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Photodissociation of the SO,.SO," dimer in the visible region
of the spectrum: Product relative kinetic energy
distributions and product angular distributions

Martin F. Jarrold, Andreas J. lllies, and Michael T. Bowers
Department of Chemistry, University of California, Santa Barbara, California 93106

(Received 10 August 1984; accepted 7 September 1984)

The results of an investigation of the photodissociation of the S0,-SO," cluster ion in the visible
wavelength range (458-590 nm) are presented. The studies were performed using a crossed fast
ion beam/laser beam experiment. Product relative kinetic energy distributions and product
center of mass angular distributions are reported. Methods used to extract the angular
distributions from the experimental measurements are described. The only ionic product
observed from the photodissociation of SO,-SO," was SO;+ . The product relative kinetic energy
distributions are characteristic of statistical energy disposal. However, statistical phase space
theory substantially overestimates the fraction of available energy partitioned into relative kinetic
energy. The product angular distributions are discussed in terms of the asymmetry parameter 5. 8
increases with the products relative velocity. A simple phase space theory model for 8 is developed
for statistical dissociation with complete rotational averaging. The model accounts for the
variation of 8 with the products relative velocity. £ also varies with wavelength. The variation of 8
with wavelength is ascribed to changes in the lifetime of the cluster. At 458 nm the values of 8
indicate that complete rotational averaging has not occurred. At 590 nm the data are consistent
with complete rotational averaging, implying a lifetime > 5 average rotational periods. The results
are interpreted in terms of a transition to a low lying bound excited state of the SO,-SO;" cluster

which arises from one of the low lying excited states of SO;" and the ground state of SO,.

I. INTRODUCTION

Almost all simple ion~molecule dimers (e.g., N,-N;
and NO-NO™) photodissociate in the visible region of the
spectrum.'~> In contrast, neutral van der Waals dimers gen-
erally do not adsorb strongly in this region of the spectrum.
The origin of this difference is quite straightforward. Combi-
nation of an ion with the corresponding molecule generally
gives rise to twice as many states as combination of two iden-
tical molecules in their ground states.® For example,
N,('Z ;') + N,('Z ;) gives rise to a single '3 ;" state in a
linear geometry but N;* (23 ) + N,('Z F) yields two 2%
states, one bound and one repulsive.” Ion-molecule dimers
are quite strongly bound (0.5-1.0 eV) so that a transition
from the ground state to one or more repulsive states can
usually occur in the visible region of the spectrum.

In a recent series of papers®>~ we have reported the re-
sults of investigations of the photodissociation dynamics of
dimer ions such as NO-NO*, N,-N,+, and CO,.CO;" . These
dimer ions photodissociate in the visible region of the spec-
trum by a direct transition to a repulsive surface, although
for CO,-CO;" a minor product component arises from a dif-
ferent mechanism which could be internal conversion fol-
lowed by vibrational predissociation. This later result impli-
cates the involvement of a long lived bound excited state in
the CO,.CO;" dimer. Such a state would have to have a bond
energy greater than 2.3 eV if it were to correlate to the lowest
energy excited state in the products: CO;' (4 2IT) and
CO,(X '3 ¢ ). As a consequence we could not be certain a
bound excited state of CO,-CO;" was involved.®

In this paper we report the results of an investigation of
the photodissociation dynamics of the SO,-SO," cluster.
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Unlike CO;", SO," has several low lying excited electronic
states which means that the SO,-SO," cluster will have low
lying excited electronic states which may be bound. The mo-
tivation for the present study was to determine if these low
lying excited electronic states play any role in the photo-
chemistry of the SO,-SO;" cluster,

The rest of this paper is organized as follows: In the next
section we briefly review our crossed fast ion beam/laser
beam experiment. This is followed by Sec. III where we also
describe the methods used to extract detailed information on
the product angular distributions from the experimental
measurements. The results are discussed in Sec. IV where
phase space theory calculations of the product relative kinet-
ic energy distributions and product angular distributions are
reported. The paper ends with a brief Conclusions.

Il. EXPERIMENTAL

The experiment, which has been described in detail
elsewhere,>* consists of a reverse geometry mass spectrom-
eter (VG Instruments, ZAB-2F) and an argon ion laser (Co-
herent, Innova 20) and broadband cw dye laser (Coherent,
model 590). A schematic diagram of the experimental appa-
ratus is shown in Fig. 1.

Cluster ions were generated by the association reaction

SOt + SO, + M—8S0,.80;" + M, (1)
ina cooled (~297 K), high pressure ion source. A mixture of
40%-50% SO, (Linde, Anhydrous Grade} in N, (liquid boil-
off) was used at a total pressure of 0.10-0.11 Torr. Ions effus-
ing from the source were accelerated to 8 kV, mass selected
by the magnet, brought to a spatial focus and crossed with a
focused laser beam. The products were energy analyzed by

© 1985 American Institute of Physics
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FIG. 1. Schematic diagram of the ex-
perimental apparatus. Note that the

ELECTROSTATIC laser beam is actually along the z axis

ANALYSER (vertical) as it intersects the ion
beam.

ELECTRON

MULTIPLIER

PULSE COUNTING

EQUIPMENT

an electrostatic analyzer (ESA) which also performs a mass
analysis of the products. An energy resolving power of 2000
FWHM was used. The laser beam was modulated and up-
down pulse counting techniques were employed to subtract
out the background signal. The background signal was quite
large, around 103 cps (approximately 1/5 of the photodisso-
ciation signal). With the conditions employed this large
background signal probably arises mainly from the unimole-
cular dissociation of clusters excited in the source region of
the instrument (““metastables”) rather than collision induced
dissociation in the second field free region. Even thermal
clusters contain substantial amounts of internal energy (be-
cause of the low frequency cluster modes) so some of the
background signal could arise from a thermally activated
unimolecular reaction. Most of the background signal, how-
ever, probably arises from the unimolecular dissociation of
the small fraction of clusters collisionally activated in the
acceleration region.

Experiments were performed using the individual ar-
gon ion laser lines at 514, 488, and 458 nm and at 590 nm
using the dye laser with R6G dye. The laser beams from both
the dye laser and the ion laser are plane polarized. Measure-
ments were performed with the laser beam polarization at 0°
and 90° with respect to the ion beam direction and at the
“magic angle” of 54.7°.* The angle between the laser beam
polarization and the ion beam direction was changed using a
polarization rotator (Spectra Physics, 310A).

Collision induced dissociation spectra were recorded by
leaking He into a collision cell located between the magnet
and the ESA. Spectra were recorded with a main beam at-
tenuation of 30%.

lil. RESULTS

Some relevant thermochemical data®'° are summar-
ized in Table I. The SO,-SO," cluster is bound by 0.66 eV
relative to SO, + SO,.° Two other sets of products are ener-
getically accessible from the ground state of the SO,-SO;"

cluster with photon energies employed. These are
SO™ 4 S0, at an energy 0.07 eV above the SO, + SO,
products, and SO;* + SO at ~0.7 eV above SO;" + SO,.
However, neither of these products were detected. The only
product observed from the photodissociation of the
S0,:80;" cluster was SO, .

The collisional induced dissociation spectrum of the
50,:80;" cluster is given in Table I1. The only fragment ions
with intensity over 1% of the total are SO-SQO," (m/z 112),
SO," (m/z 64), and SO™* (m/z 48). The most intense frag-
ment is SO, (78%). This is consistent with a structure of
two loosely bound SO, moieties for the cluster.

A. Product kinetic energy distributions

As described in detail in Ref. 4, product relative kinetic
energy distributions are derived from peak shapes measured
with the electric vector of the laser beam at the magic angle
of 54.7° with respect to the ion beam direction. Figure 2
shows the product relative kinetic energy distributions mea-
sured at 590 and 458 nm. The distributions peak at close to
zero relative kinetic energy and the probability falls off
roughly exponentially with increasing kinetic energy. These
kinetic energy distributions have a different shape from
those we have measured for the photodissociation of other
dimer ions such as NO-NO*,? N,-N; ¢ and CO,-CO;" . For
those clusters the distributions peaked at much larger values
of relative kinetic energy (~0.2-0.7 eV) and were roughly

TABLE I. Heat of formation of the cluster ion and possible products.

AH% (V]
S0,-50;" 5.57
SO;* + SO, 623
SO* + S0, 6.30
SO + SO ~6.95

*From Refs. 8-10.
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TABLE I1. Collision induced dissociation spectrum of the SO,.SO," clus-
ter.*

m/2* Ionic Normalized
product intensity
112 S,0;" 2.5
96 SO 04
80 SO;* 04
64 SO;* 78
48 so+ 18
32 s+, 0t 0.9
16 o+ <0.05

*The 2§ isotope was exclusively selected in the SO,-SO;* cluster.

triangular in shape. Distributions of this shape are charac-
teristic of dissociation on a repulsive surface. Kinetic energy
distributions of the shape shown in Fig. 2 for SO,-SO;" are
characteristic of statistical energy disposal.

Figure 3 shows a plot of the average product relative
kinetic energy against the available energy. Assuming that
the products are formed in their ground electronic states, the
available energy is given by

E,y =hv — D3(SO,-S0;") + Epny, (2)
where hv is the photon energy and E; is the initial internal
energy in the SO,-80;" cluster. With the ion source condi-
tions employed most of the cluster ions will undergo suffi-
cient collisions for their internal energy to be brought close
to thermal. The solid line drawn through the data pointsis a
linear least squares fit. The average product kinetic energy
apparently increases linearly with the available energy. The
equation for the line is

(E,) = 0.065( + 0.003) + 0.048( + 0.001)E,y,  (3)

where the numbers in brackets are the standard deviations.

B. Product angular distributions

For an electric dipole transition photon absorption
arises from an interaction between the electric vector of the
photon and the transition dipole moment of the molecule.
Photon adsorption occurs preferentially when the electric

1.0 SO, SO," + hv—e 50,7 + SO,

PROBABILITY
(o]
2]

1
0.0 0.2

1

'l
0.4 06 08 10
PRODUCT RELATIVE KINETIC ENERGY, eV

FIG. 2. Product relative kinetic energy distributions measured for the pho-
todissociation of SO,-SO;" at 458 and 590 nm.
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FIG. 3. Plot of the average relative kinetic energy against the available ener-
gy for the photodissociation of SO,-SO,*. The points are the experimental
data, the solid line is a least squares fit to the experimental data, and the
dashed lines are the result of statistical phase space theory calculations (see
the text).

vector and transition dipole moment are aligned. Thus an
anisotropic distribution of excited molecules is generated
and on dissociation this anisotropic distribution is reflected
in the product angular distributions. The photoproduct an-
gular distributions can provide information about the life-
time of the photoexcited molecule and also information
about the nature of the electronic transition.''~*?

In our experiment a high energy ion beam is crossed
with a laser beam and the products are analyzed by an elec-
trostatic analyzer (ESA). The ESA measures essentially'® the
energy along the ion beam direction. Peak shapes measured
with the laser polarization at the magic angle of 54.7° with
respect to the ion beam direction contain no information
about the product angular distribution.* Peak shapes mea-
sured with other orientations of the laser beam polarization
will reflect the products angular distribution. For example, if
the products recoil along the transition dipole moment then
a broader peak shape would be measured with the electric
vector along the ion beam direction than with the electric
vector perpendicular to the ion beam direction. Obtaining
the product angular distributions from these 0° and 90° peaks
is not straightforward because the peak shapes are a convo-
lution of the product angular distribution and product rela-
tive kinetic energy distribution. The analysis is further com-

J. Chem. Phys., Vo!. 82, No. 4, 15 February 1985
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plicated by instrumental discrimination. Some of the
products with a large velocity component perpendicular to
the ion beam direction are lost due to the finite detector slit
height and a slit'® width. For SO,-SO;+ the product relative
kinetic energies are small and trial calculations indicated
that there was no significant instrumental discrimination.

The photoproduct angular distribution has the general
forml 1,16

P(0) = (4m)~'[1 + BP,(cos 8)], 4

where P () is the probability that the products recoil into a
solid angle dw at an angle 8 with respect to the electric vec-
tor, P,(cos 6} is the second degree Legendre polynomial in
cos 8, and B is the asymmetry parameter which can have
values between 4 2and — 1.

In our previous work information about the product
angular distributions was derived from the 0° and 90° peak
shapes using an iterative fitting procedure. Peak shapes were
calculated using the measured product relative kinetic ener-
gy distribution and the product angular distribution given by
Eq. (4). The calculated peak shapes were compared with the
measured ones and B was adjusted to fit the measured peaks.
This procedure is tedious, somewhat subjective and the re-
sult can be ambiguous if B varies with the product relative
kinetic energy (see Ref. 17 for an example). What is required
is a procedure to directly and unambiguously extract S as a
function of the product relative kinetic energy from the mea-
sured peak shapes. Here we present a method to accomplish
this.

The probability that the products recoil at an angle 8’
with respect to the ion beam direction is*

P(0',y)=sin6'[1 + BP,(cos 6 ')Py(cos )1, (5)

in which y is the angle between the ion beam direction and
the laser beam polarization. It follows that for a single value
of product relative kinetic energy release the probability that
the products have a resultant velocity along the ion beam
direction of U, in the center of mass reference frame is

2
x

>\ T2 —l]Pz(cosx)], (6)

where U'is the velocity of the product ion at angle 8 ' to the x
direction in the center of mass reference frame. (Note
cos? @' = U2/U?in the c.m. reference frame). In the labo-
ratory frame the energy measured by the ESA is to a good
approximation'®

PU. )= U‘l[l + B {3U

Ex~1m, Vi + {m,V,U,, (7

in which ¥, is the laboratory velocity of the reactant ions and
m, is the mass of the product ion. Since E is proportional to
U,, the product ion peak shape in the laboratory frame is
given by

302
U2

P(EX)~=P(U,x) = U“[1+ E[

3 - I]Pz(cosx )]

(8)

and for a distribution of product relative kinetic energies the
peak shape is

PEy) = f:dUP(U)U—lll + Egﬂ

X [3:]}} — I}Pz(cosx) R 9

where P(U) is the product center of mass velocity distribu-
tion. To analyze the peak shapes it is useful to consider the
quantity P (E,0°) — P(E,90%), which is given by

P(EQ) — P(ES07) = -z-rdUP(U)U—'ﬂ{l

2
3U2
X[ o 1]. (10)
Using a polynomial approximation for 8 (U ):
BU)=Bo+BU+BU> + -, (11)

information on the product angular distributions can be ob-
tained by fitting Eq. (10) to the measured peak shapes using a
least square procedure to determine the coefficients in Eq.
(11). This is most readily accomplished using matrix meth-
ods.”

The results of this analysis are shown in Fig. 4 where the
values of 8 derived using a fifth order polynomial are plotted
against the product ion velocity relative to the center of
mass. A fifth order polynomial was judged to be sufficiently
“flexible” to follow the gross real features. The values of the
asymmetry parameter are probably unreliable at the ex-
tremes of the plotted velocity range because the signal to
noise at these velocities is small. Figure 5 shows the 0° and
90° peak shapes for the 514 nm line. The points are the ex-
perimental data and the lines are the result of the theoretical
analysis. It is evident that the 0° and 90° peak shapes are not
very different, indicating that the product angular distribu-
tions are not very anisotropic. Consequently the values for
the asymmetry parameter 8 shown in Fig. 4 are fairly small,

$0,-S0 + hv — SOt + SO,

STATISTICAL PHASE
SPACE THEORY

0S5

BETA
T

1

(] 1 1 1 A i L L A }
002 %66 300 600 800 1000 1200
CM VELOCITY, m/s

-0.5 e \ I 1 1 1
001 005 01 02 0.4 06 08

RELATIVE KINETIC ENERGY, eV

FIG. 4. Plot of the asymmetry parameter S of the product angular distribu-
tions against the product center of mass velocity (a relative kinetic energy
scale is also shown). The solid lines are the experimental data and the dashed
lines are the result of statistical phase space theory calculations assuming
complete rotational averaging (see the text).
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80,-50," + hv — 50, + S0,
hv = 5t4 nm
10 )
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FIG. 5. Peak shapes measured for the photodissociation of SO,-SO,+ at 514
nm with the laser polarization at 0° and 90°, with respect to the ion beam
direction. The points are the experimental data and the lines the result of the
theoretical analysis described in the text.

around 0.25. From Fig. 4 it can be seen that the asymmetry
parameter increases slightly with product velocity for all
wavelengths studied. This indicates that the product angular
distributions become more anisotropic as the velocity rela-
tive to the c.m. increases. Also, as can be seen from Fig. 4, the
asymmetry parameter at a given velocity increases slightly
with photon energy.

IV. DISCUSSION

Unfortunately there is no information available on the
structures and electronic configurations of the ground state
and the low lying excited electronic states of the SO,-SO,"
dimer ion. The ground states of SO,° and SO,+ ?° are '4, and
24, respectively. Combining these states will generate two
doublet states owing to resonance mixing.® At least one of
these states must be bound and the other is probably repul-
sive. The first excited a@ *B, state of SO, lies at 3.19 eV°® above
the ground state and so will not be important for the present
photodissociation study. However, SO," has two low lying
excited states: the 4 24, state at 0.71 eV above the ground
state and the B 2B, state at 0.94 eV.2! Combination of each of
these states with SO, X 14, will generate two doublet states.
One or more of these states may be bound.

There are several possible mechanisms by which photo-
dissociation of SO,-SO;" could occur. One possible mecha-
nism is a direct transition to one or more of the repulsive
states which correlate to either ground or excited state pro-
ducts. A direct transition to a repulsive surface would be
expected to result in the partitioning of a substantial fraction
of the available energy into relative kinetic energy. In addi-
tion, the lifetime of the excited cluster would be less than a
rotational period, resulting in anisotropic angular distribu-
tions. Alternatively, the transition could be to a bound excit-
ed state which correlates with either the SO;+ 4 or B states.
Since these states are quite low in energy the transition
would be to highly vibrationally excited quasibound levels of
the excited state. Dissociation could occur directly from this

excited state by vibrational predissociation (statistical uni-
molecular dissociation) or a rapid internal conversion to the
ground state could occur, followed by vibrational predisso-
ciation. Vibrational predissociation would be expected to re-
sult in statistical energy disposal with a small fraction of the
available energy partitioned into relative kinetic energy. De-
pending on the rate of dissociation, the lifetime of the excited
cluster could be longer than a rotational period so the pro-
duct angular distributions may show the results of rotational
averaging.

As noted in Sec. III the shape of the product relative
kinetic energy distributions is characteristic of statistical en-
ergy disposal. It will obviously be instructive to compare the
measured distributions with the predictions of statistical
phase space theory. For products with total energy E and
total angular momentum J the probability that the products
have a relative kinetic energy E, is*

PEJE) - de, P E—E, —E, )fde aJ, p,(E.J.)
o deﬂ OoN\E —E ). (E.J) ’

(12)

in which p, and p, are the vibrational and rotational densi-
ties of states, I',,, is the rotation-translational sum of states,
E_ and E,, are the rotational and rotational plus transla-
tional energies respectively, J, is the products total rota-
tional angular momentum, and L is the products orbital an-
gular momentum. Assuming that the products are in their
ground electronic states calculations were performed using
an energy

E = hy — DY(SO;+-SO,) + E,, (13)

where E,, is the average thermal internal energy. Finally the
probabilities given by Eq. (12) were averaged over a classical
thermal angular momentum distribution:

P(J)=(2J)* exp| —BJ2/kBT)/J.de(ZJ)2

Xexp( — BJ*/k,T). (14)

The parameters used in the calculations are summarized in
Table II1. Most of the required parameters were available

TABLE III. Parameters used in the phase space calculations.

S0, 50+

v,cm=)* 11518 900
518 403

1362 1200
Bcm™'f° 0.589¢ 0.685™
a(A¥e 3.72h
u(amu)® 32
Dj(evy 0.66'
Bopfem™'Y 0.08¥
*Vibrational frequencies in cm~!. h Reference 23.
b Rotational constants in cin . iReference 9.
*Polarizability in A>. iReference 26.
9 Reduced mass in amu. k Reference 21.
°Dissociation energy in eV. 'Reference 24.
fRotational constant of dimer in cm™—?. ™ Reference 25.
&Reference 6.

J. Chem. Phys., Vol. 82, No. 4, 15 February 1985
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from the literature.>>"** For those that were not available,
reasonable estimates were made.?*¢

The results of the phase space theory calculations are
summarized in Figs. 3 and 6. In Fig. 6 the calculated distri-
bution for a wavelength of 514 nm is compared with the
measured product relative kinetic energy distribution. The
agreement between the measured and calculated distribu-
tions is rather poor: the calculated distribution is substan-
tially broader than the measured one. Similar results were
obtained at the other wavelengths studied. In Fig. 3 the aver-
age kinetic energies are plotted. The points are the experi-
mental data and the dashed line labeled X is the phase space
theory calculation. The calculated average kinetic energies
are substantially larger than the measured values and in-
crease more rapidly with the available energy.

Both lasers have narrow bandwidths (~ 6 MHz for the
ion laser and 40 GHz for the dye laser) so the use of a thermal
J distribution in the calculations is questionable if a bound to
bound transition is involved. However, the effects of the la-
ser’s narrow bandwidth will be to some extent washed out
owing to the large number of populated low frequency vibra-
tional modes in the ground state. Furthermore, calculations
as a function of J showed that the total angular momentum
had only a minor effect on the shape of the product relative
kinetic energy distribution. Angular momentum cannot ac-
count for the discrepancy between the measured and calcu-
lated distributions.

The use of statistical phase space theory to predict pro-
duct energy distributions is valid when the dissociation rate
is controlled by the loose orbiting transition state (located at
the centrifugal barrier). When the rate is controlled by a tight
transition state at smaller 7 the use of statistical phase space
theory is only valid-if after passing through the tight transi-
tion state the trajectories remain statistical up to the orbiting
transition state.”’” The association reaction between SO,"
and SO, proceeds at thermal energies so there is no signifi-
cant activation barrier along the reaction coordinate. The
loose orbiting transition state will control the rate of the

$0,-S0," + hv — s0,' + S0,
hv = 5{4nm

05T /-Phose Space Theory

PROBABILITY

5.

hExperiment

B

A A oL

0.2 04 06 0.8 1.0
PRODUCT RELATIVE KINETIC ENERGY, eV

FIG. 6. Product relative kinetic energy distributions for the photodissocia-
tion of SO,:80;" at 514 nm. The points are the experimental data and the
line the result of statistical phase space theory calculations (see the text).

forward asociation reaction and by microscopic reversabi-
lity also the reverse dissociation of SO,.SO;+ . Phase space
theory would thus be expected to predict the product energy
distributions for this system quite well. However, for visible
wavelength photodissociation of SO,.SO;" dissociation oc-
curs at energies substantially above the ground state disso-
ciation threshold. As will be discussed in more detail below,
at these high energies the orbiting transition state may not
control the rate, i.e., transition state switching?”?® may oc-
cur and the rate may be controlled by a tight transition state.
A tight transition state is expected to occur between the or-
biting transition state and unimolecular reactant even for
systems without an activation barrier,?® although this issue
is currently a point of substantial discussion.?®

As mentioned above, if a tight transition state controls
the dissociation rate the use of statistical phase space theory
to predict the product energy distributions is still valid if the
trajectories remain statistical up to the orbiting transition
state. The picture that has been emerging over the past few
years is that statistical phase space theory works fairly well
at lov energies but underestimates the product relative ki-
netic energies at higher energies above the dissociation
threshold.?>?7-? This has been attributed to the bottleneck
at the orbiting transition state “opening up” so that trajec-
tories from the tight to the orbiting transition state become
more direct and less statistical.”” However, for SO,-SO;+
photodissociation statistical phase space theory overesti-
mates the product relative kinetic energies.

A reasonable explanation for the discrepancy between

the predictions of phase space theory and the experimental
results is that the products are not produced in their ground
electronic states, i.e., dissociation from the excited electronic
state occurs more rapidly than internal conversion to the
ground state. The results of phase space calculations assum-
ing that the SO;" product is in the 4 24, state and in the
B 2B, state are shown in Fig. 2 as the lines labeled 4 and B.
These calculations are in much better agreement with the
measured average relative kinetic energies. However, the
calculated average relative kinetic energies still increase
more rapidly with the available energy than the measured
averages. A possible explanation for this could be that with
the smaller photon energies the rate of internal conversion to
the ground state is comparable to the rate of vibrational pre-
dissociation from the excited state. Thus significant amounts
of ground state products are formed with larger kinetic ener-
gies than the excited state products. With larger photon en-
ergies the rate of vibrational predissociation from the excited
state increases and becomes larger than the rate of internal
conversion. Thus dissociation occurs mainly from the excit-
ed state to generate excited state products. Based on the in-
formation given in Fig. 3 and assuming that the excited state
involved is the B state it is possible to make a crude estimate
of the fraction which internally converts to the ground state.
We obtain values of 4% at 458 nm and 44% at 590 nm for
this fraction.

We will now consider the implications of the product
angular distributions. As noted above the photoproduct an-
gular distribution has the general form'!-'¢

P(0)=(4m)~'[1 + B (U)P,(cos 8)), (15)‘
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in which B, the asymmetry parameter, can have values
between + 2 and — 1. For 8 = 0 the angular distribution is
isotropic. The asymmetry parameter is a complex quantity.
Its value depends on the angle between the transition dipole
moment and the axis along which the products separate, and
also on the lifetime of the excited molecule. If the lifetime is
longer than a rotational period, the anisotropy of the pro-
duct angular distributions is reduced. However, even with
complete rotational averaging the photoproduct angular dis-
tribution will not, in general, be isotropic.*® The extent to
which complete rotational averaging reduces the anisotropy
of the photoproduct angular distribution depends on the
shape of the molecule.’® The SO,-SO;" cluster, with a struc-
ture of two loosely bound SO, moeties, is probably a near
prolate spheriod for which complete rotational averaging
will reduce the anisotropy by around 0.17.3 Thus values of #
outside the range 0.34> 8> — 0.17 indicate that complete
rotational averaging has not occurred. It is evident from Fig.
4 that for the larger fragment velocities and larger photon
energies the value of the asymmetry parameter is greater
than 0.34. This indicates that complete rotational averaging
has not occurred at least for some of the products. The aver-
age rotational period is given by

-1
()
17

where I is the average moment of inertia. For SO,-SO;" the
average rotational period is around 5X 10~ !2 s at 300 K.
From statistical reaction rate theory,

k(E)_f arp) EES) (17)
pEJ)

where F (E,J ) is the flux through the transition state, p(E,J ) is
the density of states in the reactant, and P (/) is the reactant
angular momentum distribution function. Calculations us-
ing this equation and the orbiting transition state lead to
unimolecular rate constants in the range 10'°-10"7s~'in the
relevant energy range. These are obviously unrealistically
large rate constants. However, they serve to demonstrate
two important facts. First, that transition state switching®”*°
must be occurring and as a consequence in this energy range
the rate of dissociation is controlled by a tight transition
state; and second we are operating in an energy range where
the rate of unimolecular dissociation could be comparable to
a rotational period.

That the value of the asymmetry parameter increases
with the product velocity relative to the center of mass is
evident from Fig. 4. Does this indicate that reactant ions
with a shorter lifetime result in products with larger relative
kinetic energies? To answer this question we have to deter-
mine if there is a dynamical reason why the asymmetry pa-
rameter should change with fragment velocity. Even if com-
plete rotational averaging occurs the asymmetry parameter
still depends on the angle between the transition dipole mo-
ment and the axis along which the products recoil. Thus the
asymmetry parameter can be written as

B =2( Pycos ¥))D (b), (18)

in the limit of complete rotational averaging. In this equa-
tion, 7 is the angle between the transition dipole moment and

the dissociation axis, and ( P,(cos ¥)) is the second degree
Legendre polynomial averaged over the appropriate distri-
bution functions. D (b ) in Eq. (18) is the reduction in the an-
isotropy of the product angular distribution due to complete
rotational averaging. D (b ) depends on the molecular shape;
b=1I,/I— 1 where I, is the moment of inertia about the
symmetry axis and / is the moment of inertia about the axes
perpendicular to the symmetry axis. Values for D (b) have
been tabulated by Yang and Bersohn.'?

We will now develop a simple statistical phase space
model for { P,(cos ¥)). If we assume that the transition di-
pole moment lies along the SO,—SO;" axis in the cluster and
that the long range SO,—SO," potential can be represented
by the ion-induced dipole potential:

L%
2,ur2
then y can be evaluated by a straightforward trajectory cal-
culation as illustrated in Fig. 7. To a good approximation ¥
depends only on the reduced orbital angular momentum L /
L *, where L * is the maximum orbital angular momentum
allowed for products with relative kinetic energy E,. In Fig.
8(a), yisplotted against L /L *. Forsmall valuesof L /L *,yis
small and for values of L /L * near 1, ¥ approaches 80°.
P,(cos ¥} must now be averaged over the available phase
space for products with total energy E, total angular mo-
mentum J, and relative kinetic energy E,:

( Pycos ¥)),

_ (4. o8~ B, — [ [dL ar, p, (8,7 Pyoos

Vir= — -—- + (19)

H

[d8. piE— 5, £ [aL as, p.i8,)
(20)

in which all parameters have been defined above. Finally
( Py(cos 7)), must be averaged over the total angular mo-
mentum distribution function:

( Pyfcos p) s = f dJ P Pyfcos ). 1)

The values of B obtained using this statistical phase space
model are shown plotted in Fig. 4 as the dashed lines. The
calculated values of B increase as the center of mass velocity
increases but the increase is not as large as observed experi-
mentally.

The origin of this increase in the calculated value of 8
can be understood by reference to Figs. 8(b) and 8(c). These

FIG. 7. Diagram illustrating the evaluation of the angle y (see the text).
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figures show the available L — J, phase space for a typical
rotational plus kinetic energy of 0.5 eV and an average ther-
mal value of the total angular momentum. The L — J, dia-
grams®! are simply a statement of conservation of angular
momentum:

L=J+J, =T, (22)
J =J+L,.,J—L| (23)

with energetic constraints (i.e., maximum L and J, possible
from energetic considerations):

J?=(E,/B,)'", (24)

L*=(EA), (25)
in which B, is the reduced rotational constant of the pro-
ducts and A is given by 8ag®/#*. The shaded areas in Figs.
8(b) and 8(c) show the allowed values of L and J,. A more
detailed discussion of these types of diagrams is given in Ref.
31. For a fragment velocity of 200 ms ™! relative to the c.m.
[Fig. 8(b)] all values of L up to L * are accessible. Referring to
Fig. 8(a), larger values of L /L * result in larger values of ¥
which will lead to a smaller value for P,(cos ¥} and hence a

a)
90 1
[
[
5 60
[}
h-]
o 30-
0.0 0.5 1.0
b)
U =200 ms}
Er = 0.0265 eV
Eg = 0.4735 eV
J 200 = 400
J
c) ’
4oow o*
L* U = 800 ms™!
] Ey = 0424 eV
Eq = 0.076 eV
200 400
Jl’

FIG. 8. Diagrams relevant to the phase space theory calculation of the
asymmetry parameter £ assuming complete rotational averaging (see the
text). (a) shows a plot of the angle y against the reduced orbital angular
momentum L /L *. (b) and (c) show the available L — J, phase space for the
S0,/S0;" system with a kinetic plus rotational energy of 0.5 eV (balance in
vibration). The available L — J, phase space {shaded region) is shown for a
product relative velocity of 200 ms ™~ in (b) and 800 ms™! in (c).

smaller value for 8. For a fragment velocity of 800 ms ™' the
allowed values of L are restricted to be significantly less than
L * by the energetic constraint on J,. This results in a larger
value for 8. Thus as shown in Fig. 4 the calculated value of 8
increases with the product center of mass velocity.

Calculated values for £ are shown in Fig. 4 for two
wavelengths 590 and 458 nm. The calculated values for 8 are
slightly larger for 590 nm than for 458 nm. Note that the
reverse trend is observed experimentally: the value of S is
larger for smaller wavelengths. The origin of the change in
the calculated values for £ can be understood by reference to
Fig. 8. For larger wavelengths, the available energy is
smaller and this effectively results in the J * limit sliding over
towards the left, constraining L to smaller values and hence
leading to larger values for 5.

The calculations presented above demonstrate that
even with complete rotational averaging and if dissociation
occurs by a statistical unimolecular reaction the asymmetry
parameter £ is expected to vary with the product velocity
relative to the c.m. The origin of this variation is conserva-
tion restrictions on the available angular momentum
(L — J,) phase space. The variation of B with velocity pre-
dicted by the statistical phase space theory model are some-
what smaller than observed experimentally. Larger discre-
pancies are observed for smaller wavelengths (458 and 488
nm). The agreement between the predictions of the model
and the experimental data for the larger wavelengths (par-
ticularly 590 nm, but also 514 nm) is quite reasonable. As
noted above the values of A at the higher velocity end of the
smaller wavelength data are larger than 0.34 which indicates
that complete rotational averaging has not occurred. If com-
plete rotational averaging has not occurred then the model
and Eq. (18) are no longer valid. Under these circumstances
modeling the asymmetry parameter becomes significantly
more difficult. The two terms in Eq. (18) become coupled and
the lifetime must also be considered.

The observed changes in £ with wavelengths are prob-
ably mainly due to changes in the lifetime of the SO,-SO;+
cluster. The results suggest that the lifetime increases as the
wavelength is increased (smaller photon energies). From the
published work of Yang and Bersohn'? a time corresponding
to five times the average rotational period emerges as a useful
operational definition of complete rotational averaging. The
experimental data for a wavelength of 590 nm seems consis-
tent with complete rotational averaging, which would indi-
cate a lifetime of >2.5X 107! s. For a wavelength of 458
nm complete rotational averaging has not occurred. Based
on the work of Yang and Bersohn'® we make a rough esti-
mate of the average lifetime as equal to a rotational period
5% 10~ 2 s at 458 nm.

V. CONCLUSIONS

Briefly summarized, our main observations are:

(1) the shape of the product relative kinetic energy dis-
tributions are characteristic of statistical energy disposal.
However, statistical phase space theory calculations (assum-
ing the products are formed in their ground electronic states)
substantially overestimate the fraction of the available ener-
gy partitioned into relative kinetic energy suggesting sub-
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VP
IC > SO;(B) + SO,
2’/_ >~ $0}(A) + SO,
N VP

\ />——\"‘ S0 (X) + S0,

SO, - SO,

FIG. 9. Schematic potential energy diagram showing the proposed mecha-
nism of photodissociation. VP = vibrational predissociation and IC = in-
ternal conversion.

stantial population of electronically excited SO," products.

(2) The product angular distributions suggest that at
458 nm the lifetime is approximately one rotational period
and at 590 nm the data indicates that the lifetime increases to
>5 rotational periods.

The simplest interpretation of the data presented in this
paper is shown schematically in Fig. 9. The absorption is
from the ground state of the SO,-SO; cluster to highly vi-
brationally excited quasibound levels of a bound excited
state. The bound excited state arises from one of the low
lying excited states of SO,". Dissociation occurs by vibra-
tional predissociation (statistical unimolecular reaction)
which would be expected to result in statistical energy dis-
posal in the products. As we have already proposed above, at
458 nm dissociation occurs rapidly from the bound excited
state but at 590 nm the rate of vibrational predissociation
from the bound excited state is slower and internal conver-
sion to the ground state competes with dissociation. At 590
nm the rate of internal conversion and the rate of direct dis-
sociation are probably approximately the same. Using the
lifetime data we can obtain an order of magnitude estimate
for the rate of internal conversion as <4 10'° s~ at 590
nm. Incidently, the failure to observe the other energetically
accessible products (SO* + SO, and SO;" + SO) from the
photodissociation of SO,-SO,+ suggests that substantial acti-
vation barriers exist along the potential surface from the
S0,-SO;t cluster to these products.

Compared to the other dimer ions we have studied, e.g.,
NO:NO™,*> N,:N;",* and CO,-CO;+,’ the SO,-SO," dimer
ion is unique. The reason for this, as discussed in the Intro-
duction, is that for NO-.NO*, N,-N,;* and possibly
CO,-CO,", the only excited states accessible in the visible
wavelength range are repulsive states which correlate to
ground state products. SO,", on the other hand, has several
low lying excited electronic states. Thus, SO,-SO," has sev-
eral excited states accessible that correlate to excited state
products. One or more of these states may be bound and our
experimental results suggest that photodissociation of
S0,-SO;t involves a transition to one of these low lying
bound excited states.
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