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The mass selected Kr'H20+ cluster is photodissociated in the range 514 to 357 nm using 
lines from an argon ion laser. Product branching ratios are measured and shown to be 
a strong function of photon wavelength; Kr + /H20 products dominate at 357 nm (90%) but 
are equal in intensity to H20 + IKr products at 514 nm. A small KrH+ IOH product is 
observed at all wavelengths (~5%), representing the first observation of a photoinduced, 
intracluster proton transfer reaction. The total cross section is estimated to be ~ 2 X 10- 19 

cm2 at 514 nm. Laser polarization studies indicated the Kr+ IH20 products come from 
direct accessing of a repulsive upper state (intracluster charge-transfer reaction). Both 
Kr + e P3!2) and Kr + e PI!2) spin-orbit states are formed, but their branching ratio is very 
strongly dependent on wavelength: 100% Kr+ ep3/2) at 514 nm, 100% Kr+ ePI!2) 
at 357 nm, and variable amounts of each in between. Analysis of the kinetic energy 
distribution of Kr+ /H20 products indicates H20 is strongly rotationally excited (0.18 to 
0.23 eV). This fact, coupled with analysis from an impulsive model for Kr+ -H20 
dissociation suggests the Kr atom is above (or below) the H20 + plane in the Kr' H20 + 
ground state, situated closer to the 0 end of the molecule. Further analysis of the 
Kr + /H20 kinetic energy distribution yields the binding energy Dg(Kr-H20 + ) 
= 0.33 ± 0.1 eV. Polarization studies indicate H20 + IKr products arise from a bound 

upper state. Phase space theory modeling of the kinetic energy distribution indicates the 
H20 + product is formed with ~ 1.3 eV internal energy. Two models are discussed, one that 
suggests H20 + (A 2 A I) is formed and a second that suggests H20 + is the chromophore, 
internally converts to vibrationally hot H20 + (X 2BI ) and slowly leaks vibrational 
energy to the cluster as a whole before dissociating. The KrH + IOH products are formed via 
statistical vibrational predissociation of a bound state and a possible mechanism is 
discussed. 

I. INTRODUCTION i.e., no intracluster structural rearrangement occurred be
fore dissociation to products. This was not too surprising 
because many systems dissociated primarily via repulsive 
states and that in almost all cases the photon was absorbed 
into a cluster state not into one of the states associated with 
the isolated cluster moieties A or B. 5,6 

Small gas phase ionic clusters are interesting species 
from a number of points of view. From a practical stand
point they are important species in the chemistry of earth's 
atmosphere I and in nucleation of gases to liquids.2 From a 
fundamental point of view they are interesting because the 
cluster bond strengths fall in the range 0.1 to 1.3 eV,3 much 
stronger than van der Waals bonds (typically 0.01 to 0.1 
eV) and weaker than a and 11' bonds (2 to 5 eV). 

In the past five years we have investigated the photo
dissociation dynamics of 20 to 25 small cluster ions.4 The 
studies have been primarily concerned with locating the 
electronic excited states of the clusters, determining their 
character (bound, repulsive), determining product energy 
disposal and product branching ratios, and in favorable 
cases, determining photodissociation cross sections, quali
tative cluster structure, and details of the cluster dissocia
tion mechanism. 

In these many studies threads of similarity exist. One 
such thread is the fact dissociation always occurred with 
the cluster moieties intact 

A++B 

AB++hV~ 
~B++A, 

(la) 

(lb) 

A second common thread is the near absence of H20 
as a cluster partner in spite of the obvious importance of 
this moiety in atmospheric chemistry and other aspects of 
cluster chemistry. For negative ions, only the COi' H20 
system has been investigated by our group6 and 
C03' (H20) x' with x = 1-3 by Castleman and co
workers.7 The reason is simple. The negative ion chemistry 
of water is essentially nonexistent.8

-
1O The H20- ion is 

apparently not bound II and larger clusters are not formed 
in abundance until x = 11.8

,9 However, very small amounts 
of (H20) x- clusters can be made in hard expansions using 
Ar carrier gas (x = 2, 6, and 7) 10 indicating these species 
are at least weakly bound. 

Positive ion clusters containing H20 or H20 + as one 
of the moieties are essentially unknown. In this case it is 
not a question of stability but of kinetics. The H20 + ion 
undergoes very rapid l2 proton transfer to form H30 + 

(2) 

(3) 
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FIG. 1. Schematic diagram of the instrument used in the photodisllocia-
tion studies. ' 

and H30 + then undergoes rapid clustering with other spe
cies present. 13 

In this paper we present our first data on water con
taining positive ion clusters. We have chosen Kr' H20 + as 
the first. system to study because we found we CQuid make 
this ~d4~ct in sufficient quantity and because th~ Kr moi
ety, being atomic, would allow the properties of the H20 + 
ion in the <;iissociation dynamics to be most fully apparent. 
The results of our study follow. 

II. EXPERIMENTAL 

The details of the experimental method have been pub
lished previously. 14 A schematic of the instrument is given 
in Fig. 1. The Kr· H20 + cluster was made in a tempera
ture and pressure variable ion source using essentially pure 
Kr at 0.1 Torr. No H20 was added. The trace of ~O 
present was probably picked up in the inlet line by the Kr 
gas. The following reactions then took place in the ion 
source, held at a temperature of 273 K; 

Kr + e-(100 eV) -+Kr+ + 2e, 

Kr+ + H20-+H20+ + Kr, 

H20+ + 2Rr-+Kr·H20+ + Kr. 

(4) 

(5) 

(6) 

The charge-transfer reaction (5) is very fast l5 and forms 
H20 + ions on essentially every collision. The rate for the 
clustering reaction (6) is not known. The important point 
is the rate of reaction (6) must be much larger than the 
rate of reaction (2). A reasonable value for the third order 
association, reaction (6), is I X 10-28 cm6 s - I. At 0.1 Torr 
pressure of Kr, the corresponding apparent bimolecular 
rate constant for reaction (6) is k69!;3.3X 10- 13 cm3 S-I. 
The literature value of k2 iS l2 k2 = 2.05 X 10-9 cm3 s - I. 
Hence, if the rate of reaction (6) is to be an order of 
magnitude greater than the rate of reaction (2), PKr/PH 0 

:;> 10k2/k6 = 1.5 X 105
• It follows that for PKr = 0.1 TO;", 

then PH
2
0< 1.5 X 10-6 Torr. This low partial pressure of 

H20 can only be realized by using totally anhydrous Kr 
and admitting no H20 directly into the ion source. The 
condition is apparently conveniently met simply by allow
ing Kr to sweep H20 into the ion source from the walls of 
the inlet system. 

P'77':O'777777:'77777?i 357 nm 

Range of Photon Energies 

hv 

FIG. 2. Schematic diagram showing energy states of importance in this 
work. 

Once the cluster ions are made in the source they drift 
out the exit slit, are accelerated to 8 kV, and are mass 
selected by a magnet. The Kr' H20 + ions are then brought 
to a spatial focus and crossed with the output of an argon 
ion laser where a fraction of the cluster' beam is photodis
sociated. The photoproducts are mass and energy analyzed 
using a high resolution kinetic energy analyzer and are 
detected using a venetian blind multiplier. 

The output of the argon ion laser is plane polarized. A 
polarization rotator is inserted into the beam allowing pho
todissociatioo spectra to be obtained for polarization an
gles of 0·, 54.7·, and 90·. Reasons for choosing these angles 
will be explained later. A shutter is also placed in the laser 
path. Experiments are done with the laser on and laser off 
and the difference in the two signals used to identify the 
pure laser induced signal. This up/down counting process 
allows subtraction of any background signals due to either 
natural metastables or collision induced processes. 

III. RESULTS 

The energetics for the system are summarized in Fig. 
2. The energies of the various asymptotic limits are well 
known from literature qata. 16 The binding energy of the 
Rr' H20 + cluster has not been measured. A reasonable 
estimate of this binding energy is 0.3 ± 0.1 e V based on the 
fact the ionization potentials of Kr and H20 are substan
tially different. 17 Experimental evidence bearing on the 
value of D8(Kr-H20 + ) will be given later in this paper. 

A. Photodlssoclatton cro .. section 

The experimental apparatus used for the data to be 
presented here is not suitable for the measurement of ab
solute cross sections. However, sometimes it is possible to 
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FIG .. 3. Product branching ratio for photodissociation of Kr' H20 + as a 
functIOn of wavelength. 

measure photodissociation cross sections relative to mea
surements made by other methods. The Krl dimer coex
ists in our source with the Kr' H20 + cluster. The photo
dissociation cross section of Krl has been measured by 
Lee and Smith. 18 They obtain a value of 1 X 10- 19 cm2 at 
483 nm. We compared the photodissociation cross sections 
of Krl and Kr'H20+ at 488 nm and determined 
uKr' H

2
0 + ~ 2UKrl' Due to signal to noise problems it was 

not possible to do an accurate study at the other wave
lengths we used in this work. 

B. Product branching ratios 

One of the reasons for studying the water containing 
clusters is the possibility that intracluster chemical reactiv
ity could be photoinduced. The product branching ratio as 
a function of wavelength is given in Fig. 3. At 357 nm the 
Kr + ionic photoproduct dominates, making up 91 % of 
the ionic products. As A increases, the fraction of Kr + 
ionic product decreases until at 514 nm the Kr + and 
H20 + fractions each make up 48% of the products. The 
KrH + ionic product is present at all wavelengths account
ing for - 5% of the products independent of A. Hence, the 
Kr' H20 + cluster acts predominantly like all other clus
ters we have studied, where the individually clustered moi
eties retain their identity on photodissociation. The fact 
that KrH + /OH products are observed, however, is note
worthy as it is the first time intracluster atom transfer 
chemistry has been observed in our studies. 

The particular electronic states of the photo products 
are not indicated in Fig. 3. The krypton ion has both 
Kr+ ep3/2,2pI/2) spin states accessible in the energy range 
studied and the water ion has H 20 + (X,A) states accessi
ble. More will be said about these state distributions 
shortly. 

c. Product kinetic energy distributions 

As mentioned in Sec. II, photodissociation is done for 
three separate polarization angles of the laser relative to 
the ion beam direction; 0', 54.7', and 90'. The 54.7' angle is 

Kr' H20+ + hv - Kr+ + H2O 

A = 488 nm 

1.0 

0.8 

>. 
:!: 0.6 
.Q 
0 

.Q e 0.4 
Q. 

0.2 

0.0 
6488 6688 

Laboratory Energy, eV 

FIG. 4. Laboratory kinetic energy distribution for Kr + from photodis
sociation of Kr' H20 + at 488 nm and laser polarization of 54.7° .. 

the so-called "magic angle" because at this angle the mea
sured laboratory kinetic energy peak shape of the ionic 
photoproduct is the same as the peak shape would be for a 
completely isotropic fragmentation process. 19 The center of 
mass kinetic energy distribution for the fragmentation can 
be obtained from the measured laboratory peak using a 
simple transformation.2o 

1. Kr+ +HP products 

The parent cluster ion, Kr· H20 + , has the charge pri
marily localized on the H20 moiety since it takes 1.38 eV 
more energy to remove an electron from Kr to form 
Kr+ ep3/2) than. it does from H20 to form 
H20 + (X 2BI ). Hence, in this product channel we are ob
serving a photon induced charge-transfer reaction,21 a pro
cess we have studied in some detail previously.3(al.22,23 The 
fact that this process is observed, and dominates at short 
wavelength, is strong evidence for state specific dynamics 
rather than statistical-type behavior. 

A typical laboratory peak for Kr + /H20 photoprod
ucts taken at 54.7' at A = 488 nm is given in Fig. 4. The 
rather broad shoulders on this peak and narrow center 
portion is very suggestive of a bimodal distribution of Kr + 
product ion in the center of mass. These distributions are 
given in Fig. 5 for 514, 488, 454, and 357±7 nm. 

The 514 nm distribution is generally triangular in 
shape, peaking at 0.33 eV. There is some indication that a 
small second peak could exist at low values of kinetic en
ergy. 

The 488 nm peak is clearly bimodal as suggested by the 
laboratory peak shape in Fig. 4. The main peak is again 
triangular in shape and peaks at 0.35 eV. The lower energy 
peak suggested at 514 nm is now clearly resolved. 

At 458 nm there are clearly two components in the 
ki~etic energy distribution. Both are triangular in shape, 
WIth the outer component peaking near 0.46 eV and the 
inner component near 0.14 eV. 
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FIG. 5. Center of mass kinetic energy distributions for Kr+ + H 20 products from photodissociation ofKr~H20+. The arrows on the horizontal axis 
denote the maximum amount of energy that can appear as kinetic energy for Kr+ formed in either the 2P3/2 or 2PI12 state. (a) 514 nm, (b) 488 nm, 
(c) 458 nm, (d) 357:±:7 nm. Note the energy scale is different in (d). 

Finally, at 357±7 eV there is again one component, 
again triangular in shape and peaking near 0.53 eV. The 
structure near zero kinetic energy in this peak is noise and 
is not reproducible. 

The shape of each of these distributions is strongly 
suggestive of a repulsive upper state. The assignment of the 
peaks and the origin of the structure evident at 488 and 458 
nm can be aided by looking at an energy conservation 
relationship. For the reaction 

Kr'HzO+ + hv ..... Kr+ CZP3IZ,zPI/Z) + H20 (7) 

the energy available to the products is 

EAV=hv - .Dg(Kr - HzO+) -dIP(Kr,HzO) 

(8) 

where dIP(Kr,HzO) is the dift'erence in ionization ener
gies of Kr and H20 and Eint(Kr' H20 +) is the internal 
energy in the Kr' HzO + cluster that adsorbs the photon. 
This latter energy is bounded by Dg(Kr-HzO + ) 
>Eint(Kr'H20+) > O. At typical source pressures (0.1 
Torr) and source residence times (50 II-s), a typical 

Kr' H20 + cluster will experience lOO± 50 collisions. 
Hence, Eint(Kr' H20 + ) is essentially the thermal value of 
0.025 eV. 

Arrows indicating EAV for the Kr+ CZP312 ) and 
Kr + (ZPt12 ) product channels are placed on the energy 
axes in Fig. 5. For 514 nm laser light, EAV[Kr+ CZP312 )] 
comes at 0.73 eV which corresponds closely with the high 
energy onset of the Kr + !HzO kinetic energy distribution. 
In principal the products cannot have kinetic energy above 
this value. The distribution tails slightly above this value 
indicating a few percent of the Kr· H20 + clusters have 
internal energies as large as 0.1 eV. These clusters were 
most likely formed very near the source exit slit and did 
not suffer sufficient collisions to be thermalized. 

The value of EAV[Kr+ epl/z)] comes at 0.06 eV and 
places an upper limit on Kr+ epI/2)!H20 products. 
Clearly a maximum of a few percent of the Kr + products 
are formed in ZpI/2 spin state at 514 nm. 

The 488 nm data are given in Fig. 5(b). Again the 
values of E AV are marked for the two Kr + spin states. The 
high energy peak appears to be unambiguously associated 
with the Kr+ ep312 ) state. The low energy peak appears to 
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TABLE I. Branching ratio in the reaction 

~ Kr+ ep3/2) + H 20 
Kr'Hz02 + hv ~ 

--Kr+ epl!2) + H20 

EAV (eV)a 

A (nm) 2P3/2 2Pl12 

514 0.73 0.06 
488 0.86 0.19 
458 1.03 0.36 
357 1.79 1.12 

Percent 

ep3!2) e p l!2) 

~100 ~O 

84 16 
55 45 
~O ~100 

aEAV is the available energy for each reaction channel calculated from Eq. 
(8) in the text. The uncertainty is ± 10%. 

be most reasonably associated with the Kr+ ep\/2) state. 
In principal it could be due to vibrationally excited H20 
products but almost certainly this is not the case. The ki
netic energy distribution from 0.9 to 0.3 eV is smooth and 
shows no sign of selective vibrational excitation in H20. It 
is not physically reasonable this excitation would suddenly 
occur nearly 0.9 eV above threshold when H20 has vibra
tional frequencies of 0.45, 0.20, and 0.47 eV. 

An estimate of the fractions of Kr + ep3/2) and 
Kr+ ep\/2) in the products can be made by smoothly ex
trapolating the two distributions as shown by the dashed 
lines in Fig. 5 (b). Such a procedure indicates 84% 
Kr+ ep3/2) and 16% Kr+ ep\/2)' This data are summa
rized in Table I. 

The 458 nm data are given in Fig. 5(c), along with the 
specifications of E A V for both 2 P 3/2 and 2 P 1/2 of Kr + . Here 
the bimodality is very obvious and it is clear that no com
bination of H20 vibrational excitation can explain the 
gross structure. Smooth extrapolations of the two compo
nents allow estimates of 55% 2P3/2 and 45% 2pI/2 to be 
made. 

Finally, the 357±7 nm data are given in Fig. 5(d), 
along with markers for EAV' Only a single peak is ob
served, apparently corresponding to pure Kr+ ep\/2) 
product. Again it appears obvious that vibrational excita
tion of H20 does not play a big role in the dynamics. 

2. H~+ + Kr products 

The laboratory H20 + product ion peak is given in Fig. 
6(a) for 488 nm photons. The shape is smooth with no 
apparent shoulders that suggest structure in the kinetic 
energy distribution. This suggestion is confirmed in the 
center of mass kinetic energy release distribution given in 
Fig. 6(b). The distribution peaks at very low energy and 
falls off quasiexponentially to higher energy. This shape is 
suggestive of a vibrational predissociation mechanism from 
a bound state. Two possible product states are energetically 
feasible: 

~ H 20 + (X 2B\) + Kr (9a) 

Kr'H20+ +hv~ 

----.... H 20 + (A \A\) + Kr. (9b) 

These differ in energy by 1.22 eV (see Fig. 2). Hence, the 
fact that a simple kinetic energy distribution is observed, 

1.0 

0.8 

~ 0.6 
.a 
o 
.g 0.4 ... 
Q. 

0.2 

:;" 0.6 
:.c 
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X = 488 nm 

O. 0 ~-.L..--:=,,=,,~_-=,",=_'---::'-::---'----='-:.--~--:-' 
0.0 0.2 0.4 0.6 0.8 1.0 

C.M. Kinetic Energy, eV 

FIG. 6. Photodissociation of Kr' H20 + to give H20 + + Kr at 488 nm 
and laser polarization of 54.7'. (a) Laboratory kinetic energy distribution. 
(b) Center of mass kinetic energy distribution of the products. 

with no hint of bimodality, suggests that nearly pure 
H20 + (X 2B\) or H20 + (A \A\) product ions are 
formed. This question will be addressed further in Sec. IV. 

Similar distributions to those reported in Fig. 6 are 
also observed at 514, 458, and 357±7 nm wavelengths. 
Consequently, it can be said with some confidence that the 
upper state(s) responsible for the H20 + /Kr products are 
almost certainly different from the state(s) responsible for 
Kr + /H20 products and these states do not communicate 
once they have formed. 

3. KrH+ + OH products 

The KrH + + OH products are very minor at every 
wavelength. Since the total cross section for photodestruc
tion of Kr' H20 + is about 2 X 10-\9 cm2, the KrH + /OH 
channel has a cross section around 1 X 10-20 cm2

• Hence, 
relatively accurate product energy distributions could only 
be obtained for the stronger laser lines at 488 and 514 nm. 
The center of mass kinetic energy distribution at 488 nm is 
given in Fig. 7. This distribution is similar in shape to that 
found for H20 + /Kr products and suggests vibrational 
predissociation from a bound state as the dissociation 
mechanism. More will be said about this process in Sec. IV. 
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FIG. 7. Center of mass kinetic energy distribution for KrH + + OH prod
ucts from Kr'H20+ at 488 nm. 

D. Product angular distributions 

In general, a photodissociation event does not lead to 
an isotropic distribution of products, even if the photoex
cited cluster is relatively long lived. A useful model treats 
the dissociating products as quasiatomic species whose spa
tial distribution will be determined primarily by the prop
erties of the dissociation coordinate and not by other mo
tions within either of the fragment moieties. This is a 
relatively good approximation for the Kr' H20 + system 
because the products are either atoms or simple, strongly 
bound molecules. In this limit, the angular distribution of 
the products is given by24 

(10) 

where P( 6) is the probability that the products fragment 
into a solid angle dw at an angle 6 with respect to the laser 
electric vector, P2 (cos 6) is the second degree Legendre 
polynomial in cos 6, and f3 is the so-called "asymmetry 
parameter" that characterizes the degree of anisotropy in 
the fragment angular distribution. In general, - 1 <f3<2 for 
all reactions and 0<f3<2 for parallel transitions between 
the transition dipole and the dissociation axis. Considering 
parallel transitions only,25 0<f3<0.5 for processes where 
the photoexcited state lives longer than a rotational period 
and 0.5<f3<2 for systems living shorter than a rotational 
period. 

In our experiment the greatest demonstration of an
isotropy in the product angular distribution occurs by 
comparing the laboratory peak shapes for laser polariza
tions of (f and 90" with respect to the ion beam direction. 
We have developed methods for extracting asymmetry pa
rameters from comparison of these peak shapes.26 These 
methods were extended27 to obtain microscopic values of 
f3(Et) for each value of the product translational energy 
distribution. Both average values26 and microscopic 
values27 have importance as we will see. 
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FIG. 8. Photodissociation of Kr' H20 + to give Kr + + H20. (a) Labo
ratory kinetic energy distributions for laser polarizations of (f and 90". 
(b) A plot of the asymmetry parameter (J vs product kinetic energy. The 
center of mass kinetic energy distribution of the Kr + + H20 products is 
shown for reference as the dashed line. 

1. Kr+ +HP products 

The laboratory peaks for laser polarization angles of O· 
and 90· are given in Fig. 8 (a) for A = 458 nm. The 90· 
peak is clearly much narrower than the O· peak indicating 
the upper state must be short lived relative to a rotational 
period. The O· peak is also slightly bimodal, a further in
dication of a repulsive upper state. The asymmetry param
eter analysis of these peak shapes is given in Fig. 8(b). The 
value of f3 exceeds 0.5 for virtually the entire range of 
product kinetic energies, indicating an upper state(s) 
whose dissociative lifetime is much shorter than a rota
tional period. By comparing f3(Er) with the kinetic energy 
distribution given in Fig. 5, an average value of (J can be 
obtained for both Kr+ epl/2) and Kr+ ep3/2) products. 
These values are given in Table II for all accessible wave
lengths. 

2. HP+ +Kr products 

The laboratory peaks for (f and 90· laser polarization 
for H 20 + /Kr products are given in Fig. 9 (a) for A = 514 
nm. The 0° peak is only slightly broader than the 90° peak 

J. Chern. Phys., Vol. 93, No.8, 15 October 1990  This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

130.88.53.18 On: Wed, 03 Dec 2014 15:24:22



5600 Kim, Kuo, and Bowers: Photodissociation dynamics of clusters. I 

TABLE II. Average product kinetic energies and asymmetry parameters for the reactions. 

=
Kr+ep312,2PI/2) + H20 

'E====:::::===:-H20 + + Kr 
KrH+ +OH. 

Kr+ ep3/2) Kr+ ePI12 ) H2O+ KrH+ 

A. (nm) EAV 
a Eta T3 EAV 

a E a T3 EAV 
a,b Eta 7J EAv' E,a T3 , 

514 0.06 -0 0.73 0.35 0.8 0.89 0.25 0.4 0.41 0.12 0.3 
488 0.19 0.07 0.25 0.86 0.38 0.9 1.02 0.26 0.4 0.54 0.13 0.3 
458 0.36 0.16 0.65 1.03 0.55 1.1 1.18 0.26 0.71 

aIn eV. While these numbers are quoted to two significant figures, there is an uncertainty in EAV of ± 10%. 
bAssumes H20 + (A 2A 1) product. Add 1.22 eV for H20 + (X 2B1). 

indicating significant rotational averaging has occurred be
fore dissociation. This conclusion is confirmed by the 
asymmetry parameter analysis given in Fig. 9(b), where 
f3(Et) ~0.4 over the entire product kinetic energy range of 
interest. These results are entirely consistent with the ki
netic energy distribution data in Fig. 6 that suggested a 
vibrational predissociation mechanism may be responsible 
for this product channel. The data are summarized in Ta
ble II. 

3. KrH+ + OH products 

The signal to noise in this channel was quite poor at all 
wavelengths. Nonetheless, we were able to show that the 0° 
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FIG. 9. Photodissociation of Kr' H20 + to give H20 + + Kr. (a) Labo
ratory kinetic energy distributions for laser polarizations of 0- and 90-. 
(b) A plot of the asymmetry parameter (J vs center of mass kinetic 
energy. 

and 90° peak shapes were very similar at A = 514 and 488 
nm and average values ~ = 0.3 ± 0.1 were obtained. These 
results indicate substantial rotational averaging has 
occurred before dissociation, a result consistent with the 
kinetic energy release measurements. The data are summa
rized in Table II. 

IV. DISCUSSION 

One immediately apparent conclusion that can be 
made is that the upper states leading to Kr + /H20 prod
ucts and to H20 + IKr products are completely different in 
character and these states do not communicate before dis
sociation to products occurs. The Kr + product ions result 
from direct dissociation from a repulsive state that is very 
short lived while the H20 + ions are formed from much 
longer lived cluster states. The KrH + 10H ions also fall 
into this latter category. The branching ratios reported in 
Fig. 2 reflect, then, the Franck-Condon factors for access
ing these various upper states as A varies from 357 ± 7 to 
514 nm. As A increases the state(s) leading to H20 + for
mation become more accessible. The KrH + 10H branch
ing ratio is independent of A, indicating these products may 
not come from the same bound upper state(s) that lead to 
H20 + formation. 

Since the major products Kr + /H20 and H20 + IKr 
are formed from upper states that are isolated from each 
other, the two product channels will be discussed sepa
rately. 

A. Kr+ +H20 products 

All of the evidence indicates these products arise from 
repulsive upper states that lead directly to either 
Kr+ epI/2)/H20(X) or Kr+ ep3d/H20(X). In the 
past we have been able to successfully apply4 an impulsive 
model28 to obtain some information on the structure of the 
ground state of the cluster before it absorbs the photon. 
The idea is that since the photo excited state dissociates 
instantly, the repulsive force will be felt primarily by the 
atoms making up the "bond" being broken. This analysis 
yields the relationship given by 

ll.E t JLBC ----
ll.EAv JLF 

(11) 

where Band C are the atoms in the breaking bond, JLBC is 
their reduced mass, and JLF is the reduced mass of the 
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e!t0tofragments (in this case Kr + and H20). A plot of 
E t vs E A V is given in Fig. 10 . A linear relationship is 
o~erved over a very broad energy range with a slope 
l1 E / aE AV = 0.53 ± 0.1. This can be compared with 
slopes predicted from various structures 

Kr , 
H-:~O+ 

/ 
H 

III 

For structure I, ILBCIILF = 0.07 and for structure II, 
lLocIlLF = 0.91. Clearly neither of these limiting cases can 
represent the true structure and hence the Kr atom is not 
bound to either an H atom or 0 atom in the cluster ground 
state. In order to obtain a match with experiment, a re
duced mass of 8.6 ± 1.6 is indicated for ILBC' Hence, the Kr 
atom is associated with one or both of the O-H bonds. One 
possible structure is given in structure III, although many 
such structures can be drawn with the Kr atom either in or 
out of the plane of the H20 molecule. More will be said 
about this point later. 

Additional information can be obtained by rearranging 
Eq. (8) and using the kinetic energy release data in Fig. 5, 

hv-l1IP(Kr,H20) - E t(Kr+ IH20) 

=.Dg(Kr-H20+) + E int (H20) +'Eint(Kr), (12) 

where we have noted that the available energy for product 
formation must appear as either translational or internal 
energy in the products; i.e., EAV = E t(Kr + I 
H20) + E int(H20) + Eint(Kr). In Eq. (12) we have 
eliminated the term E int ( Kr' H20 +) since this is small 
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FIG. 11. A plot of hv-~IP(Kr,H20)-Et(Kr+,H20) for center of 
mass kinetic energy distributions of products of the photodissociation of 
Kr'H20+ to give Kr+ + H20: (a) For 488 and 458 nm; (b) 357±7 nm 
(see the text). 

(-0.025 eV). Also note that Eint(Kr) = 0 is an excellent 
approximation since no excited states are energetically ac
cessible. Portions of the kinetic energy release data in Fig. 
5 are reported in Fig. 11 using a coordinate system defined 
by Eq. (12). 

Consider first the 458 and 488 nm data in Fig. l1(a). 
Accordin£ to Eq. (12) the average energies of the peak 
maxima E pm are given by 

- 0 +-Epm=Do(Kr-H20 ) + E int(H20). (13) 

The shapes of the peaks are due to the internal energy 
distributions in the products. To a good first approxima
tion the half-widths at half-height of the peaks are the 
average internal ~ergy in the water molecule fragment. 
From the figure, E int (H20) = 0.18 e V at 488 nm and 0.19 
eV at 458 nm with an uncertainty of ±0.05 eV. Conse
quently, 

.Dg(Kr-H20+) ~ Epm- E int (H20), 

where Epm is 0.5±0.05 eV at both wavelengths giving 
bond dissociation energies ofO.3±0.1 for both the 488 and 
458 nm data. This is a very reasonable result based on 
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analogy to measured bond energies in similar clusters 
where the ionization potentials of the two partners are very 
different. 3(a) 

The data for A = 357 ± 7 nm are given in Fig. 11 (b). 
In this instance Epm = 0.6 ± 0.05 eV and E int (H20) 
= 0.23 ± 0.05 eV giving D8(Kr-H20 +) = 0.37 ± 0.1 eV 
in reasonably good agreement with the 458 and 488 nm 
data. This is important because at 357 nm Kr+ ep ll2) is 
the exclusive product while at 458 and 488 nm both 
Kr+ epII2,2P3!2) products are formed but Kr+ ep3!2) 
data were used due to uncertainty in the exact centers and 
widths of the Kr+ eplI2 ) peaks. 

The peak widths are almost certainly due to rotational 
excitation in the H20 photoproduct since the vibrational 
states in H20 are so widely spaced (0.45,0.2, and 0.47 eV) 
and structure would be evident if vibrational excitation of 
H20 were significant. A rotational energy of 0.2 ± 0.05 e V 
in H20 is very large indicating the structure of the 
Kr' H20 + complex must allow large torque in the H20 
fragment during the impulsive dissociation on the repulsive 
surface. Consequently, "symmetric" in-plane structures 
such as structure II, or a structure where Kr symmetrically 
interacts in plane with both H atoms, cannot be involved. 
This conclusion is in line with deductions made earlier 
based on how the kinetic energy of the fragments varied 
with EAV' In fact, the very large rotational excitation of 
H20 supports an out of plane structure, like III, where a 
maximum torque can be applied to the departing H20 frag
ment. More precise structural information on Kr' H20 + 
awaits good ab initio calculations or spectroscopic experi
ments. 

B. H20+ +Kr products 

The H20 + /Kr products have characteristics consis
tent with a photon accessing a bound upper state followed 
by vibrational predissociation. As indicated in Fig. 2 and 
Eq. (9), either of two water ion products are energetically 
possible: H20 + (X 2BI ) or H20 + (4 2A I ). The product 
kinetic energy distribution [Fig. 6(b)] peaks at low energy 
and falls essentially exponentially to zero. In the past4 we 
have successfully modeled data such as these using statis
tical phase space theory.28 The details of the calculations 
have been extensively discussed elsewhere. 29 

The results of the calculations are plotted in Fig. 12 for 
A = 514 nm. Calculations are given for both ground state 
H20 + (X 2B,) and electronically excited H20 + (A 2A,) 
products. Clearly the calculation assuming ground state 
H20+ (X 2B,) products is much broader than observed 
experimentally. On the other hand, the calculation assum
ing H20 + (A 2A,) products fits experiment essentially ex
actly. This fit provides very strong evidence that the water 
ion fragment is formed strongly internally excited via a 
vibrational predissociation mechanism. Whether this frag
ment is actually formed in the A 2 A, state or is vibration
ally excited X2B, will be discussed next. 

Two aspects of the current system make it especially 
interesting. First H20 + is formed with -1.22 eV internal 
energy, perhaps as pure A 2A,. This result is observed at 
both 488 and 514 nm. Second, the photon is absorbed at 
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FIG. 12. Product center of mass kinetic energy distribution for photodis· 
sociation of Kr' H20 + to give H20 + + Kr. The phase space theory reo 
suits for H20 + (A 2 A I), plotted as the filled circles, actually represent 
calculations where 1.3 eV is subtracted from the available energy assum· 
ing ground state products. See the text. 

energies 0.7 to 0.9 eV above the H20 + (A 2A,)/Kr disso
ciation asymptote. Hence, direct absorption into a bound 
state directly correlating to H20 + (A 2 A I) is expected to 
have very small Franck-Condon factors, at least for mo
tions strongly coupled to the dissociation axis, since the 
wave function for these vibrational states is so diffuse. Con
sequently, if H20 + (A 2 A I) is formed, either a second 
bound state is involved that absorbs the photon followed 
by internal conversion to the bound state correlating to 
H20 + (A 2A,)/Kr and vibrational predissociation, or ab
sorption occurs directly to the bound state correlating to 
H20 + (A 2A, )/Kr products but in vibrational coordinates 
only weakly coupled to the dissociation axis. If the former 
occurs, the question becomes why did the system not pre
fer to internally convert to the ground state, since the den
sity of states of the ground state is much higher at the 
energies involved? 

In the past4 we have often argued that the photon is 
absorbed by "cluster states" rather than states isolated on 
any of the cluster moieties. This is certainly true for repul
sive states where products containing only cluster moieties 
are formed. Such states are almost certainly involved in 
formation of the Kr + /H20 products discussed earlier. In 
the case of C03 · X, for X = H20 or CO2, however, the 
photon was initially absorbed by the C03 chromophore.6 

The evidence is not quite as convincing for the Kr'S02+ 
dimer30 or (S02h+ trimer,3' but in both cases SOl may 
be the chromophore for a fraction of the products formed. 
There are two SOl excited states energetically accessible: 
the A 2A2 state at 0.71 eV and the ]j 2B, state at 0.94 eV. 

In the Kr' H20 + system a possible dissociation mech
anism could be 

(14) 
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In Eq. (14), Kr'H20+ (A)* indicates the energy is local
ized on H20 + (A) while [Kr'H20( A )]* indicates the en
ergy is delocalized on the entire Kr' H20 + cluster. A key 
point of this mechanism is the intramolecular energy trans
fer step from Kr'H20+ (A )*-+[Kr'H20+ (A )]* is much 
faster than the subsequent dissociation of 
[Kr' H20 + ( A )]*. It is not obvious that this is a reason
able assumption. 

An alternative is the mechanism 

KroH20+00 + hv 

slow _ 
-..:::=;.::...... .. ~ [KroH~+(X)·]· 

(15) 

In this mechanism internal conversion of a bound excited 
state H20 + ( Z ) * to the highly vibrationally excited 
ground state, H20 + (X)**, occurs rapidly followed by 
slow intramolecular energy transfer of some of the vibra
tional energy of H20 + (X)** to the global cluster modes. 
Once several vibrational quanta have been transferred the 
system can dissociate and the competition between the in
tramolecular energy transfer rate and the dissociation rate 
determines how' much vibrational energy is left in 
H20 + (X) * when dissociation occurs. This is essentially 
the model used for the CO) . H20 and CO) . CO2 systems. 6 

It is appealing because each of the processes is reasonable 
and there is precedent for the mechanism in the literature. 6 

The major problem with this mechanism is it would re
quire, fortuitously, that H20 + (X)* have precisely 1.22 
eV of vibrational energy, i.e., the same internal energy as 
H20 + (A), since the phase space theory calculations fit 
experiment assuming H20 + ( A) products. This is a very 
unlikely circumstance, especially when one considers this 
internal energy does not change when the photon energy 
changes from 2.41 to 2.53 eV (514 to 488 nm). 

In our view both mechanisms (14) and (15) are plau
sible but both have aspects that bring them into question. 
At this point a clear distinction between the two cannot be 
made with the data in hand. 

C_ KrH+ +OH products 

One of the goals of this research was to investigate 
photon induced intracluster chemistry. Partial achieve
ment of this goal occurred because KrH + 10H products 
were observed. However, the fact that only 5% of the 
products ended up in this reaction channel was disappoint
ing. The product kinetic energy release distribution has the 
shape appropriate for vibrational predissociation from a 
bound state. Consequently, statistical phase space theory 
was applied and the results given in Fig. 13 for ..t = 514 
nm. In the calculations it was assumed that the photoex-
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FIG. 13. Product center of mass kinetic energy distribution for photodis
sociation of Kr' H20 + to give KrH + + OH. The phase space theory 
results assume al1 of the available energy is statistica11y distributed in the 
products. 

cited state had internally converted to the ground state 
before dissociation occurred. The agreement between ex
periment and theory is good consideri~g the low signal to 
noise of the experiment. 

This is a puzzling result. If (Kr' H20 + )** vibration
ally predissociates then H20 + (X) + Kr products will 
overwhelmingly dominate KrH + + OH products since 
they are so much more stable. Yet, the ratio 
H20 + IKrH + varies from -1.0 at 357 nm to -10 at 514 
nm. Clearly these two products cannot be formed by com
petitive statistical vibrational predissociation of a 
(Kr'H20+ )** complex. Yet, in order to fit the 
KrH + 10H kinetic energy release distribution using phase 
space theory the entire amount of available energy is 
needed. 

A possible mechanism for KrH + 10H formation is 
proton or H -atom transfer during dissociation of photoac
tivated Kr' H20 + . For example, 

[KrH+---OH]*-+KrH+ +OH 
(16b) 

if a repulsive charge-transfer state of the complex is ac
cessed then either Kr + /H20 products are immediately 
formed (usual process) or an ion-dipole complex between 
KrH + and OH is formed which subsequently dissociates 
to KrH + and Oh. Formation of this complex, even briefly, 
could account for the observed asymmetry parameter of 
0.3 that indicates substantial rotational averaging has oc
curred and possibly account for the apparent statistical 
distribution of energy in the products. The much lower 
energy products, H20 + (X )/Kr, would, apparently, not 
be formed since the states involved would correlate only to 
Kr + /H20 or KrH + 10H. While this is not an entirely 
satisfactory explanation, it is the best available with the 
data in hand. 
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v. CONCLUSIONS 

The Kr' H20 + cluster photodissociation has been 
studied from 357 to 514 nm. The principal conclusions of 
this work are summarized below. 

( 1) Three ionic products are observed: Kr + , H20 + , 
and 'KrH +. The branching ratio varies strongly with 
wavelength with Kr+ dominating at 357 nm (90%) but 
Kr+ and H20 + equivalent at 514 nm. The KrH+ prod
uct remains at about 5% independent of A. 

(2) The Kr+ /H20 products are formed by photoac
cessing a repulsive state that directly correlates to these 
products. Both Kr+ ep3/2 ,2PI /2) products are observed 
and the branching ratio measured as a function of wave
length. Strong variations in the branching ratio are ob
served with Kr+ ep3/2) dominating (-100%) at 514 nm 
and Kr + e PIn> dominating (- 100%) at 357 nm. 

(3) The HP neutral product is strongly rotationally 
excited. This observation, along with application of an im
pulsive model to product kinetic energy, indicates the Kr 
atom in the Kr' H20 + cluster is almost certainly located 
above (or below) the H20 + plane, nearer to the 0 end of 
H20 + than the H2 end. 

(5) Energy conservation arguments are used to deduce 
that D8(Kr-H20+) = 0.33 ± 0.1 eV. 

(6) The H20 + /Kr products are formed by statistical 
vibrational predissociation of a bound state. Phase space 
theory modeling is consistent with the H20 + product 
formed either exclusively in H20 + (A 2A,) or in 
H20 + (X 2B,) with 1.22 eV of vibrational energy. Pros 
and cons of both possibilities are discussed. 

(7) The KrH + /OH products are also, apparently, 
formed by vibrational predissociation of a bound state. Ar
guments are made these products may come from an ion
dipole complex (KrH+ ·OH)*. This is the first observa
tion of photon induced proton transfer in small cluster 
ions. 
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