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Abstract

The gas-phase reactions of the cluster ions Rh2
+ and PtRh+ with methane and ammonia are studied by Fourier-transform ion-cyclotron-

resonance mass spectrometry. The dehydrogenation reactions observed closely resemble processes previously found for Pt2
+. In the presence

of ammonia, the carbene species Rh2CH2
+ and PtRhCH2+ formed in the primary dehydrogenation of methane yield the carbide complexes
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h2C+(NH3) and PtRhC+(NH3), respectively. Again, this behavior is analogous to that of the corresponding platinum cluster. The ge
f carbide complexes in the gas phase mimics unwanted soot formation in the heterogeneous Degussa process which employs platinum a
hodium for the catalytic conversion of methane and ammonia to hydrogen cyanide.

2004 Elsevier B.V. All rights reserved.
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. Introduction

Fueled by a strong economic interest, the activation of
ethane and other simple, inert substrates by transition
etals receives much attention[1–4]. Although important
rogress has been made in the past decade[5–7], many ques-

ions remain open and thus call for further efforts to under-
tand the fundamental prerequisites of the activation process.
articularly, one has to find out which transition metals are
uited best for this purpose.

One possible method to unravel the intrinsic reactivities
f the d-block elements relies on gas-phase techniques[8].
y the rigorous exclusion of any environmental effects, the
hemical behavior of a transition metal can be probed under
ell-defined conditions. As far as mass spectrometry is used
s experimental technique, this approach is limited to charged
pecies, in the simplest case monocationic metal atoms M+.
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For these, the entire d-block has been screened with re
to reactivity toward methane[9–11]. With the exception o
Zr+ [12,13], none of the 3d or 4d elements achieves CH4 ac-
tivation under thermal conditions. Instead, the 5d metal
Ta+, W+, Os+, Ir+, and Pt+ spontaneously dehydrogen
methane according to reaction 1. This striking difference
been traced back to different stabilities of the resulting m
carbene species which originate from different sd-promo
energies of the metal ions and ultimately reflect the diffe
extents of relativistic effects[10,14].

M+ + CH4 → MCH2
+ + H2 (1)

Besides mononuclear metal ions M+, several cluster ion
Mn

+ have been investigated as well. These experim
provide valuable additional information because they a
the exploration of different electronic structures and pr
species with lower charge densities that should be better
parable to systems of practical interest. For instance, it c
be shown that small platinum clusters Ptn

+/−,n≤9, dehydro
genate CH4 in analogy to the behavior of mononuclear P+
[15–17]. In other cases, only for specific clusters sizes

+
ord, CA 94305-5080, USA. reactivities are observed. Whereas, e.g., Rh2 accomplishes
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CH4 activation, neither mononuclear Rh+ nor the larger clus-
ters Rhn+ do so[18].

Interestingly, both platinum and rhodium are used in one
of the few established industrial processes for methane ac-
tivation, namely the Degussa process. This procedure em-
ploys heterogeneous platinum or platinum/rhodium catalysts
for the generation of hydrogen cyanide from CH4 and NH3
at elevated temperatures, reaction 2[19–21].

CH4 + NH3
[Pt] v [Pt/Rh]−→ HCN + 3H2 (2)

Previous work from our group has shown that the reactivity
of gaseous Pt+ mimics that of the DEGUSSA catalyst in that
it mediates CN coupling of methane and ammonia, the car-
bene species PtCH2+ being the key intermediate[22,23]. In
contrast, the analogous reactions of platinum clusters Ptn

+
lead to carbide species PtnC+(NH3) and may thus be inter-
preted as gas-phase equivalents of unwanted soot formation
on the heterogeneous catalyst[24].

Given that rhodium displays catalytic activity in the DE-
GUSSA process as well, the gas-phase reactivities of Rh2

+
and Rh2CH2

+ also deserve attention. Moreover, the mixed
dinuclear cluster PtRh+ offers the possibility to study even-
tual cooperative effects of the two metals that could be
relevant to the heterogeneous process as well. Such cooper-
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ions yield bimolecular rate constantsk. The errors ink are
estimated to±30% in the case of CH4 [33] and±50% for
NH3 because of the unfavorable pumping characteristics of
the latter that render the maintenance of a constant pressure
throughout the whole experiment difficult. Reaction efficien-
cies ϕ = k/kcap are calculated according to capture theory
[34]. To study the reactions of the metal-carbene ions, these
are generated by subjecting the mass-selected, thermalized
bare metal dimers to pulsed-in methane followed by a sec-
ond mass selection. For collision-induced dissociation (CID)
experiments, the ion of interest is mass-selected, kinetically
excited, and collided with pulsed-in argon gas prior to detect-
ing the fragment ions.

3. Results

As already reported by Albert et al.[18], Rh2
+ effi-

ciently dehydrogenates CH4, reaction 3. The rate constant
derived from the present experiments,k = (5.9 ± 1.8) ×
10−10 cm3 s−1, agrees with the value measured by these au-
thors,k = (7.0± 2.1)× 10−10 cm3 s−1, within the error mar-
gins.

Rh2
+ + CH4 → Rh2CH2

+ + H2 (3)
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tive effects have been observed for the dinuclear plati
oinage metal cations PtM+, M = Cu, Ag, and Au[25–27]. To
robe whether a similar situation applies to the system

num/rhodium as well, we now have studied the reactivitie
h2

+ and PtRh+ toward methane and ammonia by mean
ourier-transform ion-cyclotron-resonance mass spectr

ry.

. Experimental

Experiments were performed using a Spectrospin C
7X FT-ICR mass spectrometer[28] equipped with a
malley-type[29] cluster-ion source developed by Bon
ey, Niedner-Schatteburg, and co-workers[30,31]. In brief,

he fundamental of a pulsed Nd:YAG laser (λ = 1064 nm
pectron Systems) is focused onto a rotating target
latinum-rhodium alloy (1:1 molar ratio). The metal plas

hereby generated is entrained in a synchronized helium
nd cooled by supersonic expansion to achieve cluste
ation. After passing a skimmer, the ionic components o
olecular beam are transferred into the analyzer cell w

hey are trapped in the field of a 7.05 T superconducting m
et.

After mass selection of the103Rh2
+ or 195Pt103Rh+ ion,

espectively, by means of the FERETS ion-ejection techn
32] and ion thermalization by pulsing-in argon as a bu
as, ion-molecule reactions are studied by leaking-in the

ral reactant atp≈ 10−8 mbar. Based on the pseudo first-or
inetic approximation, kinetic analysis of the decline of
eactant clusters and evolution of the corresponding pro
t2+ undergoes an analogous reaction with methane th
ven more efficient (Table 1) [16,17]. Hence, a simple in
erpolation suggests a similar behavior of PtRh+ which is
ndeed observed in experiment, reaction 4. Apparent

akes no difference if the metal cluster has an even
tRh+) or odd (like Rh2+ and Pt2+) number of valence ele

rons.

tRh+ + CH4 → PtRhCH2
+ + H2 (4)

learly, the dehydrogenation accomplished in reactions
corresponds to the activation of methane. In the conte

he DEGUSSA process, the crucial question now is whe
he resulting metal carbene species react with ammoni
er C N bond formation. We find that both Rh2CH2

+ and

able 1
imolecular rate constantsk and efficienciesϕ for the reactions of Rh2+,
hPt+, and Pt2+ with methane and ammonia

eaction k (×10−10 cm3 s−1) (ϕ)

MM ′+ = Rh2
+ RhPt+ Pt2+

M ′+ + CH4

→ MM ′CH2
+ + H2

5.9 (0.60)a 7.1 (0.74) 8.2 (0.85)b,c

M ′CH2
+ + NH3

→ [M,M ′,C,H3,N]+ + H2

12.8 (0.63) 9.4 (0.47) 9.7 (0.49)d

M ′+ + NH3

→ MM ′NH+ + H2

2.6 (0.12) 0.8 (0.04) 5.4 (0.27)b

a Compare tok = (7.0± 2.1)× 10−10 cm3 s−1 [18].
b Taken from[17].
c Compare tok = (7.0± 0.6)× 10−10 cm3 s−1 [16].
d Taken from[24].
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PtRhCH2
+ undergo ready dehydrogenation in the presence

of NH3, reactions 5 and 6.

Rh2CH2
+ + NH3 → [Rh2, C, H3, N]+ + H2 (5)

PtRhCH2
+ + NH3 → [Pt, Rh, C, H3, N]+ + H2 (6)

These observations alone do not give clear clues with re-
spect to the ion structures because dehydrogenation can be
associated with CN coupling, but can also involve the car-
bene unit only. Specifically, two markedly different patterns
for the dehydrogenation of platinum carbenes have been dis-
tinguished. Mononuclear PtCH2+ as well as the dinuclear
platinum-coinage metal-carbene species PtMCH2

+, M = Cu,
Ag, and Au, form metal-aminocarbene complexes in their
reactions with NH3, i.e., they do mediate CN coupling
[22,23,25–27]. In contrast, the seemingly equivalent reac-
tions of the PtnCH2

+ clusters (n = 2–5) with NH3 yield
carbide structures PtnC+(NH3) and thus do not accomplish
C N bond formation[24]. Experimentally, a distinction be-
tween both reaction pathways can be achieved by isotopic
labeling. For the present problem, this approach implies con-
sideration of Rh2CD2

+ and PtRhCD2+. In the presence of
ammonia, both these ions exclusively lose D2, reactions 5a
and 6a, which is clear evidence for the formation of the corre-
sponding carbide species Rh2C+(NH3) and PtRhC+(NH3),
r
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Regarding secondary processes, no reaction is found for
Rh2NH+ whereas PtRhNH+ slowly protonates ammonia
concomitant with loss of neutral PtRhN (k ≈ 1.7 ×
10−11 cm3 s−1, ϕ ≈ 8 × 10−3). This implies that Rh2N is
a stronger gas-phase base than NH3 whereas the opposite
holds true for PtRhN. In addition, the mixed cluster ion yields
the consecutive products RhNH3

+ and [Pt,Rh,H4,N2]+ with
similarly low efficiencies.

As all three diatomic clusters Rh2
+, PtRh+, and Pt2+

accomplish NH3 activation, reaction of the resulting imine
species with CH4 might be considered as an alternative route
for C N coupling. In the case of Pt2NH+, however, a ma-
jor drawback of this approach arises from the competition of
the efficient proton transfer to NH3. This very reaction also
prohibits an unambiguous experimental elucidation of the re-
activity of Pt2NH+ toward CH4. Owing to the unfavorable
pumping characteristics of ammonia, Pt2NH+ cannot be gen-
erated by exposure of Pt2

+ to a short NH3 pulse but only by
reaction with continuously leaked-in ammonia that inevitably
also gives rise to the consecutive proton transfer. Suppressing
this unwanted reaction by applying a high pressure of CH4
is not feasible either, because this measure would mainly
lead to the build-up of Pt2CH2

+ and consecutively formed
Pt2C+(NH3) instead of generating Pt2NH+. For Rh2NH+
and PtRhNH+, the situation is more favorable because of their
m with
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espectively.

h2CD2
+ + NH3 → [Rh2, C, H3, N]+ + D2 (5a)

tRhCD2
+ + NH3 → [Pt, Rh, C, H3, N]+ + D2 (6a)

n the case of the rhodium dimer, additional support for
tructural assignment comes from CID of the [Rh2,C,H3,N]+
roduct ion which leads to Rh2C+ as sole ionic fragmen
eaction 7. For a hypothetical aminocarbene complex,
ould expect a different fragmentation behavior, e.g., lo
f H2 or HCN[22].

Rh2, C, H3, N]+ → Rh2C+ + NH3 (7)

hile both Rh2+ and PtRh+ activate methane but do not m
iate coupling with ammonia in the second step, it rem

o be probed whether the bare metal clusters react with3.
mong the platinum clusters Ptn

+,n≤ 5, only Pt2+ dehydro-
enates ammonia. The resulting imine species Pt2NH+ then
apidly transfers its proton to a further NH3 molecule in a sec
nd step (k= 6.6× 10−10 cm3 s−1, ϕ = 0.33)[17]. Again, the
eactivities of Rh2+ and PtRh+ resemble that of their Pt2

+
ounterpart. Both ions react with ammonia under dehy
enation as well, reactions 8 and 9. However, the efficien
f these processes are significantly smaller compared
orresponding reaction of Pt2

+ (Table 1). Moreover, the reac
ion efficiencies do not follow a continuous trend when go
rom Rh2

+ via PtRh+ to Pt2+ but show a minimum for th
eteronuclear cluster ion.

h2
+ + NH3 → Rh2NH+ + H2 (8)

tRh+ + NH3 → PtRhNH+ + H2 (9)
uch lower tendency to undergo secondary reactions
H3. The reactivities of these ions can be qualitatively pro
y exposing the mass-selected imine species to a seque
ethane pulses that rapidly raise the CH4 pressure. Despi

he thus obtained high number of collisions between the m
mines and CH4 no reaction products are observed wh
ules out appreciable reactivities of Rh2NH+ and PtRhNH+
oward methane. Hence, starting with NH3 activation doe
ot achieve CN coupling of methane and ammonia eith

. Discussion

The present experiments reveal several parallels in th
ctivities of Rh2+, PtRh+, and Pt2+. To some extent, th
likeness might be expected, given the well-known gen
imilarities in the chemical behavior of rhodium and p
num that are reflected in the term “platinum metals” coi
or these two elements together with Ru, Os, Ir, and Pd[35].
owever, it is common wisdom that the reactivities of sm
etal clusters can be strongly modulated by electronic
eometric effects[36]. Whereas the geometric situation m
robably remains nearly constant in the progression R2

+,
tRh+, and Pt2+, the electronic structure certainly chang

he number of valence electrons alternating between od
ven. Apparently, the differences in electronic structure
entially do not affect the clusters’ chemical reactivitie1

1 A slight difference might be perceived in the reactions with ammo
ere, the rate constants found for the clusters do not display a mono

rend but pass through a minimum for the even-electron cluster P+
Table 1).
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In marked contrast, going from Pt2
+ to PtM+ or M2

+, M =
Cu, Ag, and Au, leads to qualitative changes in chemical be-
havior [25–27]. Thus, it seems that filling-up the d-electron
shells of the clusters increases their sensitivity to further elec-
tronic changes. This trend agrees with expectation in that the
coinage metals only have a limited number of free valences
that are required for substrate binding and thereby crucially
influence the reactivities of the clusters. A full understanding
of these relations must remain reserved to a rigorous compu-
tational treatment, however.

Additional insight can be gained from comparing the metal
dimers to clusters of other sizes. For rhodium and platinum,
the dinuclear clusters display distinct reactivities in terms of
bond activation. The dehydrogenation of both methane and
ammonia achieved by the dimers is unparalleled for all other
cluster sizes Rhn+ and Ptn+ investigated so far (with respect
to mixed platinum-rhodium clusters, no further data is avail-
able for comparison). We have suggested that the elevated
reactivities of the dinuclear species might result from two
opposing trends[17]. On the one hand, an increase of the
cluster size enhances intra-cluster binding and thus saturates
open valences, thereby lowering the tendency towards sub-
strate activation. On the other hand, the presence of more than
a single metal atom opens the possibility of forming bridg-
ing bonds towards the substrate. Such multifold interactions
s ilitate
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lattice geometry etc. Nevertheless, systematic investigations
of the heterogeneous process demonstrate that platinum and
rhodium almost behave identically, the reactivity of the latter
being slightly stronger affected by the formation of carbon-
atom monolayers in the presence of excess methane[19,20].

5. Conclusion

Gas-phase experiments reveal high intrinsic reactivities
of the cluster ions Rh2+ and PtRh+. Both species activate
methane and ammonia in dehydrogenation reactions that are
analogous to processes observed for Pt2

+. This remarkable
similarity implies that the reactivities of these clusters are not
very sensitive to changes in their electronic structure. Interest-
ingly, this behavior contrasts with the situation encountered
for the dinuclear platinum-coinage metal clusters PtM+ M =
Cu, Ag, and Au, whose reactivities significantly differ from
both those of Pt2

+ and M2
+. Presumably, once the metals’

d-shells are filled up to a certain level, the clusters can no
longer provide enough free valence sites for easy substrate
binding and activation. While the high reactivities of Rh2

+
and PtRh+ allow efficient methane activation, the resulting
metal-carbene species do not undergo CN coupling with
ammonia. The strong interactions of both metal atoms in the
d ction
s tabi-
l ards
c e-
h s
h nts do
n ce of
p
c met-
a eous
c

hase
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hould stabilize carbene or imine species and thus fac
heir formation. While in the case of late transition me
ike rhodium and platinum, the optimum reactivity seem
e reached forn= 2, the situation may be different for earl
-block elements whose valence-shells are populated b
lectrons.

The question of CH4 and NH3 activation by rhodium an
latinum attracts further interest against the backgroun

he DEGUSSA process. Like in the case of homonuclear p
num clusters Ptn+, n = 2–5[24], methane dehydrogenati
y Rh2

+ and PtRh+ and reaction with ammonia exclusive
eads to carbide complexes. This finding indicates that
eaction pathway is not just limited to platinum clusters
perative in general if the cluster contains at least two m
enters capable of forming strong bonds to carbon. The
eractions with the metal core stabilize the carbon fragm
ufficiently such that it is no longer available for CN cou-
ling with ammonia.

Finally, the present experiments do not provide any
dence for cooperative effects in the reactivity of PtRh+ as
hey were found for the dinuclear platinum-coinage m
lusters PtM+, M = Cu, Ag, and Au[25,26]. Likewise, there

s no indication that PtRh+ could mediate CN bond for-
ation by a novel reaction type via the initial formation

mine species. Hence, gas-phase experiments do not fin
erior intrinsic reactivity of the heteronuclear PtRh+ cluster

on compared to the “pure” clusters Rh2
+ and Pt2+. Cer-

ainly, this result by no means rules out the possibility
hodium additives enhance the performance of the hete
eous Degussa catalyst by modifying its surface structu
-

inuclear clusters are assumed to facilitate the first rea
tep by raising its exothermicity, but the thus achieved s
ization of the intermediates lowers their tendencies tow
onsecutive bond formation with NH3. Precisely the same b
avior has been observed for Pt2CH2

+ and the homologou
eavier clusters. Thus, the present gas-phase experime
ot suggest major differences between the performan
latinum and rhodium in the heterogeneous DEGUSSA pro-
ess for HCN generation. Indeed, it was shown that both
ls have quite similar catalytic activities under heterogen
onditions[19,20].

With a larger amount of data emerging for the gas-p
eactivities of transition-metal cluster ions, the classifica
f new experimental results becomes more and more str

orward. Continued systematic efforts promise to achie
ull understanding of the truly fascinating properties of m
lusters and are expected to provide important stimuli to o
reas within chemistry as well.
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