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A hish prcssurc. variable temperature ion source is used to gtncmtc Hi from ionized HZ. c\ mass selcctcd H: beam is 
coUisionally dissociated snd the products mass and encr_ey analyzed. The dominant product is H; but a signifiant ii$ signal 
is observed. These ions survived at least lo* s from the collision czll to the dctcctor and arc thus srablc to dissochIion. 
Kinetic energs distributions of the H; and H$ product ions are reported and arc significantly chfferenr. .1uI elpenmenrs 
were also performed using Dr venerated in ionized D- wirh esseraially idcnlinl results obramcd. The mcchtmism of F-I; - __ 
and li$ formlltion is discussed. 

I. Introduction 

The reaction of H; with H, is the simplest two- 
molecule reaction an&as a consequence it has received 
considerable attention expe~ent~ly [ 1.21 and the- 
oretically [3]. The reaction proceeds on the Hi sur- 
face, and one of the important questions is whether 

or not an H$ comples is involved: 

H;+H,-+H;)+Hf+H-. (1) 

Reaction dynamic studies [2] indicate the dynamics 
are “direct” even at Iow energies, suggesting that 
“stable” I$ plays little role in the reaction. This re- 
sult is well rationalized theoretically [3] where it is 
suggested !3,4] that the stable form of q is probably 
best described as HS-H’. Hence, the reacting l-$/H, 
system, which is 39 kcalfmole exoergic *, simpiy&&~ 
through the shallow “bound” region of H4f on the way 
to products. 

Recent theoretical calculations [4] give a structure 
of H$ as triangular H; bound to a hydrogen atom lo- 
cated 1.6 a from one of the apex hydrogens in Hz_ 
The best calculations to date indicate this system is 
stable by e4.0 k&/mole relative to dissociation to 
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Hi and H’. Hence, according to theory [4.6,7 1, Hi is 
as stable as Hi yet H; is a commonly observed species 
[S] in ionized H, while Hf has never been observed. 

In fact. in ionized H, at high pressures the species Hi. 
H;, H;, H;, + .__ are observed but none of the even 
hydrogen species, escept Hi. This occurs. presumably. 
because of the rapid transformation of HS to HJ fol- 
lowed by slow, sequential clusteringwith H, molecules. 

An effort has been made to observe Hj;ons by 
piiotoio~zation of (Ii,), neutral clusters [9]_ This 
technique has been su&essfuIIy used to detect weakly 
bound clusters of a number of ions with their parent 
neutral molecules [lo]. When (Ml),, clusters are formed 
by adiabatic espansion through a nozzle and subse- 
quently photoionized 191 (or ionized by elecrron irn- 
pact Ill] ) only ions with an odd number of hydro- 
gen atoms are formed (again except for KS). Hence, 
the species HZ-H, does not correspond to a minimum 
on the $ surface. 

The question of interest here, is, then, can stable 
HI ions be prepared experimentally to test the theo- 
retical predictions? it appears clear that stable Hi can- 
not be formed starting from the Hz/H? part of the 
Hi surface. We chose to approach the problem from 
the opposite direction. The idea is to start with larger 
sized hydrogen clusters (Hi. Ht, etc.) and attempt to 
form Hi by collision induced dissociation of these 
species. The lowest energy theoretical structures of 
Hj’ and Hl are similar [4,6,7] 
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Fig. 1. Schemrttic view of the instrument used in these studies. 

suggesting this procedure has some hope of success. 
The results of our experiments are presented here. 

2. Experimental 

The experiments were carried out on a V.G. analyt- 
ical ZAB-2F mass spectrometer [ 121 using a specially 
designed high pressure ion source that can be cooled 
to liquid nitrogen temperature 113 1. This source forms 
relatively large abundances of $ and bigher order clus- 
ters. No signal corresponding to ions at m/z = 4 in H2 

or In/z = 8 in D, is observed. The ions are extracted 
from the source, accelerated to 8 kV, mass selected 
by passing through a magnet, and passed through a 
collision cell for collisional excitation. The collision 
products are mass and energy analyzed by a high reso- 
lution electrostatic analyzer, detected by single-ion 
counting techniques and stored in a multichannel ana- 
lyzer. A schematic of the instrument is given in fig. 1. 

Kigb resolution spectra were taken to ensure only 
a single-mass component was present in the Kg main 
beam. At mass 5 the possible peaks are $, Kep and 
D,p. Great care was taken to eliminate the trace 
amounts of KeK+ and D,@ present at m/z 5. In the 
data reported here these-Impurities were not present, 
a result conflied by h&b resolution studies. There 
are no potential impurities at m/z -10. High resolution 
studies indicated tit the m/z 10 beam from ionized 
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was pure D:. All experiments were run using both 
K, and Dl main beams with essentially identical re- 
sufts in all cases. 

3. Results and discussion 

The CID spectrum of a mass selected beam of Hl 
created in a high pressure ion source cooled to 80 K is 
given in fig. 2a with the relative intensities listed in 
table I. A comparable spectrum for Dz is given in fig. 
2b. The data in fig. 2 are plotted as the logarithm of 
the ion intensity versus ion mass so that all product 
ions can be conveniently shown on the same graph A 
number of things are immediately evident from the 
data. First and most spout for this paper, is the 
presence of a signifkant peak at mass 4 corresponding 
to Hi, and a similar peak at mass 8 corresponding to 
Da. The flight time from the collision cell to the de- 
tector is of the order of 10m6 s. Any quasibound q 
ions would have decayed at times short relative to 
low6 s and hence the signal at mass 4 corresponds to 
stabIe Ha_ 

The second feature immediately evident from the 
data is that 3 is overwhelmingly the preferred reac- 
tion product. Hence, the weak $*H2 bond (Do x 5 
kcaf/mole) [6] breaks preferentially relatvie to the 
q-H bond (Do =S 100 k~~mole). 

A t&d feature is the apparent broadness of the 
$ peak relative to the Hi peak. To some extent this 
apparent broadness is due to the way the data is plotted. 
The Hf peak actually is composed of ii strong narrow 
peak with a weak but broad base, whiie the q prod- 
uct exhibits a narrow overall peak shape. 
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Fig. 2. Collision induced dissociation spectra of H; (a) and D; @)_ The vertical axis is the 10:~~ of rhe s&al intensity and is 
piotted versus the ion kinetic energy passed by the electric sector. This energy is directly proporrionrrl to ion mass and hence 
each peak is characteristic of the fragment ion indicated. Difierences in peak shape and intensity between rht two spectra are 
in part due to different collision ceU gas pressures used in the two experiments. 

The differences in the two product channels can 
be better seen in the product kinetic energy distribu- 
tions given in fig. 3 $. The Hi distribution peaks at 

+ 

mO.03 eV and falls smoothly to zero at aO.35 eV. 
Such a distribution is consistent with the dissociation 
of Hi on a repulsive surface. On the other hand, the 

These distributions are from Hi and H; peaks obtained 
under h&h (4 10000) ener?g resoMng power. The method 
for de&ins these center of mass kinetic ener_gy distributions 
from the Jaboratory peaks has been prexiously described 
(131. 
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Table 1 
Experimental collision induced dissociation spectra for Hz 
and D; a) 

HZ D; 

H? 
4 

D; 

H; D’, 

H; D’, 
H+ D+ 

Relative b) 
intensity 

0.011 

0.883 

0.092 
0.014 

Relative b) 
intensity 

0.014 

0.867 

0.104 
0.015 

a) Hc collision gas, 8 keV Hz/D: main beam. 
b) lntegrated intensities normalized by the sum of the frag 

ment ion peak areas. 

Hf distribution peaks at =0.004 eV, falls rapidly to 
~0.15 eV and then falls slowly to zero at ~0.8 eV. 
This distribution is due either to two dissociation me- 

ml _ 

- Hz+ H + He 

bl _ 

- H: + Hz + He 

0 02 cl4 06 08 10 
H,+ Tronslo~mnol Energy WI 

F$. 3. Kineti: energy distributions of the product ions (a) 
Hi and (b) Ha from coliision induced decomposition of H;, 
taken under high energy resolving power (10000). The inset 
in (b) gives the low energy Portion of the H; kinetic energy 
distribution. 
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Fig. 4. Schematic reaction coordinate dragams for formation 
of H; and Hi from CID of H;. The proposed H; collisional 
energy deposition function is given by the solid line on the 
vertical axis. The &shed curve on the vertical axis is a hypo- 
thetical collisional energy deposition function for H; assum- 
ing Franck-Condon factors are not important (see text). 

chanisms or to an unusual Hl excitation mechanism. 
In any case it is apparent that the $ dissociation me- 
chanisms for formation of Hi and HI!j are different. 

Table 2 
Heats of formation 

H’ 

H’ 
+ 

H; 
H2 

H; 
Hi 

H; 

366a) 

515a) 

354 a) 

0 

255 b) 
300 c) 
2sod) 

a) Ref. [lS]. 
b)From the experimental proton affinity of Hz [S]. 
c) From the HH*H’ bond dissociation energy of Hi 141. 
d) From the HS-H2 bond dissociation energy of H; [6.7]. 
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The HZ and H+ peaks in the Hg CID spectra are rel- 
atively weak and relatively broad. These products are 
the consequence of high energy, sequential dissocia- 
tion. Discussion of the possible mechanism of forma- 
tion of these species will be deferred to a futtire publi- 
cation. 

It is useful to discuss the formation of Ha (and Hf) 
from coUisionaI excitation of H$ using the diagram in 
fig. 4. The appropr~te heats of formation are given in 
table 2. Kim and &Lafferty [l6] have argued that 
the energy deposition function for high energy ion 
beams colliding with thermal neutral atoms has the 
general qualitative shape given by the dashed line in 
fig. 4. The modei of Kim and ~c~ffe~y was developed 
for large ions with essentiaiiy continuous state densi- 
ties. In addition, Franck-Condon factors were assumed 
not to be important. If this model is applied to H& 
Franck-Condon factors must be included. Hence, for 
Hz, it is expected that the energy deposition wi.Il be 
cIustered about the Hg ground state and excited elec- 
tronic states. A qualitative energy deposition function 
is shown as the solid line on the vertical axis in fig. 4. 

The sketch given in fig. 4 suggests the fo~o~ving in- 
terpretations for formation of Hi and Hz from Hl 
CID. The principal excitation is low ener,v vibrational 
excitation of Hz_ The only exit channel available at 
these energies is Hz/H, and hence H: is the principal 
ionic product as obse&ed. The unusual kinetic energy 
distribution for the Hz product ions could be a reflec- 
tion of the shape of the energy deposition function 
at these Iow energies. 

The q/H exit channel becomes energeticalIy ac- 
cessible at Hl internal energies of =4.5 eV. The Hl 
system sampfes 3A, repulsive surface leading to dis- 
sociation and stable Hi product 2. The Hi ions formed 
are probably vibrationally excited; specifically the 
E-l;-H bending modes should be activated by vertical 

tr~s~tions of ground state Hz. Theory predicts 141 
the Hi well should support several vibrational quanta. 
A certain percentage of the Hi ions may be elicited 
above their dissociation limit and may subsequently 
dissociate to Hi/H-. This dissociation pathway couid 
contribute to the shape of the $ kinetic energy dis- 
tribution. 

f In fig. 4 it is assumed that the surfaces associated with re- 
combination of ground state Hi -He with ground state H’ 
are similar to those of H-/H‘ recombination. 

4. Conchsion 

The Hi ion is not observed as a stable species either 
in reactions in ionized hydrogen or in reactions of ion- 
ized neutrai (H7)n clusters. However, the Hi ion is 
theoretically predicted to be stable to dissociation by 
~4.0 kcalfmole. We have succeeded in fords stable 
Hf ions by coiIisionally dissociating Hz. The theoret- 
ical structures of Hg (HS*H,) and Hi(Hi -H’f are sim- 
ilar and hence the stable portion of the H-2’ surface can 
be accessed in the CID process. Kinetic energy distri- 
butions of both Hz and Hi ions. arising from Hz CID, 
are obtained. These distributions are analyzed in terms 
of quaJitative reaction coordinate diagrams and a cof- 
Iisional energy deposition function. 
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