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Abstract 

The dynamics of the sequential deuteration of hydrogen cluster cations H + , n odd, is studied in a 22-pole radio frequency 
ion trap at a nominal temperature of 10 K. Rate coefficients for the step by step replacement of hydrogen by deuterium in 
initially mass selected clusters, H +, for n = 3 . . . . .  17 are extracted from the measured temporal evolution of the product ion 
intensities. The rates for the exchange of a single proton or alternatively for the replacement of a hydrogen molecule are 
strongly cluster size dependent. This is additional evidence for a previously proposed dynamical shell structure [W. Paul 
et al., Intern. J. Mass Spectrom. Ion Processes 150 (1995) 373]. Measurements are carried out in normal deuterium and 
deuterium with admixtures of helium, para hydrogen or normal hydrogen in order to investigate thermalization and the 
influence of back reactions. Results are discussed on the basis of calculated equilibrium structures, zero point energies and 
simple dynamical considerations. Constraints for intracluster rearrangement processes are found. 

1. Introduct ion  

Positive hydrogen cluster ions have been exten- 
sively studied since the seventies stimulated by the in- 
teresting properties of these simple molecular assem- 
bles [ 1-12]. A wide range of binding energies from 
several kcal/mol for the H~- system to the heat of 
evaporation of liquid hydrogen ( ~  0.2 kcal/mol) as 
well as size and shell effects stimulated experimental 
studies as well as state of the art theoretical work. A 
variety of ab initio calculations has been carried out 
at Hartree-Fock (SCF) and configuration interaction 
(CI, CISD) level of theory [ 10,11,13-16] in order to 
predict equilibrium geometries, vibrational frequen- 
cies, infrared intensities and binding energies of the 
hydrogen cluster ions. 

However, detailed dynamical information is only 
available for the smallest cluster, H~-. Here, a H~--H2 

1 Corresponding author. 

structure with a very shallow potential energy surface 
and a great mobility of the central proton is predicted 
[ 10], At full CI level of theory a harmonic vibrational 
frequency of 478 cm -1 ( ~  59.3 meV) for the cor- 
responding coordinate is predicted. The experimen- 
tally determined binding energy for this complex is 
300 meV [7]. In the most extensive theoretical study 
up to date, Yamaguchi and coworkers calculated ten 
low lying stationary points at eleven levels of theory 
for H~- [15]. For the migration of the central pro- 
ton between the two H2 a barrier of only 6.5 meV 
is predicted at (4s2p) CISD level, of 3.7 meV at 
(4s2p) full CI level and of 15 meV at (6s3p) CISD 
level of theory. Although detailed knowledge of in- 
tramolecular dynamics, especially for larger clusters, 
is missing to date a lot can be learned when adapting 
results for H~- and extending these to larger assembles. 

In a previous study we investigated growth and frag- 
mentation of hydrogen cluster ions at a nominal tem- 
perature of 10 K with normal and para hydrogen tar- 
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gets [ 17]. Rate coefficients for ternary association of 
smaller clusters (H +, n < 9) in reaction with para 
hydrogen target turned out to be extremely large as 
compared to the association reaction with normal hy- 
drogen, whereas for larger (Hn +, n /> 9) clusters the 
association rates are comparable for the two targets. 
To explain these results we extended the commonly 
accepted concept of the closure of the first cluster shell 
at a size of H~- [7,11,16,18]. This concept is based on 
experimentally determined energetics and calculated 
equilibrium structures. We proposed a dynamical shell 
structure for hydrogen clusters: For smaller clusters an 
approaching ortho hydrogen molecule can transfer its 
rotational energy to the cluster. As this energy trans- 
fer requires an ortho-para transition in the target, an 
efficient proton exchange between the cluster and ap- 
proaching hydrogen molecules must be possible. For 
larger clusters starting with H + this exchange is much 
less efficient due to closure of the first cluster shell. 

In the present experiment we explore the dynamics 
of these interesting clusters some more and use D2 as 
an isotopic tracer. When hydrogen clusters are stored 
in D2-gas, at conditions where growth or fragmenta- 
tion are negligible in first order, hydrogen is replaced 
by deuterium. This isotopic fractionation is caused by 
slightly different zero point energies of the deuterated 
versus the non-deuterated species. The rate of this pro- 
cess at different stages of deuteration progress for par- 
ent clusters of  different size reveals information on the 
cluster structure and dynamics. 

2. Experimental 

The dynamics of the deuteration of hydrogen clus- 
ter cations was studied in a cooled 22-pole radio- 
frequency (RF) ion trap. This trap is part of a guided 
beam apparatus, that was described in detail in a pre- 
vious publication [ 17]. Hydrogen cluster ions were 
created in a cooled corona discharge cluster ion source 
from high purity hydrogen (Messer-Griesheim, 5.0) 
that was further purified by means of a liquid nitro- 
gen cooled molecular sieve. Ion source and trap were 
cooled by a Gifford-McMahon-type closed-cycle cry- 
ocooler (Leybold, RGD 210) providing 2 W of cool- 
ing power at 15 K. Clusters were mass selected by 
a first quadrupole and injected into the ion trap. The 
ions were stored for selected periods of time (ms to 

s) in deuterium target gas at a nominal temperature 
of 10 K. When necessary, He buffer gas was added 
to insure proper relaxation and cooling of the parent 
clusters. After extraction from the trap the ions were 
mass analyzed by a second quadrupole mass filter and 
detected by single ion counting via a Daly type de- 
tector. Each time typically 100 ions were injected into 
the trap and the number of products of 30 to 50 it- 
erations were accumulated for each storage time and 
mass. When the ions are injected into the trap typically 
10 to 100 collisions with buffer (or target) gas are 
needed for proper cooling and relaxation. The maxi- 
mum number density of neutrals in the trap is limited 
to a value of approximately 1014 cm -3. Assuming a 
Langevin rate coefficient for the thermalizing colli- 
sions ( ~  10 -9 cm 3 s - ! ) ,  several hundred microsec- 
onds up to a few milliseconds are needed for proper 
thermalization of the ions. As the process of  deutera- 
tion turns out to be rather fast, proceeding nearly at the 
collision rate, the deuterium density had to be limited 
to a value of ~ 3 × l0 II cm -3 to allow observation 
of the first deuteration steps. Under these conditions it 
was necessary to add buffer gas (He or H2) to insure 
proper injection and thermalization of the ions. 

The target gas number density at high pressure is 
measured by a spinning rotor gauge (MKS quoted 
accuracy better than 5%). For experiments at very 
low target gas number densities (trap pressure 
p < 10 -5 mbar) an ionization gauge is used. The 
ion gauge is calibrated by the spinning rotor gauge 
in the overlapping pressure range. The uncertainty 
in the target gas number density is increased by a 
density gradient along the trap axis and especially 
by density fluctuations caused by slight variations 
of the trap temperature leading to condensation and 
re-evaporation of target gas. Therefore, we conser- 
vatively estimate the error in the absolute target gas 
density n to be + 70% for the low density experiments 
and -4- 50% for the high density experiments. 

During the injection and subsequent thermalization 
process fragmentation of the weakly bound cluster 
ions cannot be avoided. For H~- this effect is smaller 
than 10%, whereas for medium sized clusters (H~-, 
H~-) fragmentation becomes important and leads to a 
distribution of parent clusters. The effects of fragmen- 
tation have been carefully examined and cross checks 
with parent ions injected into helium buffer gas (equal 
mass as deuterium leading to a similar fragmentation 



W. Paul et al./Chemical Physics 209 (1996) 265-274 267 

pattern) at comparable number densities have been 
performed. 

At target gas number densities above 3 x 1012 cm -3 
contributions from ternary association have to be con- 
sidered. In these cases the growth of  the largest in- 
jected parent cluster to the next larger cluster was 
monitored and even at the largest target and buffer gas 
number densities and longest storage times the influ- 
ence of  this effect on the measured ion intensities was 
less than 10%. 

Stimulated by the results of  our previous study here 
we investigated how the deuteration process is influ- 
enced when normal hydrogen or para hydrogen is used 
instead of  helium as a buffer gas. These conditions 
lead to clusters with different internal excitation even 
at the same nominal temperature. However, such stud- 
ies are simultaneously complicated by backreactions 
(D2-H2 exchange). Note that one obtains also minor 
contributions from backreaction in normal operation 
since the cluster ion source produces a continuous flow 
of  normal hydrogen into the ion trap chamber. Under 
typical operational conditions a continuous admixture 
of  ,~ 3 x l011 cm -3 of  normal hydrogen in the 22-pole 
trap has to be accounted for. 

3. Results 
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Fig. 1. Temporal evolution of the contents of the 22-pole ion trap 
following injection of H + into deuterium at a number density 
of 2.3x10 II cm -3 admixed to helium at a number density of 
1.2 x 1014 cm -3. In spite of the extremely low deuterium number 
density conversion of the parent ions proceeds extremely fast 
and equilibrium is reached after about 20 ms. Odd and even 
mass clusters are formed with comparable intensities. Even masses 
appear already at the first step of deuteration (H4D +, A). The 
insert shows the sum of odd and even mass contributions. A net 
transfer of odd to even masses is observed on the same time 
scale as the appearance of the fully deuterated species D +. Full 
deuteration is not achieved due to backward reactions with H2 
(see text). All lines are spline fits to the experimental data and 
serve as a guide to the eye only. 

3.1. Raw data 

Replacement o f  hydrogen by deuterium in clus- 
ter ions turns out to proceed extremely fast and very 
low deuterium number densities are sufficient (3 × 
1011 cm -3 )  to induce an efficient isotope exchange 
on the time scale of  the trapping experiment. Fig. 1 
shows the temporal evolution of  H~- parent clusters 
injected into deuterium target gas at a number density 
of  2.3x l0  II cm -3 admixed to helium buffer gas at a 
number density of  1.2 x 1014 c m  - 3  . It takes only a few 
milliseconds for the H~- to react to deuterated prod- 
ucts. Note, that odd and even mass clusters are formed 
with comparable intensities. The early appearance of  
mass six (H4D + ) exhibits, that already in the first step 
of  deuteration the exchange of  a single proton occurs 
with a rather large probability. Deuterated clusters ap- 
pearing at odd masses (HaD~- and HD~-) can be cre- 
ated both by direct exchange of  a D2 molecule or by 
two subsequent exchanges of  D atoms. Though these 

two reaction channels cannot be distinguished in our 
experiment, evidence will be provided below that they 
occur with comparable probability in the case of  H~-. 
From the temporal evolution of  the ion intensity it is 
apparent that the gain of  the fully deuterated cluster 
(D~-) proceeds nearly as fast as reactive loss of  the 
parent cluster (H~-). This means that for small clusters 
deuteration is an extremely fast process at all stages 
of  deuteration progress. The corresponding rate con- 
stant for the decline of  H + is close to the Langevin 
limit indicating that deuteration occurs with an effi- 
ciency close to unity. However, a closer inspection of  
the deuteration progress shows that the formation of  
clusters containing more than three D atoms (see Fig. 
1 and 2) slows down due to back reaction (see be- 
low) after about 20 ms. The sum of odd numbered 
mass contributions (H~-, D2H~-, and D4H +) as well 
as the even numbered counterpart (DH~-, D3H~-, and 
D~-) is shown as an insert in Fig. 1. Interestingly these 
integral quantities show a similar temporal evolution 
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Table 1 

Rate coefficients (cm 3 s -1 ) for the exchange of the first H2, last H2, last H and all outer H2 in hydrogen clusters (details see text), kL 
is the Langevin rate coefficient. Numbers in parentheses are powers of  ten. Values given here are plotted in Fig. 6 

k first k l 2 t  klast kOH~te r 
H2 kL 

H+3 1.7 + 1.2(-9) - - 1.6(-9) 
H + 1.54- 1.1(-9) - - 1.4(-9) 
H75+ 1.3 + 1.0(-9) - - 1.3(-9) 
H + 1.34- 0.9(-9) 1.34- 0.9(-10) 2.94- 1.5(-12) >> 1.3(-10) 1.3(-9) 
H~ - 5.94- 4.1(-11 ) 3.14- 1.6(-13) 1.04- 0.5(-9) 1.2(-9) 
HI3 1.64-0.9(-13) 2.04- 1.0(-13) 9.24-4.6(-10) 1.2(-9) 

< 1.5(-14) < 1.0(-13) 3.54- 1.7(-10) 1.2(-9) 
<< 1.5(-14) < 8.7(-14) 1.44- 0.7(-1.0) 1.2(-9) 
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Fig. 2. Temporal evolution of the trap contents following injection 
of H +. As in Fig. 1, the deuterium gas has a number density of  
2 .3x10 li cm -3.  Instead of He para hydrogen has been used as 
a buffer gas at a number density of  2 .4x 1013 em -3.  Comparison 
with Fig. 1 reveals that the time constants are similar bat that the 
stationary equilibrium concentrations are significantly influenced 
by the buffer gas. 

as the appearance of D + and the disappearance of H +. 

A quantitative analysis of this behavior will be given 
in the next section (see Table 1) and discussed be- 
low. One of the main results of our previous study of 
cluster growth and fragmentation is the dramatically 
increasing rate constants for the growth of H + clusters 
when para hydrogen was used instead of normal hy- 
drogen as a target gas. Therefore we also studied the 
influence of para hydrogen versus normal hydrogen as 
a buffer gas for the process of deuteration. 

Deuteration in the presence of para hydrogen (p-  
H2), see Fig. 2, is more efficient as compared to mea- 
surements with helium buffer gas (see Fig. 1 ). The ini- 
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Fig. 3. Evolution of the trap contents following injection of H + 
into deuterium at a number density of 3.5x 1011 cm -3 admixed 
to normal hydrogen at a number density of 2.6 x 1013 cm -3.  The 
deuterium number density is comparable to the number density of 
the measurement shown in Fig. 2. Almost all ions remain in the 
parent cluster channel indicating an efficient backward reaction in 
collisions with normal hydrogen as a buffer gas. 

tial conversion rate is similar (note the different scales 
in Figs. 1 and 2) but the higher degree ofdeuteration in 
Fig. 2 indicates a colder environment due to possible 
ortho-para transitions in H~-. In contrast a much dif- 
ferent evolution is observed in the presence of normal 
hydrogen (n-H2). Fig. 3 shows the temporal evolution 
of initially injected H~- in n-H2 at a number density 
of 2.6x 1013 cm -3 admixed to D2 at a number den- 
sity of 3.5x 1011 cm -3 (similar number density as in 

measurement shown in Fig. 2). In this case almost the 
total ion intensity remains at mass 5 (H +) being ev- 
idence for a very efficient backward reaction induced 
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Fig. 4. Evolution of the trap contents following injection of H + 
into pure deuterium at a number density of 5x1012 cm -3 and a 
residual H2 density o f 3 x  I0 u cm -3.  Deuteration of H~- proceeds 
during the first 50 ms via the subsequent exchange of D2 molecules 
until the DsH + configuration is reached. The exchange of the last 
hydrogen happens on a much longer time scale. All other partially 
deuterated contributions have reached equilibrium and account for 
about 40% of the total ion intensity. 

by the rotational energy of ortho hydrogen (o-H2). 
From a series of measurements at different n-H2 

number densities (much lower than in Fig. 3) we con- 
clude that (see Section 3.2 below) the rate coefficient 
for the backward reaction is ten times smaller than the 
rate coefficient for deuteration. The efficient backward 
reaction in presence of normal hydrogen also explains 
the already mentioned slowing down of the deutera- 
tion process in Fig. 1 and Fig. 2. In these cases the 
deuterium number density and the normal hydrogen 
number density originating from the cluster ion source 
are comparable and further deuteration is counterbal- 
anced by backward reactions. More efficient differen- 
tial pumping of the cluster ion source will reduce this 
problem. 

The next larger cluster which has been studied is 
H~-. In this case the temporal evolution is very sim- 
ilar to that of H~- and therefore not shown. In con- 
trast, when H + is injected into pure deuterium, the 
main features change dramatically as depicted in Fig. 
4. The first steps of deuteration proceed very fast, 
too, but in these first steps the formation of even 
mass clusters (exchange of a single proton) is im- 
probable. This means that deuteration proceeds via the 
exchange of molecular D2 only (odd mass products 

exclusively) until the cluster has reached a mass of 
17 amu (HD~-). In Fig. 4 only the major channels 
are shown for the sake of clarity; in the total ion sum 
all channels are accounted for. The slow increase of 
the even mass clusters corroborates the inefficiency 
of the proton-deuteron (p-d)  exchanges. When the 
cluster has reached a mass of 17 amu the exchange 
process slows down dramatically. The exchange of the 
last proton in the cluster happens about 1000 times 
slower than the first deuteration steps. Therefore the 
time scale for the appearance of D~- is on the order of 
hundreds of milliseconds as compared to milliseconds 
for the loss of H +. Note that the target gas density in 
this experiment was more than ten times larger than 
for the deuteration of H~-. These large differences al- 
low us to separate the different steps of deuteration and 
thus to derive rate coefficients for these steps which 
will be discussed below (see Table 1 ). 

For clusters larger than ~ measurements are more 
complicated due to the fact that the outer H2's are 
bound more weakly to the cluster. Therefore signifi- 
cant fragmentation occurs upon injection resulting in 
a wide mass distribution of parent clusters. As a con- 
sequence the mass spectra of deuterated products are 
congested, i.e. deuterated products of fragments and 
parent clusters contribute to the same mass peak (e.g. 
HI IDa- and H~- 5). In addition more care has to be taken 
not to induce ternary association (i.e. cluster growth) 
during the trapping period since the ternary rate coef- 
ficients are larger than for the smaller clusters [ 17]. 

Despite all these problems additional interesting 
features have been derived from the deuteration of 
higher mass parent clusters. This is demonstrated for 
the injection of H~- 5 into pure D2 in Fig. 5. After a few 
hundred microseconds we find a cluster mass distri- 
bution of approximately 25% H~-, 25% H~- l, 25% H+3, 
20% H+5. The initial congestion is becoming untan- 
gled after a trapping time of  several milliseconds, be- 
cause the first steps of deuteration proceed extremely 
fast. The largest parent cluster H~- 5 re-appears on mass 
27 amu (H3D+2) indicating that all H2 of the clus- 
ter with exception of the H~- core have been replaced 
by D2. This process is almost completed after a trap- 
ping period of 200 ms. The smaller clusters (9,1 I, and 
13) evolve into a distribution ranging from mass 17 to 
mass 26 and the separation of two neighboring clus- 
ters, Am = 2, is transformed into a separation of the 
fully deuterated clusters of Am = 4, This difference is 
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Fig. 5. Evolution of the trap contents following injection of H + 
into pure deuterium at a number density of 2.7 × 10 t2 cm--. x 
Fragmentation following the injection process leads to an initial 
distribution of parent ions. From experiments in pure helium at 
the same number density and from the intensity of the fully 
deaterated clusters we find that the initial trap contents consists 
of 25% H + (a), 25% H + (b), 25% H + (c) and 20% H~5 (d). 
Due to a mass separation of Am = 4 of the partially deuterated 
clusters the temporal evolution of the individual parent clusters 
can be traced. Details are explained in the text. Note that for H + 
complete deuteration becomes nearly impossible at the time scale 
and density of this experiment. 

large enough to distinguish and assign all contribut- 
ing cluster sizes as shown in Figs. 5a-5d. At storage 
times of  several hundred milliseconds initially stored 
n~- clusters appear on mass 17 (HD~-) and 18 (D~-) 
only. As has been found for the smaller clusters (H~ 
and H~-) not only peripheral H2 subunits have been 
exchanged in H + but also two nuclei of  the proposed 
H + cluster core [7].  Under the experimental condi- 

tions of  Fig. 5 only the last step of  deuteration (i.e. ex- 
change of  the last proton) is observed. The next larger 
cluster H+i appears mainly on mass 21 (HD~-0) finally 
ending up on mass 22 (D~-]). Therefore it exhibits the 
same final reaction step as could be seen for H~-. Ini- 
tially stored H~- 3 clusters appear mainly on mass 23 
(H3D~-o). This contribution evolves slowly via mass 
25 (HD+2) to reach finally mass 26 (D+3). This find- 
ing shows that the insertion of  D2 molecules into the 
cluster core becomes slower for larger clusters. For 
H~- 5 this process appears to be almost impossible, as 
most of  the initially stored H+5 clusters remain at mass 
27 (H3D~-2). This may indicate that entering the H~- 
core of  the cluster becomes less likely the larger the 
cluster. But the observation may also be due to the fact 
that the D2-H2 backreaction is more efficient for pe- 
ripheral molecules (more details are given in Section 
4) .  

3.2. Kinetics of the deuteration process 

The kinetics of  the process of  deuteration of  a spe- 
cific cluster size can be described by a set of  coupled 
differential equations. In our previous study [ 17] we 
have demonstrated how a simulation of  our experi- 
mental data yield reliable rate coefficients for growth 
and fragmentation of  hydrogen cluster ions in H2. In 
the present study it is not straight forward to apply 
this method for the following reasons. For small clus- 
ters the sequential exchange of  one proton only could 
be distinguished from the exchange of  a complete H2 
at extremely low target gas densities. Corresponding 
measurements are planned. For larger clusters the con- 
gestion problem mentioned before would have to be 
solved by mass selection of  the fragments after ther- 
malization (resonant excitation). This method was not 
applied in the present study. However, the fact that the 
process of  deuteration happens on extremely different 
time scales enables us to gather rate coefficients for a 
few basic reaction steps. 

For small clusters (i.e. H + and H~-) the isotopic 
exchange reaction is very fast. Exponential fits for the 

t kfirst'~ and the gain of  the fully loss of  the parent mass ~ Hz J 
deuterated clusters el.last and k~ st) ~H2 can be employed 
to derive rate coefficients for these important steps. 
Results from this analysis are summarized in Table 1 
and plotted in Fig. 6. All rate coefficients for the first 
deuteration steps are close or equal to the Langevin 
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proton (last H) from the rate of formation of D +. For details on 
the analysis of these rate coefficients see text. 

71 

collision rate coefficients (kL, also listed in Table 1 ) 
implying that every collision leads to deuteration ei- 
ther by exchange of one proton or a H2 molecule. 

For the first closed shell cluster, H~-, and larger clus- 
ters (e.g. H+5) the essential information can be ol~- 
tained in a similar way. Again, the first steps of deuter- 
ation happen extremely fast (not visible on the time 
scale of the measurement shown in Fig. 5). Therefore, 
the rate of loss of parent molecules t bouter~ "n2 J is the key 
figure for the initial step, In addition, the exchange of 
a H2 molecule is significantly favoured as compared 
to the exchange of a single proton. The subsequent 
process of deuteration remains fast until the exchange 
of the last proton. Here the process slows down dra- 
matically. Due to overlapping masses from neighbour 
parent clusters it is difficult to derive reliable values 
for these intermediate steps. However, the gain in the 
bottleneck channel gives an upper limit for all steps of 
deuteration in between. The corresponding rate coef- 
ficient,/.last is a measure for the efficiency of the ex- 

~'H2 ' 

change of the last H2 in the parent cluster. Respective 
rate coefficients are also summarized in Table 1. After 
almost all intensity has reached the bottleneck chan- 
nel the fully isotopically exchanged cluster is formed 

on a much longer time scale. The corresponding rate 
coefficient, k~ st, is a measure for the exchange of the 
last proton in the parent cluster. 

4. Discussion 

Our previous study on the dynamics of growth and 
fragmentation of hydrogen cluster ions in pure hydro- 
gen [ 17] revealed a large size effect for rate coefficient 
of cluster growth when using p-H2 as a target. In addi- 
tion ortho-para transitions in the H2-target molecules, 
mediated by scrambling collisions, play a significant 
role. It is the aim of the present work to obtain some 
more detailed information on the intracluster motions 
involved when hydrogen is replaced by deuterium in 
this class of cluster. 

At the low temperature of our experiments the inter- 
nal energy of a fully thermalized parent cluster (H +, 
n < 19) is fairly low as compared to the binding en- 
ergy of the last H2. Therefore the parent cluster can 
be considered to be close to its equilibrium structure. 
When a D2 approaches this cluster its binding energy 
and the collision energy are available as internal en- 
ergy of the collision complex. If  the complex is not 
stabilized by third body collisions or radiation (can 
be ignored in the current experiment) it has to decom- 
pose because the internal energy is above the dissoci- 
ation limit. In a simple shell model the internal energy 
can be distributed among equivalent molecular sub- 
units (H~- core, H2 molecules and one D2 molecule in 
the first step of deuteration). Therefore decomposition 
into H + + D2 or Hn-2D~- + H2 has to be considered. 

Our experiment clearly shows that the latter prod- 
uct channel is strongly favourized. Almost every col- 
lision leads to a long lived complex and an exchange 
of hydrogen by deuterium. In the first step of deuter- 
ation there are more equivalent H2 than D2 favouring 
the ejection of one of those. However, even after sev- 
eral H2 have been replaced and the statistical weight 
is in favour of the D2 products, deuteration does not 
slow down significantly as can be seen from our ex- 
periments (see Fig. 6). 

In this simple statistical consideration H2 and D2 
were considered equivalent molecular subunits of  the 
collision complex. More important, however, is the 
difference in zero point energy of the molecule-cluster 
motion. It is the energy gain of this exchange reac- 
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Fig. 7. Schematic view of proposed dynamical shell structure for 
the example of a H + cluster. The potential energy diagram is 
drawn for the initial step of  deutemtion. The dashed line indicates 
that no energy is gained when exchanging inner H2 by outer H2. 
Possible ground states for D2 at various positions within the cluster 
(shown in the cluster structure above) are given as solid lines in 
the diagram. The dynamics of deuterafion are explained in the text. 

tion which favourizes a deuteration. A crude poten- 
tial energy diagram for the initial step of deuteration 
for a hydrogen cluster ion (as an example H+3) is 
shown schematically in Fig. 7. According to the shell 
structure all H2 molecules in outer shells and the H~- 
core are energetically degenerate because no energy 
can be gained from any hydrogen-hydrogen exchange 
within the cluster (dashed line). The constituents of 
the cluster occupy inner and outer shells which are 
separated by energy barriers of increasing height (de- 
picted as I and II in Fig. 7 schematically, no ab initio 
calculations exist) when penetrating deeper into the 
cluster. In addition inner hydrogens are bound more 
tightly than peripheral molecules. Experimental val- 
ues for the binding energy of the outermost H2 have 
been determined by Hiraoka ranging from 300 meV 
for H~- down to 67 meV for H+5 [7]. In another ex- 
periment Hiraoka and Mori measured the difference in 
binding energy for hydrogen clusters as compared to 
deuterium clusters [ 9]. They derive values of 21 meV 
for X~-, 13 meV for X~- and 6.5 meV for X~- and larger 
clusters. As a consequence the energy gain for deuter- 
ation (in the outer shell) is decreasing for larger clus- 
ters. Therefore the general trend of a slowing down of 
the exchange of the outer H2 is expected when the en- 
ergy gain of deuteration is becoming smaller than the 
collision energy. A comparison with our experimental 
results (see k °uter in Fig. 6) reveals that this situation H2 
is reached for clusters larger than H~- 3. 

After the first step of deuteration we find no evi- 
dence for a slowing down of the deuteration process 
except for the exchange of the final H2 and/or final 
proton. Therefore the energy gain of the steps follow- 
ing the first exchange must be comparable to the initial 
deuteration. On the one hand this would be expected 
for the sequential replacement of equivalent molecular 
units from the outer shell. On the other hand the sta- 
tistical weight discussed earlier should reduce the ef- 
ficiency of deuterating products, especially for larger 
clusters with more equivalent molecules. This rate re- 
ducing effect can be disregarded provided that periph- 
eral D2 in the first cluster shell is able to exchange 
with inner H2 (internal deuteration) before it collides 
with the next D2. In this case an approaching D2 finds 
always an outer shell with H2. Energetically this pro- 
cess is favourable since the energy gain of deuteration 
is larger for inner molecules. In Fig. 7 this is shown 
schematically since no accurate experimental or the- 
oretical data are available to date. However, ignoring 
the bond energies of the core H~ to surrounding H2 
molecules one can estimate the energy gain from the 
deuteration process in the core of a cluster to be given 
by the well studied reaction: 

H~" + D2 --o HDf  + H2, 
--~ H2D + + HD, 

AH ° = -21  meV, 
AH ° = --4.9 meV. 

(1) 

The AH ° values given here are due the zero point 
energy differences [ 19]. This value is much larger 
than the energy gain of deuteration of the outermost 
H2 in H~- of 6.5 meV. A comparison of the H2 and D2 
bond energies in pure hydrogen or deuterium clusters 
is given by Hiraoka and Mori [9]. We take this as a 
motivation for the general trend shown in Fig. 7. 

Unless backreaction with residual H2 plays a sig- 
nificant role, which will be discussed below, deuter- 
ation proceeds until all hydrogen molecules are re- 
placed by deuterium (for H +, n < 15). This shows 
that deuteration of inner shells, a unimolecular rear- 
rangement process, takes place although it might be 
hindered by barriers as denoted in Fig. 7. As long as 
the time needed to overcome the barrier via tunneling 
is short compared to the collision time (in this experi- 
ment on the order of milliseconds) a H2 molecule can 
be replaced by D2 in each collision. 

Under the present experimental conditions we find 
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a reduced reaction rate only for the exchange of the 
t t . last '~ and final proton (k~ st) which both final H2 ~,~H2 J 

belong to the H~- cluster core, the innermost shell of 
the proposed structure. Hence we take this as evidence 
that barrier I (see Fig. 7) can be overcome at the 
conditions of the present experiment (energy, collision 
rates with D2) in contrast to barrier II. Therefore we 
believe that deuteration of larger clusters (H +, n >/ 
9) starts with the outermost shell, then D2 penetrates 
the cluster until all shells except for the H~- core are 
perdeuterated. 

Great differences are found for the deuteration of 
smaller clusters (H~- and H~-) as compared to larger 
assembles. Here we do observe the exchange of atomic 
and molecular hydrogen already in the first step. The 
reaction mechanisms for the deuteration of the H~- core 
seem to be similar. Differences arise from the fact that 
for smaller clusters the core is accessible more eas- 
ily. Here, the insertion of one D2 into the cluster core 
proceeds very fast. This can be explained by an effi- 
cient proton transfer between the core and the H2/D2 
at the corners of the inner H~- triangle. As has been 
shown for H~- [ 10] the proton can then be forming a 
new HD + core with peripheral H2/D2. However, only 
D2 molecules as a whole can be incorporated via this 
proton jump mechanism. 

Although the natural abundance of HD is fairly low 
residual HD could be built in the same way lead- 
ing to H2D + and finally (with another D2 insertion) 
to the fully deuterated D~- core. This way only the 
molecular exchange process is necessary to explain 
the deuteration of the hydrogen cluster ions. Due to 
the very fast reaction in small clusters and the fairly 
low HD abundance this seems to be unlikely for those 
species. Interestingly for clusters larger than H~- the 
perdeuterated cluster (D +) is the only even num- 
bered species observed. This excludes the presence of 
an HD-intermediate ( H2D+_2, backreaction of HD +_ 1 
with HD) which would be expected to arise during the 
10ng time passed prior the final step of deuteration of 
the HD+_t precursor. Therefore we believe that HD is 
playing only a minor role in the deuteration process. 

Another internal motion has to be active to allow 
for the efficient single proton exchange, i.e. proton 
scrambling. For H~- Ahlrichs pointed out, that this 
might be an in-plane rotation of the H + subunit [ 10]. 
This intramolecular motion is hindered by a barrier of 
150 meV. As this is well below the dissociation limit 

of this particular cluster, this mechanism is a possible 
way for an effective proton transfer. For larger clusters 
this internal motion seems very unlikely. While the 
available energy is decreased significantly, the barrier 
for the in-plane rotation of the central H + can be ex- 
pected to be increased, because the number of bonds 
increases. Therefore we propose a second core rear- 
rangement. In a partially deuterated cluster this might 
occur via a proton or a deuteron. Whereas the former 
leads to a H~- core the latter gives a H2D + core sur- 
rounded by a H2/D2 and a HD. In case the HD unit 
leaves the cluster the proton transfer is finally com- 
pleted. All other exit channels lead to an H2-D2 ex- 
change. 

The efficient proton rearrangement of the central 
proton or H~- core does also play an important role in 
the interaction of the cluster with o-H2 and p-H2. In 
our previous study we found a substantial heating in 
scrambling collisions with o-H2 containing n-H2. This 
effect leads to a large increase of the backward reac- 
tion observed for the deuteration of H~- in D2 with an 
addition of n-H2 (see Fig. 3). In contrast our measure- 
ments with an addition of the p-H2 (see Fig. 2) show 
a cooling effect. A comparison to measurements with 
additional helium (see Fig. 1 ) reveals that deuteration 
becomes even more complete in p-H2. This leads us to 
the conclusion that scrambling collisions cannot only 
heat the cluster (ortho-para transitions in the cluster: 
AE = +14 meV) but also the reverse process seems 
possible. 

5. Summary and outlook 

In the present study deuterium was used as an iso- 
topic tracer to reveal information on structure and in- 
tramolecular dynamics of hydrogen cluster cations. 
The rate coefficients for the exchange of a single pro- 
ton turned out to be surprisingly large for small clus- 
ters and to decrease dramatically with increasing clus- 
ter size. Also the exchange of complete hydrogen 
molecules shows significant size effects. These results 
serve as strong evidence for our previously proposed 
dynamical shell model [ 17] which is consistent with 
previous experiments [7,18]. For a deeper understand- 
ing of the dynamical effects in these clusters potential 
energy surfaces or at least low lying stationary points 
for clusters larger than H~- are urgently needed. 



274 w. Paul et al . /  Chemical Physics 209 (1996) 265-274 

It turned out that in spite of  the shallow potential 
energy surfaces of  these clusters, the concept of  equi- 
l ibrium structure remains useful and can help to inter- 

pret even dynamical  processes. Based on the equilib- 
rium structures and extrapolating from the dynamical 
properties o f  the well studied H~- we propose three 
mechanisms to explain the process of  deuteration in 
hydrogen cluster cations: a direct exchange of  a com- 
plete molecule in the outer shell followed by an inter- 
nal deuteration in which molecules from an outer shell 
can invade the inner part of  the cluster. The insertion 
of  a molecule into the cluster core is proceeding via a 
proton transfer including internal rearrangement. 

The exchange of  single protons is responsible for 
the efficient heating of  small clusters in collisions with 
o-H2. This effect has been observed already in our 
previous study [ 17]. The reverse effect, cooling, has 
been observed when p-H2 is used as a buffer gas, and 
results in a more complete deuteration. 

The investigations could be extended into differ- 
ent directions to derive more dynamical information. 
From the investigation of  larger clusters one could 
learn more about the closure of  a second shell which 
is expected to arise at a cluster size of  H~- 5 [9] .  Due to 
decreasing binding energies we expect the intracluster 
exchange of  hydrogen subunits to become more effi- 
cient. Therefore the use of  para versus normal deu- 
terium could reveal similar shell effects as in the case 
of  hydrogen and might help to explain the unexpect- 
edly low value for the difference in the binding en- 
ergy of  deuterium and hydrogen cluster ions [9] .  In- 
teresting experiments could be performed at very low 
densities or with pulsed target gas. Such experimen- 
tal condit ions would allow to follow the evolution of  
the internal rearrangement. According to the tentative 
energetics given in Fig. 7 even the metastable decay 
following the insertion of  a peripheral D2 into the core 
should be observable. Detailed information on reac- 
tion probabil i t ies  can be obtained from low energy 
coll isions in a merged beam apparatus. First experi- 
ments for the H + + D2 ~ DH~- + HD, D2H + + H2 
have been carded out recently [ 20,21 ]. 

Chemnitz) and the European Community  (Human 
Capital and Mobil i ty  program) under contract number 
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