusters
does not depend on the vibrational state of the
N;” core, that is, in the source region at t =0
the relative concentration of Nj —He, (v=1)
compared to N —He, (v=0) clusters is
independent of n. This does not seem
unreasonable for a situation where the N-N
stretching coordinate is poorly coupled to the
low-frequency He---NJ coordinates. Pre-
dissociation is sluggish, so that the reverse
association process should not depend
strongly on the vibrational state of the core
and thus Nj (v = 1) should combine with He
ligands in three-body processes equally as well
as N3 (v = 0). Even if the initial N7 ~He com-
plexes are formed through associative ionisa-
tion (Hornbeck—Molnar process), the ease
with which further ligand addition occurs
should be independent of the vibrational
state of the Nj core. It is not possible, to
discount the possibility that Nj-He, for
example, may be formed directly through an
ionising association process involving a meta-
stable helium dimer and a nitrogen molecule
and that the Nj —He, formed in this way may
have a different vibrational state distribution
than it would if formed via association of
N;j -He with a He atom. However, if the
distribution amongst the various vibrational
levels of Nj depends primarily on the
Franck—Condon factors linking neutral and
ion, similar vibrational distributions should
result from ionising association of both He*
and He; with N,.

(ii) The ratio of the intrinsic B « X absorp-
tion and dissociation cross-sections for the
origin and 1} hot-band transitions is indepen-
dent of the number of heliums in the cluster.
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Table 1

23

Total predissociation decay rates and fragment size distribution (percent) for Nj —He, (1<n<6) clusters. The branching ratio
measurements were taken with the ions having an energy of =~ 3¢V in the octopole and reflect dissociation occurring in an = 80 us
time window beginning ~ 100 us after formation (see the Experimental section for more details)

Cluster Rate (10*s™") Rate per He Branching ratio % Ep (cm™!)
. 4 1
ligand (10°s™) Nt Nf-He, Nf-He, Ni-He;  Ni—He,

NiHe, 0.45 0.45

Nf -He, 1.1 0.55 45 55 30

N7 —He; 14 0.46 22 34 44 56

N7 -He, 1.7 0.42 9 19 36 36 75

N7 -Hes 1.9 0.38 4 11 18 34 33 90

N7 -Heg 2.0 0.33 108

Errors for the rates and ratios are estimated as +£10°s™! and +5% respectively. Also listed in the last column of the table is the internal

energy of the nascent Nj —He;_, complex calculated using Eq. (6).

This assumption appears to be reasonable
given that there is only mild interaction
between core and ligand (~ 100cm™" binding
energy). We note the B — X absorption leads
to total cluster disintegration with only N5
fragments for all Nj—He, clusters that we
have studied.

(iii) The time decay of the N —He, (v=1)
population N,_,(¢) is exponential and can be
represented as

o=1() = Ny=1(0) exp(—ky?) (1)

where k, is the predissociation rate. This
assumption may initially appear suspicious
as the NJ—He, (v=1) population is in fact
composed of sub-populations with various
amounts of energy in overall rotation and the
other two internal vibration/internal rotation
coordinates. Each state will have a different
dissociation rate and by integrating over the
entire 1] band we are in effect averaging over
these rates. However, we note that for all com-
plexes, ratios of band areas are equal within
experimental error to ratios of band heights,
suggesting that quantum numbers other than v
do not greatly influence dissociation rates.

If the above three assumptions are valid
then the dissociation rate for the Nj—He,
complex is given by:

kn=1/tIn(R1/R,) + ki (2)

Here k, is the disintegration rate of the N3 -
He, (v = 1) complex and R, is the ratio of the
hot band to the origin band at time ¢ for
the Nj —He, cluster. In our experiment # is the
time between ion formation and interrogation
by the laser and is equal to the sum of the
times taken for the ions to travel from the
nozzle to the skimmer, from the skimmer to
the octopole entrance and from the octopole
entrance to the middle of the octopole where
the bulk of the ions meets the laser pulse.
The rates determined by integrating over the
bands in Fig. 2 and inserting the resulting ratio
in Eq. (2) with the previously determined value
for k, = 4.5 x 10°s™! [1] are listed in Table 1

2510° T T T T T T .

2010 — % % .

1510° | % ]

Rate (s 1)

1.010* ‘} ]
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Fig. 3. Dissociation rates for Nj —He, (v = 1) complexes as a
function of n. Rates were inferred from the relative sizes of the
origin and hot-band transitions shown in Fig. 1.
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and displayed graphically in Fig. 3. Inspection
of Fig. 3 reveals that although the relaxation
rate is approximately proportional to n
for the smaller N3 -He, (v=1) complexes
(n = 1-3), for larger clusters (n = 4-6) there
is some saturation (note also the third column
of Table 1 where the rate per He atom is
listed). Branching ratios for loss of various
numbers of He atoms from Nj -He, clusters
as they pass through the octopole ion guide are
also given in Table 1.

To understand at what stage a complete
solvation shell develops about the Nj
core we have determined likely Nj-He,
equilibrium geometries representing the
potential surface as the sum of pairwise inter-
actions. The He---Nj interactions were
described using the ab initio potential-energy
surface of Miller et al. [9] and He---He
interactions were represented with the
free-atom 12-6 Leonnard—Jones potential
(e=7.1cm™, o =258A [10]). While there
may be doubts about using the sum of
pairwise interactions for the construction of
potential-energy surfaces for larger com-
plexes, equilibrium geometries determined by
these means should at least provide a guide to
structures, though non-additive three-body
terms may also be of some consequence
[11, 12]. The calculated ab initio He---Nj
surface has only a small barrier (< 10cm™") to
free internal rotation and a D, of ~ 139cm™!
[9].

The results of the calculations show that at
least six helium atoms may be comfortably
positioned next to the Nj core. Figure 4
illustrates one of the lower-energy configura-
tions for N —Heg, although there are many
other isomers with similar energies. The
helium atoms occupy what is in essence an
equipotential moat surrounding the ion core.
The He- - -He attraction is sufficiently weak for
there to be little tendency for the He atoms to
clump together, though such an inclination
would be countered by zero-point motions.

Fig. 4. One of the lower-energy structures for the NJ-Heg
complex determined by minimising a pairwise additive
potential function. The He---Nj interactions were described
using the ab initio potential from Ref. 9 and the He---He
interactions were modelled by a Lennard—Jones potential with
parameters taken from Ref. 10. It can be clearly seen that six He
atoms fit comfortably about the N3 core.

At 30—40K, approximately the temperature
of the clusters from our source, it is likely
that the helium atoms are evenly distributed.
Even in the lower-energy levels, He atoms
should be relatively unconstrained in their
exploration of the available angular space.
Interactions between He atoms do not con-
tribute significantly to the cohesion of the
cluster, though the repulsive part of their
potential is important in deciding their
relative dispositions.

4. Discussion
4.1 General

Consideration of the relaxation of NJ —He,
complexes profits from a brief review of pre-
vious experimental and theoretical work.
Miller et al. [9] have conducted ab initio cal-
culations of the He- - -N3 potential-energy sur-
face showing that although the equilibrium
value of the He---N3j bond distance depends
upon the angle 4, the depth of the well is
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almost independent of orientation. The
minimum of the calculated surface was
reported as —139.36 em™! in a configuration
where the N—-N bond was tilted by 45° with
respect to a line joining the He atom to
the midpoint of the N-N bond. Minimum
energies in the T-shaped and linear configura-
tions are calculated as —133.12cm™! and
—134.36cm™! respectively. The same authors
used the ab initio surface to determine rovibra-
tional energy levels which were eventually
fitted to the expression

E(nvg,j, 1) =nv,+ Bj(j+ 1)+ C,l(1 + 1)

(3)
with B = 1.879cm™', 1y, = 55.231cm™),
2y, = 83.404cm™, 3y, = 92.491cm”!, G =
0477ecm™', C€;=0370cm™ and C,=
0.254cm™".

The success of the fit indicates that
the N3 ---He system in its ground electronic
state is close to being a free internal rotor.
Though strictly only the total angular momen-
tum J and the parity of the wavefunctions
are good quantum numbers the quantum
number j pertaining to the internal rotation
of the Nj is also nearly conserved. This
conclusion is supported by the B« X
spectra of Nj-He that exhibits structure
resembling in coarse detail the free Nj
spectrum. In loose terms, the Nj core is
only vaguely aware of the He ligand and
exciting the B°E « X 2% electronic transi-
tion in the core leads to Aj = 1 changes in
the quantum number pertaining to its internal
rotation.

Features reminiscent of the P and R
branch transitions of the Nj core are
apparent in the spectra of all the Nj—He,
complexes, suggesting that even in the
larger species the core is unbound in an
angular sense and that the B — X elec-
tronic transition is accompanied by Aj = +1
changes in the effective internal rotation
quantum number.

4.2 Vibrational relaxation rates

Perhaps the simplest physically reasonable
model for the fragmentation of N3 -He,
(v=1) involves a two-stage mechanism
whereby relaxation of the N3 (v =1) core is
accomplished via an inelastic half collision
with a single He ligand. The vibrational
energy is partitioned between the recoiling
He atom and the N core which can undergo
further intracluster collisions with the remain-
ing He atoms. These secondary collisions
increase the cluster’s internal energy and can
result in further evaporative He ligand loss.
The overall process can be summarised as:

Nj7—He,(v=1) —» NJ—He,_,(v = 0) + He

N;—He,_ (v = 0) — Nj—He}_,(v=0)+He

N;—He, _,(v = 0) —» Nj—He,_;(v = 0)+He
etc. 4)

There are two justifications for such a two-step
process. First of all, because the He- - -He inter-
actions are extremely weak it seems unlikely
that channels where the energy of the N---N
stretching vibration is simultaneously shared
between two He atoms are important.
Secondly, the apparent near proportionality
between ligand number and dissociation rate
for the smaller complexes can be seen as evi-
dence for the primary Nj (v=1) relaxation
event involving only a single He atom. While
the rate of cluster fission is determined by the
slow initial relaxation process, the ultimate
ionic fragment size, the subsequently occur-
ring evaporation processes and hence the
branching ratios will depend upon the
amount of energy delivered into the nascent
Nj —He}_, complex.

In many ways the proposed model is
consistent with previous experimental studies
of the vibrational predissociation of diatomics
bound to several He atoms. For instance in the
original investigations of the I,—He, system,
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where vibrational predissociation from high-
lying vibrational levels of the B state was
studied, a propensity for the loss of one
diatomic vibrational stretch quantum per
dissociated He atom was noted even though
a single quantum is energetically sufficient to
dissociate more than one He atom [13].
Such behaviour was rationalised by supposing
that cluster fragmentation proceeds via a
sequence of independent relaxation/dissocia-

tion steps with dynamic rather than
energetic constraints being of primary
importance.

In accord with our work, which for the
smaller complexes (n=1-3) indicates a
roughly linear increase in the relaxation rate
with ligand He number, studies of the vibra-
tional predissociation of neutral halogen—rare
gas (Hal-Rg,) complexes with one and two
rare gas ligands (Cl,—Ne,, Ref. 14, and
I,-Ne,, Refs. 15 and 16) have generally
concluded that the rate for the vibrational pre-
dissociation of the first ligand from Hal-Rg,
complexes occurs at around twice the rate of
loss from Hal-Rg; complexes.

If there is no orientational dependence for
the relaxation of the N3 (v = 1) core by helium
ligands one might expect the rate to scale
linearly with ligand number until the first
solvation shell is completed. Interactions
between the Nj core and He atoms in
the second and subsequent solvation shells
should be less efficient in relaxing the vibra-
tional motion. Even if there is an orienta-
tional dependence of the coupling between
the NJ (v =1) core and the ligands, as long
as the He---Nj potential does not have
pronounced anisotropies and the He ligands
are evenly distributed about the core, the
total relaxation rate may be expected to
increase linearly with ligand number.

What then is the cause of the apparent
saturation of the dissociation rate for the
n = 4-6, complexes? As Fig. 4 shows, six He
ligands fit easily about the NJ core making it

difficult to imagine that the less than linear
behaviour in the relaxation rate is due to
completion of the first solvation shell. It is
possible however that the nature of the
He- - -N7 interaction changes slightly as more
ligands are added. In their original treatments
of the vibrational predissociation of atom-—
diatom complexes Beswick and Jortner [17]
and Ewing [18] developed expressions for
the vibrational predissociation rate that
emphasised the importance of the transla-
tional energy or momentum of the fragment
pair. If the atomic—diatomic interaction can
be described by a Morse potential with a
range parameter a, the basic expression for
the vibrational predissociation rate k,;, is

} (5)

where u is the reduced mass and E; the
translational energy of the fragments. The
expression summarises the reluctance of
atom—diatom systems to dissociate into
channels with large translational energy
release. The relaxation/predissociation rate
given by Eq. (5) is quite sensitive to the range
parameter a such that even relatively small
changes result in significantly different relaxa-
tion rates. For example, consider the case if
one takes a to be 2.24 A_l, a value consistent
with both the calculated He---Nj potential
of Miller et al. and with the data for the
vibrational relaxation of N3 (v=1) by He
[19]. Reduction of the range parameter by
only 1% leads to a 15% variation in the
relative relaxation rate predicted by Eq. (5).
Clearly small changes in the interaction
potential can have considerable effects on
relaxation/dissociation rates.

One of the many-body contributions to the
total cluster energy that might be important in
lowering the relaxation rate per He ligand
for the larger complexes, may arise from the
repulsive interaction between charge-induced

(2#Et)1/2

kyp o exp{—w p
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dipoles on the He atoms. (For a discussion
of the structural importance of many-body
interactions in K Ar, complexes, including
those arising from induced dipole-induced
dipole forces see Ref. 11.) One can estimate
the magnitude of this effect by calculating the
interaction energy of the dipoles induced
on two He atoms by a charge 2.9A away
(approximately the ab initio He---NJ equili-
brium distance in a T-shaped geometry). If
the He---He displacement is also 2.9 A (the
distance for the He- - -He Lennard-Jones well
minimum [10]) and a He polarizability of
0.2A’ is assumed [20], the repulsive energy
contribution amounts to 2-3cm™!. Although
this may seem insignificant, it is of the same
order as the calculated anisotropy in the well
depth of the He---Nj interaction potential
and is ~ 2-3% of the Ny —He Dy. In smaller
complexes such as Nj —He, and N§ —He; the
He atoms should be able to avoid one another
so that induced dipole—induced dipole effects
should be of little consequence. However for
larger complexes where closer approach of He
atoms will occur, the repulsive contribution to
the energy should result in an increase in
the effective solvent-shell volume and con-
sequently a decrease in the interaction of
each He ligand with the ion core.

4.3 Branching ratios

We now turn to a discussion of the ion
fragment size distribution resulting from
metastable decay of Nj-He, complexes.
Apart from vibrational predissociation with
the fragmentation energy originally localised
in the N---N bond other mechanisms may
also be important. Energy in excess of the
dissociation energy may be stored in elec-
tronic, vibrational or rotational degrees of
freedom (or any combination of these).
Mechanisms that may need to be considered
and which have been observed previously in
mass spectroscopic studies of ionic complexes

include tunnelling through a rotational barrier
(seen in Arj Ref. 21), dissociation due to
energy localised in high- or low-frequency
vibrations (seen in (N,)} complexes Refs.
3-5) and fragmentation due to the release
of electronic energy stored in one of the con-
stituents (seen in (N,)] complexes Ref. 3).
Each of these processes will be characterised
to some extent by the number of ligands
that are lost when the stored energy becomes
available for the evaporation of ligands and by
the rate at which this stored energy is liberated.
Thus depending upon the constitution of the
initial population and the time window during
which the mass spectroscopic observations of
the fragments are made, differing branching
ratios may be measured. A useful discussion
of the roles of various energy storage mechan-
isms and fragmentation processes in ionic clus-
ters can be found in Ref. 22.

In the past, branching ratio measurements
have been employed by Magnera et al. to
deduce the origin of the fragmentation energy
in metastable (N,);" clusters [3]. In these com-
plexes, which appear to be best viewed as an
Nj core solvated by N, ligands, the dominant
fragmentation process, involving up to 80% of
the complexes, was due to the relaxation of
an N,(v = 1) ligand and involved the loss of a
characteristic number of N, ligands. A smaller
proportion (1-9%) of the complexes lost a
single N, ligand, a process attributed to
evaporation, with the required energy
coming from low-frequency cluster vibrations.
It is also possible that single-ligand loss
may come about via tunnelling through a
rotational barrier as appears to occur in the
metastable decay of Arj [21]). A much smaller
fraction (0.1-1%) of the complexes underwent
complete or almost complete fragmentation
to yield N3 or Nj fragments, a process con-
jectured to accompany the non-radiative
relaxation of metastable electronic states of
either the N} core or N, ligands with the
accompanying conversion of between 2.1 and
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3.7eV of electronic energy to vibrational
energy.

Analogous fragmentation processes to
those observed in the (N,)i clusters are
likely to occur for Nj —He,, though for these
smaller species with a limited number of
ligands, branching ratios may not provide an
unambiguous guide to the operative fragmen-
tation mechanisms. For example in the smaller
complexes such as Nj-He, (n=1,2) both
vibrational predissociation and rotational
tunnelling can lead to the loss of a single
He ligand. For the larger complexes complete
cluster fission can result from either vibra-
tional predissociation or possibly from elec-
tronic relaxation. While differentiation of
distinct mechanisms may be possible with
selective excitation of the complexes this
was not possible in our experiments. In
addition, as mentioned above, different pro-
cesses will usually have different rates so that
the measurement of branching ratios in dif-
ferent effective time observation windows
may yield clues as to whether one or more
processes are important.

The branching ratio measurements reported
in Table 1 were taken with the ions having an
energy of = 3eV in the octopole and reflect
dissociation occurring in an =~ 80us time
window beginning = 100 us after formation.
For Ny-He, (n = 2-4) measurements were
also made for ions that were trapped within
the octopole for 1ms. Branching ratios
measured with this enlarged time window did
not differ significantly from those listed in
Table 1, constituting some evidence that
either there is one dominant fragmentation
process occurring after 80 us or that if several
processes are important they have similar
characteristic rates.

To get an idea of the fragmentation losses
likely to accompany the two-stage vibrational
predissociation/evaporation process (reaction
(4) it is helpful to consider the internal energy
delivered into the nascent N3 —He, _; complex

following the ejection of a single He ligand.
For smaller complexes the He atom that
relaxes the N-.-N stretch vibration will be
ejected from the complex without significant
interactions with other He ligands. The recoil-
ing N5 can then undergo secondary intra-
cluster collisions with other He ligands
leading to energization of the He- - -NJ bonds
with subsequent He evaporations. Classical
arguments based on the conservation of
energy and linear momentum suggest that
the eventual internal energy of the nascent
NJ -He,_, fragment will be

Mye (n— 1)my,
(mHe + mNz) [(n - l)mHe + mNz]

(6)

where E,.,; is the energy of the N-N
stretch quantum minus the binding energy of
the He atom. The internal energies of the
nascent Nj-He,_; complexes calculated
using Eq. (6) are given in the last column of
Table 1.

It is also possible that internal rotations of
the Nj core are excited during the initial
impulsive half collision, so that the E;,, values
listed in Table 1 which are deduced by con-
sidering conservation of linear momentum
should probably be taken as lower limits for
the internal energy of the nascent Nj —He;_,
complexes.

From Table 1 we see that following the
vibrational relaxation of N;-He, (v=1)
the nascent NJ ~He* should have at least an
additional 30cm™' in the low-frequency
stretching coordinate. Thus depending upon
the internal energy in the low-frequency
motions (He---Nj stretching vibrations,
internal rotations) before the N (v = 1) core
relaxation, an additional He ligand may be
lost. Given that the Nj —He, ions have inter-
nal temperatures of the order of 40 K and that
the NJ —He D, is close to 100cm™! [8, 9] it is
surprising that delivery of only =~ 30cm™' of

Eint = Eqvail
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of metastable N3 —He, complexes losing i helium ligands.

energy into the He- - N3 bond leads to almost
half of the comnlexes losing a second He
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ligand. As mentioned above there is some
possibility of exciting N3 internal rotations
as the first He is kicked off and this may be
the source of the necessary additional internal
energy.

The internal energy delivered into the
nascent N; —He;,_, fragment by the recoiling
N3 should increase with cluster size leading
one to expect more extensive fragmentation
for larger species. This trend is apparent in
Fig. 5 where the average number of ligands
lost is plotted as a function of the original

(o N=N fi (7
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i=1

whare £ 30 tha frnation ~F matag +

whc1c1, is the fx action of metastable I‘Jz —He,,

Table 1 where i

Qavie i i

decreasing fract1on of complexes lose only
one He ligand. It is not unlikely that some of
the complexes that shed a single ligand are
cooling evaporatively.

It comes as a surprise that a small fraction
of the NJ-Hes complexes (= 4%) lose all
five He ligands to yield Nj fragments. If

this total disintegration arises from a two-
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(Eq. (4)) one is forced to conclude that quite
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can be deposited in the N5 internal rotation
in the primary He ejection. It is also possible
that total fragmentation comes about with the
release of electronic energy stored in either the

N core or He ligands.

5. Conclusions

The present work details our indirect
determinations of the vibrational relaxation/
predissociation rates of N;-He, (v=1)
(n =2-6) complexes. To our knowiedge
there are no comparable studies for either

artenal a3 Aanandanm~a

iCuiral or 101iC SysiCims wicic the acpendacnce
of chromophore vibrational relaxation rate on
ligand number has been explored for clusters
with more than two solvent atoms. While there
appears to be a roughly linear increase in the
relaxation rate for the first two to three He
ligands, thereafter there is some saturation in
the rate, well before the completion of the
first solvent shell. The diminishing relaxation
rate per He ligand for n = 4-6 may be due
to subtle changes in the potential-energy func-
tion governing the interaction between the
N (v=1) core and He atoms as cluster size
increases. The branching ratio and relaxation
rate data are consistent with a two- stage
PO D S Uiy i [ ~ _‘. ‘‘‘‘‘‘‘

ICldAdLlUll/Udey 111CC d, 118111 'v'v'uu all uupu1-

sive encounter between a vibrationally excited
N1 cara and

ratnsag rhaen +

=

=

N5 core and a single He

1

of a hot nascent Nf —He;,_; complex followed
by subsequent He evaporations. Details of
these intracluster colhslons are obviously com-
plicated and it might prove useful to model the
evaporations using a molecular dynamics
approach. To some extent this work com-
plements previous studies of the metastable
decay of (N,); complexes that demonstrate
metastable fragmentation on the 100 us time

igand, the formation
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scale due to energy stored in N- - -N stretching
vibrations [3-5].

The weakness of the present work is that
it relies on the comparison of hot-band inten-
sities for the various sized complexes and
is based upon assumptions concerning the
independence of the initial vibrational state
of the N7 core on the number of He solvent
atoms. Better and less ambiguous would be to
directly excite IR-active vibrations in mass-
selected complexes allowing direct determina-
tions of both vibrational predissociation/
relaxation rates and fragmentation patterns.

6. Acknowledgements

The technical assistance of Karl Mutschler
is gratefully acknowledged. This work is part
of project No. 20-36153.92 of “Schweizer-
ischer Nationalfond zur Foérderung der
wissenschaftlichen Forschung.”

7. References

[1] E.J. Bieske, A.M. Soliva, A. Friedmann and J.P. Maier,
J. Chem. Phys., 96 (1992) 4035.

[2] J.W. Bevan, A.C. Legon and C.A. Rego, Chem. Phys.
Lett., 204 (1993) 551.

[3] T.F. Magnera, D.E. David and J. Michl, Chem. Phys.
Lett., 123 (1986) 327.

[4] P. Scheier and T.D. Mirk, Chem. Phys. Lett., 148
(1988) 393.

[5] T. Leisner, O. Echt, O. Kandler, X.-J. Yan and E.
Recknagel, Chem. Phys. Lett., 148 (1988) 386.

{6] D.E. Brinza, B.A. Schwartz, C.M. Western and K.C.
Janda, J. Chem. Phys., 79 (1983) 1541.

[7] E.J. Bieske, A.S. Soliva, M. Welker and J.P. Maier, J.
Chem. Phys., 93 (1990) 4477.

[8] E.J. Bieske, A.M. Soliva, A. Friedmann and J.P. Maier,
J. Chem. Phys., 96 (1992) 28.

[9] S. Miller, J. Tennyson, B. Follmeg, P. Rosmus and H.
Werner, J. Chem. Phys., 89 (1988) 2178.

[10] J.O. Hirschfelder, C.F. Curtis and R.B. Bird, Molecular
Theory of Gases and Liquids, Wiley, New York,
1954.

{11] R.D. Etters, R. Danilowicz and J. Dugan, J. Chem.
Phys., 67 (1977) 1570.

[12] A.R. Cooper and J.M. Hutson, J. Chem. Phys., 98
(1993) 5337.

[13] D.H. Levy, Adv. Chem. Phys., 47 (1981) 323.

[14] S.R. Hair, J.I. Cline, C.R. Bieler and K.C. Janda, J.
Chem. Phys., 90 (1989) 2935.

[15] M. Guttmann, D.M. Willberg, J.J. Breen and A.H.
Zewail, J. Chem. Phys., 96 (1992) 198.

{16] M. Gutmann, D.M. Willberg and A.H. Zewail, J.
Chem. Phys., 97 (1992) 8048.

[17] J.A. Beswick and J. Jortner, Adv. Chem. Phys., 47
(1981) 363.

[18] G.E. Ewing, J. Chem. Phys., 71 (1979) 3143.

[19] E.E. Ferguson, Comments At. Mol. Phys., 24 (1990) 327.

[20] H.R. Hasse, Proc. Cambridge Phil. Soc., 26 (1930) 542.

[21] E.E. Ferguson, C.R. Albertoni, R. Khun, Z.Y. Chen,
R.G. Keesee and A.W. Castleman, J. Chem. Phys., 88
(1988) 6335.

[22] T.D. Mirk, M. Foltin, V. Grill and G. Walder, Ber.
Bunsenges. Phys. Chem., 96 (1992) 1125.

[23] G. Walder, C. Winkler and T.D. Mirk, Chem. Phys.
Lett., 157 (1989) 224.



