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Mechanisms for the Dehydrogenation of Alkanes on Platinum: Insights
Gained from the Reactivity of Gaseous Cluster Cations, Pt," n=1-21

Christian Adlhart and Einar Uggerud*!*!

Abstract: Rates for the dihydrogen
elimination of methane, ethane, and
propane with cationic platinum clus-
ters, Pt," (1<n<21), were measured
under binary collision conditions in a
Fourier transform ion cyclotron reso-
nance mass spectrometer (FTICR).
The reaction rate for a given cluster,
Pt,*, follows the trend k(CH,)<k
(C,Hg) < k(C3Hg). Methane is particu-
lar in the sense that reactivity is highly

between that of methane and propane.
By necessity, dihydrogen elimination of
methane occurs according to a 1,1-
elimination mechanism. Ethane dehy-
drogenation takes place according to
both a 1,1- and a 1,2-mechanism. The
difference between the 1,1- and 1,2-
mechanisms is well displayed in specifi-
cally increased rates for those clusters
that were inefficient in the reaction
with methane, as well as in the ob-

served selectivity for H,, HD, and D,
elimination in the reaction with [D;]-
1,1,1-ethane. Some twofold dihydrogen
elimination is observed as well. The
outcome of reactions with C,Hg in the
presence of D, demonstrates exchange
of all hydrogen atoms in [Pt,C,H,]*
with deuterium atoms. A potential
energy diagram with a high barrier for
the second H, elimination summarizes
these observations. For propane two-

variable; some clusters (n=1-3, 5-9,
11, 12, 15) are very reactive towards
methane, while all other clusters react
with low efficiency or not at all. For
propane, all clusters react efficiently,
while the reactivity of ethane lies in-

num

Introduction

Finely dispersed platinum metal is an excellent and widely
used catalyst for a number of important reactions, including
the contact process for sulphuric acid production, oxidation
of ammonia, oxidation of automobile exhaust gases, and hy-
drogenation of olefins.'! More recently, platinum has been
shown to be useful for oxidative dehydrogenation of ethane
and propane (to give olefin and water),”” and also for partial
oxidation of methane to give synthesis gas in connection
with the Fisher-Tropsch process.”! The latter reactions—de-
hydrogenation/hydrogenation of hydrocarbons, in particular
ethane—will be the topic of this paper. We will investigate
the mechanism by which molecules interact with the cluster
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fold dihydrogen elimination is domi-
nating, and for these reactions a far
less regiospecific and more random
loss of the hydrogens can be inferred,
as was demonstrated by the reactions
with [Dg]-1,1,1,3,3,3-propane.

compounds

surface during reaction, and how this is linked to the de-
tailed surface structure.

Dissociative chemisorption of ethane on platinum surfaces
has been studied by several workers by using a number of
experimental approaches including molecular beams,**!
spectroscopy,”® low-energy electron diffraction,” and mi-
crocalorimetry.'”! In addition, there exists a kinetic study as
well as density functional theory calculations.""*! On the
basis of this evidence one envisages two different pathways
to dihydrogen elimination, a 1,1- and a 1,2-elimination.
After physisorption to the surface, a common C—H activa-
tion step leads to an intact ethyl group bonded to one Pt
atom and a hydrogen atom bonded to a neighboring Pt
atom. A second hydrogen atom may then be transferred to
the surface either from the a-carbon or from the f-carbon,
corresponding to 1,1- or 1,2-elimination, respectively. The
transition structure for the rate determining step of the
latter is marginally higher in potential energy than for the
former according to DFT calculations.'”” Dihydrogen elimi-
nation is accomplished when the two adsorbed hydrogen
atoms combine to form a dihydrogen molecule. From the re-
sults of an IR reflection absorption spectroscopy measure-
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ment of a Pt surface in the presence of gaseous ethylene
and hydrogen, it was inferred that there are two species
present: di-o-bonded ethylene and ethylidyne, correspond-
ing to the products formed in 1,2- and 1,1-dehydrogenation
of ethane, respectively.'! Isotope exchange in ethane has
been studied over platinum surfaces under catalytic condi-
tions, suggesting preferential formation of CH,DCH,D over
that of CH,CHD,.!'¥

It was realized very early that the detailed features of the
surface could be the key to catalytic activity,'” a notion
which has been strengthened throughout the years.'® In this
respect, metal clusters may be suitable models of the imper-
fect but reactive sites of a catalyst. It is then of interest to
learn how reactivity is related to the molecular and electron-
ic structure of a given cluster. The recent demonstration of
catalytic activity of size-selected clusters which were soft-
landed on a suitable support is particularly illustrative.l'”)
Previous studies of naked gas-phase platinum clusters
(anionic, neutral, or cationic) have been concentrated on re-
actions with hydrocarbons®?!l and oxidation of CO and
Hz.[22‘23]

On this basis it would be of fundamental interest to con-
duct a study on the dehydrogenation of ethane by platinum
clusters as a function of cluster size. From a limited number
of studies it is known that gas-phase platinum clusters dehy-
drogenate alkanes, including methane.®2233] One of these
studies includes reactions with ethane but is covering only
Pt,* ions with n=5.”" Given the broad interest in and im-
portance of ethane dehydrogenation and ethylene hydroge-
nation, it would be very valuable to extend this to higher n
values and to provide more detail. In this paper we present
the results of reactions up to n=21. We were also interested
in obtaining kinetic data to provide insight into the fascinat-
ing mechanistic features of the dihydrogen elimination reac-
tion, namely the questions of 1,1- or 1,2-elimination and to
which degree the reaction is reversible. We also include pre-
vious results with methane, as well as new results with pro-
pane. The present study extends a recent study on ionic rho-
dium clusters,**hwhich is besides platinum a key catalyst for
oxidative dehydrogenation.

Results and Discussion

Reactivity of CH,, C,H;, and C;Hg: Cationic platinum clus-
ters, Pt,* (n=1-21), were reacted with methane, ethane,
and propane under single-collision conditions. The only re-
action observed was dihydrogen elimination. There was no
indication for loss of methane. The results are shown in
Figure 1. It is highly noticeable that all platinum clusters
react rapidly with propane (reaction efficiency, ¢>0.3),
while reactivity with methane shows a more restricted size
dependence and ethane falls in-between. For n <12, all clus-
ters except for n=4 and 10 react readily with methane. The
reactivity of cationic platinum clusters towards methane is
very poor for n=13 and above, with an exception for n=15.
We have previously described this to be a binary (on/off) re-
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Figure 1. Reaction efficiencies for the reaction of Pt,* with methane,

ethane, and propane. The methane data are taken from reference [21].
m: Pt,* + propane, x: Pt,* + ethane, o: Pt, + methane.

activity pattern in the sense that platinum clusters react with
methane either with high efficiency (¢~1) or not at all.?"
Reactions between cationic platinum clusters and ethane
also demonstrate a distinctive size-dependence. All clusters
were observed to react and the majority react with high effi-
ciency. The most noticeable exceptions are for n=13, 17,
and 19 with reaction efficiencies ¢ < 0.4. These three clusters
are unreactive towards methane. On the other hand, clusters
with n=4, 10, 14, 18, 20, and 21, which are all unreactive to-
wards methane have high reaction efficiencies (¢ >0.8) with
ethane. At this stage of the discussion we will remind our-
selves that even small differences in activation energies may
account for the large differences in observed reactivity. A
difference of about 10 kJmol™' will determine whether a
given reaction has ¢=1.00 or <0.01. We will therefore be
extremely careful in speculating about underlying differen-
ces in molecular and electronic structures.

The fact that the reactivity of ethane lies in-between that
of methane and propane may both reflect differences in C—
H bond strengths and a shift in the reaction mechanism.
While the dihydrogen elimination of methane by necessity
involves a 1,1-elimination mechanism, ethane and propane
have additional mechanistic options, at least in principle.

Single and twofold dihydrogen elimination of ethane: Upon
reaction with platinum clusters, ethane may lose either one
or two dihydrogen molecules:

Pt," + CHs — [Pt,CH,J" + H, (1)

Pt,* + C;H, — [Pt,C,H,]" + 2H, 2)

Figure 2 shows which reaction dominates for each cluster
size. Except for n=2, there is a strong preference for single
dihydrogen elimination, although twofold dihydrogen elimi-
nation is observed to a variable degree for all clusters in the
range of n=1-11 (the resolution of our FTICR instrument
for ions with m/z: >2200 constraints this type of analysis to
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Figure 2. Reaction with ethane. Relative rates for single and twofold di-
hydrogen elimination. The most significant observation is the dominant
twofold dihydrogen elimination for Pt,*. m:branching ratio ethane,
: branching ratio [Dg]ethane.

clusters with n=11.) Particular reactivity is noticed for n=
2, for which twofold dihydrogen elimination is dominating
and almost complete. This is a fascinating and significant ob-
servation, which we cannot explain without explicit knowl-
edge about the electronic configurations of Pt,* and
[Pt,C,H,]™. In this context, it may be relevant to refer to the
fact that bombardment of a perfect Pt{111} surface with su-
personic C,Hy gives rise to the loss of one H, upon forma-
tion of adsorbed CHCH,.! The rougher Pt{110}-(1x2) sur-
face is more reactive to the loss of two molecules of H,.[!
At low temperature, the adsorbed species was shown to be
CCH, in that case.

Reactions with CH;CD; and the mechanism of ethane dehy-
drogenation: To investigate the details of the mechanism of
the dehydrogenation reaction, we performed reactions with
ethane specifically deuterated at one of the methyl groups,
namely, [Ds]-1,1,1-ethane. The data are displayed in
Figure 3. If the hydrogen and deuterium atoms were com-
pletely scrambled prior to dihydrogen loss, the statistically
corrected relative rates would have been
[-H,)/[-HD]/[-D,] 1:3:1. From Figure 3, it is therefore evi-
dent that the hydrogen atoms being lost are far from being
statistically distributed. On the contrary, the general trend
for n=3 and 5-11 is a clear preference for loss of H, and D,
compared to loss of HD. The only deviations from this trend
are for n=1, and 4. The situation is completely different
from that observed in reactions between cationic rhodium
clusters and ethane, for which dihydrogen elimination could
be explained by a specific 1,2-elimination mechanism with a
variable degree of isotope scrambling.*¥ The only obvious
explanation to the present observation is that there is a pro-
pensity for 1,1-elimination; this is a key finding. The loss of
HD could be due to specific 1,2-elimination. Alternatively,
HD elimination or a part of it comes from isotope scram-
bling prior to dissociation. From the reactions with methane
(Figure 1), we noted that the only possible mechanism for
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Figure 3. Reaction with [D;]-1,1,1-ethane. Relative rate constants k., for
single dihydrogen elimination are corrected for the statistical probability
of elimination of dihydrogen, 1[—H,]:3[-HD]:1[—D,]. The data for n=2
are uncertain due to its strong preference for twofold dihydrogen elimi-
nation. m: loss of D,, x:loss of HD, 0: loss of H,.

methane dehydrogenation is by 1,1-elimination. Extending
the alkane chain length by one methylene unit opens up for
another alternative, a 1,2-elimination. It is highly likely that
both reactions are occurring in parallel. Support for this
thought comes from the results of DFT calculations on
ethane dehydrogenation on a platinum surface. The estimat-
ed activation energies for 1,1-elimination and 1,2-elimina-
tion are the same within a few kImol~."? It is also worth
noticing that the increased efficiency in going from methane
to ethane (Figure 1) could be due to the opening of the 1,2-
channel. This is particularly significant for the platinum clus-
ters with n=1 and 4. These clusters show the highest rela-
tive rate for HD elimination—presumably due to 1,2-elimi-
nation. At the same time is the reaction efficiency, ¢, for
these two clusters significantly enhanced when enabling the
additional 1,2-elimination channel by switching from meth-
ane to ethane (about a factor of 6 to 60, Figure 1). The devi-
ation from this trend for Pt,,* which shows a significantly
enhanced reaction efficiency, ¢, for ethane, but without the
preference for HD loss upon reaction with [Ds]-1,1,1-ethane
could be due to prior isotope scrambling reactions which
will become more important for the larger clusters. The
issue of isotope scrambling will be discussed further in the
following section on exchange reactions between hydrogen
and ethane. As mentioned above, we have concluded that
rhodium clusters dehydrogenate ethane by a pure 1,2-elimi-
nation mechanism overlaid by a variable degree of H/D
scrambling. The nonoccurrence of 1,1-dehydrogenation of
ethane by rhodium clusters is consistent with the fact that
rhodium clusters do not react with methane.¥

Although twofold dihydrogen elimination of ethane by
platinum clusters only dominates for n=2 it is observed for
all investigated cluster sizes, typically at about 10% relative
occurrence (Figure 2). The results for the reaction with [Ds]-
1,1,1-ethane appear surprising at first sight, as from
Figure 4, the patterns are very different from what we ob-
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Figure 4. Reaction with [Ds]-1,1,1-ethane. Relative rates for twofold dihy-
drogen elimination are corrected for the statistical probability for elimi-
nation of two dihydrogen, 1(D, and HD):3(H, and D, or 2HD):1(H, and
HD). m: loss of D, and HD, x:loss of HD and D, or 2HD, 0: loss of H,
and HD.

served for single dihydrogen elimination. In particular for
n=4-9 and 11, there is a strong preference in favor of the
combination 3H and 1D, while the complementary 3D and
1H is one order of magnitude less abundant. Loss of 2H
and 2D is in-between but closer to the latter. There may be
several possible explanations to these significant kinetic iso-
tope effects. However, it is difficult if not impossible to ex-
plain this in terms of a rate determining first dihydrogen
elimination step(s), as this would imply that the isotopic dis-
tribution of Figure 3 which has an equal abundance of H,
and D, losses should be reflected in the product distribution
of Figure 4. This is clearly not the case. We also observed
that the energy barrier for the second dihydrogen elimina-
tion step(s) must be very close to the actual energy content
of the majority of the [Pt,C,H,]* ions formed after the first
step. As only 10% of the so-formed [Pt,C,H,]" ions react
further, it is probably slightly above. Under these circum-
stances, the outcome of a second dihydrogen elimination
step will be strongly governed by quantum-mechanical tun-
neling. If we now assume that only ions that have undergone
a 1,2-elimination in the first dihydrogen elimination step
will be in the position to react further, we have a simple and
rational model. The likelihood for tunneling in the second
step is in favor of H, to HD, and HD to D,. This is in agree-
ment with the experimental observations.

Is dehydrogenation reversible? According to this reaction
model, the potential energy surface associated with the dif-
ferent [Pt,C,H,]* species should be quite flat, and it would
be of great interest to see to which degree dehydrogenation
and hydrogenation are reversible processes. To probe this,
we performed experiments in which C,Hy and D, were
added into the cell of the FTICR mass spectrometer simul-
taneously, but at variable relative concentrations. The results
can be divided into two categories, namely clusters with n=
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4 and those with n>4. Typical data are reproduced in Fig-
ures 5 and 6.
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Figure 5. Mixing C,Hy and D, in the FTICR cell leads to a situation of
complete exchange of hydrogen with deuterium in the original
[*°Pt,C,H,]* ions.
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Figure 6. For n>4, deuteride clusters [Pt,D, ]t are formed (m=2, 4).
The reaction products with ethane and deuterium are hydride clusters
[Pt,H,,(C,H,,4)]* as well and not an ethane complex, [Pt,(C,H¢)]". Even
though the thermoneutral hydrogen exchange is reversible, the endother-
mic hydrogenation and ethane elimination is not observed under the ex-
perimental conditions.

The evidence for n=4 in Figure 5 is clear-cut. In that
case, the ultimate reaction product, observed for the [C,Hg)/
[D,] 1:10 mixture, is [Pt,C,D,]*. There is little doubt about
how this process occurs. Any [Pt,C;H,]* present—irrespec-
tive of being the result of a 1,1- or a 1,2-elimination—will
exchange one or two of its hydrogen atoms with the deuteri-
um atoms of D, for each encounter with a D, molecule.
After a few such encounters, isotope exchange is complete.
The intermediates involved in this process are probably of
the same structure as those of the initial dihydrogen elimi-
nation and the lifetimes of adducts with D, are too short to
be observed. Clearly, D-D activation by the platinum cluster
is an essential requirement for this process.

Chem. Eur. J. 2007, 13, 6883 —6890
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This rapid isotope exchange could partly be the due to a
slight thermodynamic preference for formation of the prod-
ucts resulting from zero-point vibrational energy differences.
Assuming standard values of the frequencies of vibrations
of the C—H and H—H and normal mass dependent isotope
effects, simple calculation shows that exchange of two hy-
drogen atoms by two deuterium atoms is exothermic by ap-
proximately 9 kJmol™ (see the Supporting Information).
Even when we take this detail into account, the experiments
clearly indicate low barriers for hydrogen interconversion by
a C—H activation mechanism.

From n=>5 (Figure 6) and above, the picture changes and
appears slightly more composite. The two major products
upon reaction with ethane are [Pt,C,H,]* and [Pt,C,H,|".
Interestingly, both exchange their hydrogen atoms with deu-
terium rapidly and the ultimate isotope exchange products
[Pt,C,D,]* and [Pt,C,D,]* are clearly seen at higher D,
concentrations. Besides these, we observe reactant adducts
of the type [Pt,D,]" and [Pt,D,]*, as well as product ad-
ducts, [Pt,C,D,,,]" and [Pt,C,D,,,]*. It is somewhat diffi-
cult to ascertain the order and identity of all reaction steps
involved. It does, however, appear clear that at [C,Hg]:[D,]
0.8:25 only D, monoadducts of the products are visible,
while the diadduct of the reactants can be seen. This could
be a hint that the reaction with ethane is faster than that
with D,, and that naked platinum clusters react faster than
those containing a D, unit attached. It is more significant,
however, that we note no exchange of the type:

[Pt,C,Dy,,] " + CHg — [P, CHgl" 4 C,Dg 3)

This is a strong indication that [Pt,C,D,,,]" does not con-
tain a unit containing an ethane structure, although we real-
ize this cannot be absolutely proven. It seems most likely
that it consists of an [Dy]ethylene unit—probably a di-o-
complex and not a si-complex!”'—plus two adsorbed deuteri-
um atoms and that there is a considerable barrier towards

activated forms of ethane.

Potential energy diagram for
Pt,* +C,H,: Based on the ex-
isting evidence we are now in
the position to suggest the qual- \
itative potential energy diagram
presented in Figure 7. This dia-
gram incorporates all the basic
findings for reactions between
cationic platinum clusters and
ethane. Firstly, there is a signifi-
cant barrier—corresponding to
the transition state TS—for the
second dehydrogenation step,
being only slightly lower in po-
tential energy than the reac-
tants. Secondly, if the first dihy-
drogen elimination step gives
rise to a loss of energy to H, size.
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and relative translation exceeding that potential energy dif-
ference, then the [Pt,C,H,]" molecular system will remain
on the left side of TS.. This is more likely to occur for the
1,1-route than for the 1,2-route in agreement with our exper-
imental observations. Translational energy release is inti-
mately linked to the detailed dynamics of the reaction. We
note that if the barrier for 1,1-elimination were significantly
lower than for the 1,2-elimination, this would explain the re-
sults. However, the results above indicate they are close in
energy. Thirdly, the barriers for the final leg of the first dihy-
drogen elimination, denoted TS,(1,1) and TS,(1,2), respec-
tively, must be extremely low and of similar order, thereby
allowing for the swift incorporation of deuterium observed
in the experiments with mixed C,Hy and D,. We will also
point out that the left part of the energy diagram is in close
agreement with the results of density functional theory cal-
culations."?

As already noted, the rates of dihydrogen elimination of
propane are generally faster than those for ethane
(Figure 1). Furthermore, we observed the close competition
for 1,1- and 1,2-eliminations in the reactions with ethane.
For propane there is a third option—namely dihydrogen
elimination by a 1,3-mechanism. To investigate the mecha-
nistic landscape for dehydrogenation of propane we con-
ducted experiments using [Dg]-1,1,1,3,3,3-propane. It is evi-
dent that not only is the rate of dihydrogen elimination
higher for propane, but the tendency for twofold dihydrogen
elimination is more pronounced, Figure 8. In the range in-
vestigated (n=1-11), only n=1, 4, 10, and 11 gave signifi-
cant single dihydrogen elimination, while the others give pri-
marily twofold dihydrogen elimination. The trend is
strengthened by the observation that the clusters that give
rise to single dihydrogen elimination are the same that react
slowly. For n=1, 4, 10, and 11, the same experiments
showed that there is very little loss of H,, while losses of
HD and D, are of equal abundance for the three latter and

TS

<

muliple & *2H,

steps

agram is only to be understood in qualitative terms, the exact heights of each step will vary with the cluster
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Figure 8. Reaction with [D¢]-1,1,1,3,3,3-propane. Relative rates for single
and twofold dihydrogen elimination. m:branching ratio of [Dg]-
1,1,1,3,3,3-propane.

HD loss is dominating for n=1 (Supporting Information).
This is different from ethane and precludes 2,2-elimination
from the central carbon (would have given H, loss), which is
remarkable taking into account the fact that the C—H bonds
of the central carbon are weaker than the corresponding
bonds at the termini. Although we assume that the channel
towards 1,3-elimination is open as well, we cannot distin-
guish it from the 1,1-elimination channel. Our results also
demonstrate that there is a shift in favor of 1,2-elimination
for propane for these cluster sizes. The clusters that give
twofold dihydrogen elimination show a somewhat variable
behavior to which degree hydrogen and deuterium atoms
are lost (see the Supporting Information). For n=1, 2, 8-11
there is preference for loss of H, plus D, (or 2HD), com-
pared to HD plus D, and 2D,—the latter two combinations
are of approximately the same abundance. The reverse is
observed for n=3-6, while for n="7 all three combinations
are equally abundant. Despite these trends, the overall pic-
ture for n>2 is that all combinations are observed with
equal probability within +20 %. This resembles the situation
for cationic rhodium clusters, which appear to dehydrogen-
ate propane in a random fashion, in the sense that hydrogen
and deuterium atoms are scrambled prior to dihydrogen
elimination. The complexity of the setting does, however,
not allow us to discriminate completely between scrambling
prior to dihydrogen elimination and a situation with 1,1-,
1,2- and 1,3-eliminations occurring in parallel.

Conclusion

From this study, we have learned that the reactivity of plati-
num clusters towards alkanes depends both on the cluster
size and the size of the alkane. The reactivity pattern for al-
kanes is regular with k(CH,) < k(C,H) < k(C;Hg). The only
reaction is dihydrogen elimination (single or twofold).
While methane shows high selectivity in its reactivity (fast
reaction for n=1-3, 5-9, 11, 12, and 15 and no/slow reaction
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for n=4, 10, 13, 14, and 16-21), propane is essentially reac-
tive for all values of n with efficiencies, ¢, above 0.8 per col-
lision. Ethane lies in-between methane and propane for all
cluster sizes. The isotope labeling experiments indicate a
gradual shift in reaction mechanism in going from methane
to propane via ethane. While methane displays only 1,1-
elimination, an additional (minor) 1,2-elimination mecha-
nism is observed for most cluster sizes for the reaction with
ethane. For propane, 1,2-elimination seems to dominate.
The outcome of reactions with C,Hg in the presence of D,
demonstrates rapid exchange of all hydrogens in [Pt,CH,]*
with deuterium. A potential energy diagram summarizes
these observations.

The strong link between the present study and the use of
platinum as an industrial catalyst for hydrogenation and de-
hydrogenation was emphasized in the introduction. During
the experiments discussed above, the close relationship be-
tween dehydrogenation on cationic platinum clusters and
the corresponding reactions on platinum surfaces has
become evident. In the future—with better tools available
for structure determination of gas-phase clusters and more
reliable quantum chemical methods—it will hopefully be
possible to understand the underlying causes and clarify the
connection between the observed reactivity trends for clus-
ters in terms of size and geometry and the local structure of
reactive surfaces.

Experimental Section

General: The experiments were performed with a Fourier transform ion
cyclotron resonance (FTICR) mass spectrometer, Bruker Apex 47e¢
(Bruker Daltonics, MA, USA), with a supplementary cluster ion source
chamber with additional pumping attached to the standard source cham-
ber. The experimental setup is of the same design as used by Berg and
coworkers and has been described elsewhere.” Here a description of the
operational techniques and conditions specific to the present study will
be given.

Platinum cluster cations were generated by pulsed laser vaporization of a
rotating platinum disk. We used isotopically enriched Pt (97.3 %, Oak
Ridge National Laboratories). A hot plasma was produced by focusing
the second harmonic (532 nm) of a PL8020 Nd:YAG laser (Continuum,
CA, USA, 20 Hz, 6-12mJ per 5 ns pulse, spot size 0.1-0.2 mm) on the
target. The plasma was subsequently cooled and clustered by coexpan-
sion with a short pulse of helium carrier gas through a confining channel
(35 mm, 2 mm i.d.). The helium gas (99.9999 %, Aga, Norway) was pro-
vided by a custom-built piezoelectronic valve (30 ps opening time, back-
ing pressure 30-40 bar). As both ions and neutrals are made in the pro-
cess, further ionization becomes unnecessary. The cluster ions were accel-
erated downstream from a 410 um skimmer, transferred into the high
field region of the 4.7 T superconducting magnet, decelerated and trap-
ped in the ICRcell. The cluster size distribution is mainly determined by
the backing pressure, the laser intensity, and the delay time between the
laser pulse and the opening of the piezoelectronic valve. Due to the
time-of-flight limitations imposed by the instrument duty cycle, the width
of the cluster distribution is limited. To increase the signal intensity, plati-
num clusters were accumulated by 40 repetitive cluster generation and
transfer cycles.

Deuterium (99.998%, Hydro Gas, Norway), ethane (99.9%), propane
(99.95%), [DgJethane (99 atom %), [D;]-1,1,1-ethane (99 atom %), [D,]-
2,2-propane (99 atom %), and [Dg]-1,1,1,3,3,3-propane (98 atom %, all
Icon Isotopes, USA) were dispensed into the FTICR cell through a leak
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Figure 9. Reaction of Pt* with methane after additional thermalization
with argon. a) relative intensities of the reactant and product ion at varia-
ble reaction time, t. Each reaction time represents an independent ex-
periment. To avoid any bias from slight drifts in the experimental condi-
tions, the ordering of # was chosen randomly. a:Pt*, m:[PtC,H,]".
b) Plot of the natural logarithm of the normalized cluster ion intensities
against ¢, and linear fit (0 to 20 s) to obtain pseudo-first-order bimolecu-
lar rate constants.

valve. During the experiments, the pressure in the cell was raised from
the base value of ~3x 107" mbar to partial pressures of the hydrocar-
bons estimated to approximately 5x 10~ to 5x 10~ mbar. The substrate
pressure was read out by means of a cold cathode ion gauge which was
calibrated by using the reaction of NH;** (generated externally by EI)+
NH;—NH,"+NH,’, k=2.2x10" cm*mol™"' s and corrected by rela-
tive sensitivity factors of R(NH;)=1.12, R(H,)=0.59, R(CH,)=1.23, R-
(C,Hg)=1.91, and R(C;Hg)=2.56.%" The sensitivity factors had been cal-
culated with the respective polarizabilities a(NH;)=2.81, a(H,)=0.8042,
a(CH,) =2.593, a(C,Hg) =4.47, and a(C;Hg)=6.29 x 107> cm™>. Approxi-
mate gas mixtures were prepared in situ by introducing the gases through
independent leak valves.
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Figure 10. Reaction of Pt,* with ethane. Left panel: relative intensities of
the reactant and product ions at variable f,. Right panel: Plot of the natu-
ral logarithm of the normalized cluster ion intensities against . and linear
fit (0 to 10s) to obtain pseudo-first-order bimolecular rate constants.
m:Pty*,  e:[Pt;CH,]*, a:[PtCH,]*, &:Pt,CH;, 0 [Pt;CsHgl",
01 [PteCsHyo] ™, A1 [PtCsHyo] ™.

Rate constants for the reactions of each cluster were determined directly
from the total cluster distributions without prior isolation. Mass spectra
were recorded after a variable reaction time, t,, thereby giving the prod-
uct ion distribution with time. Pseudo-first-order bimolecular rate con-
stants for the total consumption of the platinum cluster cations were
taken from the slope of the straight lines obtained by plotting the natural
logarithm of the normalized cluster ion intensities against f. The intensi-
ties were normalized against the total sum of ion intensities pertaining to
each specific reactant cluster. To determine reaction rates without inter-
ference of potential decomposition products from larger clusters, sepa-
rate experiments were performed in which cluster cations of one specific
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size (m/z value) were isolated and subjected to the hydrocarbons or to di-
hydrogen. Isolation was achieved by ejecting undesired ions from the cell
by using correlated frequency sweeps®! and in some cases by using addi-
tional single frequency shots. These isolation experiments were per-
formed for each cluster size and we could thereby confirm that there
were no interfering cluster decomposition reactions within the timescale
of our experiments, when using the total cluster distributions without
prior isolation to obtain the kinetic data. The detection limit for slow re-
actions (Figure 1) is mainly the result of reactions of the naked platinum
clusters and platinum cluster products with background oxygen, for
which the reaction chronology is not unambiguously determined.

The uncertainty of the absolute rates is typically £40%, but relative
rates are very precise. Relative errors are given at the 95% confidence
level. Reactions were observed until 90% consumption of the parent
cluster ion with the exception of some slow reactions as indicated in the
text. Rates are given in terms of reaction efficiencies, ¢, which are the
observed rates divided by the theoretical collisional rates (see the Sup-
porting Information). The latter were obtained by the parameterized
model of Su and Chesnavich.?”) Our experimental reaction efficiencies of
>1.00 are explained by the fact that Su’s and Chesnavich’s model under-
estimates real collision rates to some extent, as surface charge distribu-
tion is neglected.” Branching ratios for the primary products were ob-
tained from pseudo-first-order kinetic fits to the experimental data ex-
tracted at early reaction times before secondary products became signifi-
cant (<5 % relative to the most intense peak).

To avoid contributions from long-living excited states, absolute rate con-
stants of the monatomic platinum cation were determined after thermali-
zation for 3 s followed by isolation. Thermalization was achieved upon in-
troduction of a short pulse of argon (peak pressure 1x 10 ®mbar, ~40
collisions). Thermalization of higher clusters prior to reaction is con-
firmed by the straight lines of the cluster ion intensities against time
(vide infra; Figures 9 and 10). Positive or negative curviture in the plots
would have indicated cooling or heating of nonthermalized clusters
through collisional or radiative processes during the reactions. This is
clearly not the case. We found that additional cooling through argon
shots is only required to some extent for the monatomic platinum cations,
while larger clusters thermalized efficiently through collisional and radia-
tive processes as well as internal conversion, etc. during the transfer from
the source region into the FTICR cell.
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