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Abstract

The gas-phase reactions of the cluster iongRind PtRH with methane and ammonia are studied by Fourier-transform ion-cyclotron-
resonance mass spectrometry. The dehydrogenation reactions observed closely resemble processes previously foundfe pirtsence
of ammonia, the carbene species;RH,™ and PtRhCH' formed in the primary dehydrogenation of methane yield the carbide complexes
Rh,C*(NH3) and PtRhC (NH3), respectively. Again, this behavior is analogous to that of the corresponding platinum cluster. The generation
of carbide complexes in the gas phase mimics unwanted soot formation in the heterogemamsa pProcess which employs platinum and
rhodium for the catalytic conversion of methane and ammonia to hydrogen cyanide.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction For these, the entire d-block has been screened with respect
to reactivity toward methang®-11]. With the exception of
Fueled by a strong economic interest, the activation of Zr* [12,13], none of the 3d or 4d elements achieves,Gle-

methane and other simple, inert substrates by transitiontivation under thermal conditions. Instead, the 5d metal ions
metals receives much attentigph-4]. Although important ~ Tat, WT, Os", Irt, and Pt spontaneously dehydrogenate
progress has been made in the past def&€dd, many ques- methane according to reaction 1. This striking difference has
tions remain open and thus call for further efforts to under- been traced back to different stabilities of the resulting metal-
stand the fundamental prerequisites of the activation processcarbene species which originate from different sd-promotion
Particularly, one has to find out which transition metals are energies of the metal ions and ultimately reflect the different

suited best for this purpose. extents of relativistic effectd 0,14]
One possible method to unravel the intrinsic reactivities 4 N
of the d-block elements relies on gas-phase techniffiles M™ + CHs — MCH2™ + Hp 1)

By the rigorous exclusion of any environmental effects, the gacides mononuclear metal ionstMseveral cluster ions
chemical behavior of a transition metal can be probed undery; + pave peen investigated as well. These experiments
. g . n .
well-defined conditions. As far as mass spectrometry is usedy,qide valuable additional information because they allow
as experimental technique, this approach is limited to chargedine exploration of different electronic structures and probe
species, in the simplest case monocationic metal atoms M g0 cies with lower charge densities that should be better com-
parable to systems of practical interest. For instance, it could
. be shown that small platinum clusterg Pt~,n <9, dehydro-
* Corresponding author. Tel.: +49 30 314 23483; fax: +49 30 314 21102. te CHi | to the behavi f lear Pt
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CHg activation, neither mononuclear Rimor the larger clus-  ions yield bimolecular rate constarksThe errors irk are

ters R ™ do so[18]. estimated tat30% in the case of CiH[33] and+50% for
Interestingly, both platinum and rhodium are used in one NHz because of the unfavorable pumping characteristics of

of the few established industrial processes for methane ac-the latter that render the maintenance of a constant pressure

tivation, namely the Bcussa process. This procedure em- throughout the whole experiment difficult. Reaction efficien-

ploys heterogeneous platinum or platinum/rhodium catalysts cies ¢ = k/kcap are calculated according to capture theory

for the generation of hydrogen cyanide from £&hd NH; [34]. To study the reactions of the metal-carbene ions, these

at elevated temperatures, reactioji2-21] are generated by subjecting the mass-selected, thermalized
bare metal dimers to pulsed-in methane followed by a sec-

CHa + NH3 " YIPYRA L eN - 3H, ) ond mass selection. For collision-induced dissociation (CID)

experiments, the ion of interest is mass-selected, kinetically

Previous work from our group has shown that the reactivity excited, and collided with pulsed-in argon gas prior to detect-
of gaseous Ptmimics that of the DEGUSSA catalystinthat ing the fragment ions.
it mediates &N coupling of methane and ammonia, the car-
bene species PtGFH being the key intermediaf@2,23] In
contrast, the analogous reactions of platinum clusters Pt 3. Results
lead to carbide species, T (NH3) and may thus be inter-
preted as gas-phase equivalents of unwanted soot formation As already reported by Albert et aJ18], Rhp*t effi-
on the heterogeneous catalf4]. ciently dehydrogenates GHreaction 3. The rate constant

Given that rhodium displays catalytic activity in the DE-  derived from the present experimenks= (5.9 + 1.8) x
GUSSA process as well, the gas-phase reactivities ef Rh  10-19cmds1, agrees with the value measured by these au-
and RRCH,* also deserve attention. Moreover, the mixed thors k = (7.04+ 2.1) x 10 1%cm® s, within the error mar-
dinuclear cluster PtRhoffers the possibility to study even- gins.
tual cooperative effects of the two metals that could be
relevant to the heterogeneous process as well. Such coopeRhe* + CHz — RheCH2 ™ + Hp ©)

ative effects have been observed for the dinuclear platinum- PL* undergoes an analogous reaction with methane that is
coinage metal cations PtMM =Cu, Ag, and AY25-27] To . . .
9 ™ g 4 } even more efficientTable ) [16,17] Hence, a simple in-

probe whether a similar situation applies to the system plat- ) 7 . mhich i
inum/rhodium as well, we now have studied the reactivities of _terpolat|on suggests a similar behavior of hich is

Rh,*+ and PtRH toward methane and ammonia by means of indeed observed in experiment, reaction 4. Apparently, it

; : makes no difference if the metal cluster has an even (like
Fourier-transform ion-cyclotron-resonance mass spectrome- ;
try 4 P PtRh") or odd (like Rt and P$T) number of valence elec-

trons.

PtRh"™ + CHs — PtRhCH™ + H; (4)
2. Experimental
Clearly, the dehydrogenation accomplished in reactions 3 and
Experiments were performed using a Spectrospin CMS 4 corresponds to the activation of methane. In the context of
47X FT-ICR mass spectrometdP8] equipped with a the DEGUSSA process, the crucial question now is whether
Smalley-type[29] cluster-ion source developed by Bondy- the resulting metal carbene species react with ammonia un-
bey, Niedner-Schatteburg, and co-worki8,31} In brief, der C-N bond formation. We find that both RGH,* and
the fundamental of a pulsed Nd:YAG laser £ 1064 nm,
Spectron Systems) is focused onto a rotating target of a
platinum-rhodium alloy (1:1 molar ratio). The metal plasma Table 1 o ,
thereby generated is entrained in a synchronized helium pulsegmolecular rate constantsand efficiencies for the reactions of RiT,
. . . hPt", and P+ with methane and ammonia
and cooled by supersonic expansion to achieve cluster for

mation. After passing a skimmer, the ionic components of the Reaction k(x10enP's™) (¢)
molecular beam are transferred into the analyzer cell where MM’ =Rkt RhPt™  Ppt
they are trapped in the field of a 7.05 T superconducting mag- mm’+ + CH, 5.9 (0.60f  7.1(0.74) 8.2(0.8%)°
net. — MM'CHy™ + Hy
After mass selection of th¥3Rhy* or 195P{03Rh* jon, MM’'CH,* + NHg 128(0.63)  9.4(0.47) 9.7 (0.49)

respectively, by means of the FERETS ion-ejection technique Mr\?M%f'l—b'NF *H: 26 (0.12) 0.8(0.04) 5.4 (0.27)

[32] and ion thermalization by pulsing-in argon as a buffer — _ y/na+ + Hy
gas, ion-molecule reactions are studied by leaking-in the neu- — ~

3 . a Compare tck = (7.04 2.1) x 10 19cm®s~1 [18].
tralreactant gv~ 10~ ° mbar. Based onthe pseudofirst-order -, - from[17].
kinetic approximation, kinetic analysis of the decline of the ¢ compare tk= (7.0+ 0.6) x 1020cm3s1 [16].
reactant clusters and evolution of the corresponding product ¢ Taken from[24].
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PtRhCH™ undergo ready dehydrogenation in the presence
of NH3, reactions 5 and 6.

haCH2+ + NH3 — [ha, C, Hs, N]+ + H»
PtRhCH™ + NH3 — [Pt, Rh, C, Hz, N]™ + Ha

®)
(6)

These observations alone do not give clear clues with re-

21

Regarding secondary processes, no reaction is found for
RhpNHT whereas PtRhNH slowly protonates ammonia
concomitant with loss of neutral PtRhNK (* 1.7 x
101 emis1, ¢ ~ 8 x 1073). This implies that RpN is

a stronger gas-phase base thansNthereas the opposite
holds true for PtRhN. In addition, the mixed cluster ion yields
the consecutive products RhiyHand [Pt,Rh,H,N2] T with

spect to the ion structures because dehydrogenation can beimilarly low efficiencies.

associated with €N coupling, but can also involve the car-
bene unit only. Specifically, two markedly different patterns

As all three diatomic clusters Rh, PtRh, and P3+
accomplish NH activation, reaction of the resulting imine

for the dehydrogenation of platinum carbenes have been dis-species with Ci might be considered as an alternative route

tinguished. Mononuclear PtGH as well as the dinuclear
platinum-coinage metal-carbene species PtMCH/ = Cu,

Ag, and Au, form metal-aminocarbene complexes in their
reactions with NH, i.e., they do mediate -G\ coupling
[22,23,25-27] In contrast, the seemingly equivalent reac-
tions of the PtCHy™ clusters i = 2-5) with NH; yield
carbide structures PE*(NH3z) and thus do not accomplish
C—N bond formatior24]. Experimentally, a distinction be-

for C—N coupling. In the case of PFlH™, however, a ma-
jor drawback of this approach arises from the competition of
the efficient proton transfer to Nfd This very reaction also
prohibits an unambiguous experimental elucidation of the re-
activity of PeNH™ toward CH,;. Owing to the unfavorable
pumping characteristics of ammoniazRH* cannot be gen-
erated by exposure of £t to a short NH pulse but only by
reaction with continuously leaked-in ammonia that inevitably

tween both reaction pathways can be achieved by isotopicalso gives rise to the consecutive proton transfer. Suppressing

labeling. For the present problem, this approach implies con-
sideration of RBCD,™ and PtRhCB™. In the presence of
ammonia, both these ions exclusively losg Beactions 5a
and 6a, which is clear evidence for the formation of the corre-
sponding carbide species #&1"(NH3) and PtRhC (NH3),
respectively.

RhpCD," + NH3z — [Rhy, C, Hz, N]™ + D2 (5a)

PtRhCD>™ 4+ NH3 — [Pt, Rh, C, H3, N]* + D> (6a)

In the case of the rhodium dimer, additional support for this
structural assignment comes from CID of the }R8Hz,N] ™
product ion which leads to RE™ as sole ionic fragment,
reaction 7. For a hypothetical aminocarbene complex, one
would expect a different fragmentation behavior, e.g., losses
of H, or HCN[22].

[Rhy, C, H3, N]* — RhC* + NH3 (7)

While both R* and PtRH activate methane but do not me-
diate coupling with ammonia in the second step, it remains
to be probed whether the bare metal clusters react with NH
Among the platinum clusters,Pt, n <5, only P+ dehydro-
genates ammonia. The resulting imine specieblRt™ then
rapidly transfers its proton to a further Nirholecule in a sec-
ond stepk=6.6x 107 1%cm3s~1, » =0.33)[17]. Again, the
reactivities of Ra™ and PtRH resemble that of their Pt
counterpart. Both ions react with ammonia under dehydro-

genation as well, reactions 8 and 9. However, the efficiencies

of these processes are significantly smaller compared to th
corresponding reaction of Pt (Table 1. Moreover, the reac-
tion efficiencies do not follow a continuous trend when going
from RhpT via PtRh" to PbT but show a minimum for the
heteronuclear cluster ion.

Rht + NH3 — RipNHY + Ho
PtRh" + NH3 — PtRhNH! + H»

(8)
C)

[S)

this unwanted reaction by applying a high pressure of,CH
is not feasible either, because this measure would mainly
lead to the build-up of BCH,* and consecutively formed
PtCT(NH3) instead of generating fMiH*. For RipNHT

and PtRhNH, the situation is more favorable because of their
much lower tendency to undergo secondary reactions with
NHs. The reactivities of these ions can be qualitatively probed
by exposing the mass-selected imine species to a sequence of
methane pulses that rapidly raise the {iessure. Despite
the thus obtained high number of collisions between the metal
imines and CH no reaction products are observed which
rules out appreciable reactivities of fH* and PtRhNH
toward methane. Hence, starting with pliEctivation does
not achieve EN coupling of methane and ammonia either.

4. Discussion

The present experiments reveal several parallels in the re-
activities of Rb*, PtRh", and P4T. To some extent, this
alikeness might be expected, given the well-known general
similarities in the chemical behavior of rhodium and plat-
inum that are reflected in the term “platinum metals” coined
for these two elements together with Ru, Os, Ir, and3>ql.
However, it is common wisdom that the reactivities of small
metal clusters can be strongly modulated by electronic and
geometric effectf36]. Whereas the geometric situation most
probably remains nearly constant in the progressiopRh
PtRht, and Pt™, the electronic structure certainly changes,
the number of valence electrons alternating between odd and
even. Apparently, the differences in electronic structure es-
sentially do not affect the clusters’ chemical reactivifies.

1 A slight difference might be perceived in the reactions with ammonia.

Here, the rate constants found for the clusters do not display a monotonous
trend but pass through a minimum for the even-electron cluster ‘PtRh
(Table 3.
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In marked contrast, going from £t to PtM™ or Myt, M = lattice geometry etc. Nevertheless, systematic investigations
Cu, Ag, and Au, leads to qualitative changes in chemical be- of the heterogeneous process demonstrate that platinum and
havior [25—-27] Thus, it seems that filling-up the d-electron rhodium almost behave identically, the reactivity of the latter
shells of the clusters increases their sensitivity to further elec- being slightly stronger affected by the formation of carbon-
tronic changes. This trend agrees with expectation in that theatom monolayers in the presence of excess metfizn20]
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 5. Conclusion
of these relations must remain reserved to a rigorous compu-
tational treatment, however. Gas-phase experiments reveal high intrinsic reactivities
Additional insight can be gained from comparing the metal of the cluster ions Rh™ and PtRH. Both species activate
dimers to clusters of other sizes. For rhodium and platinum, methane and ammonia in dehydrogenation reactions that are
the dinuclear clusters display distinct reactivities in terms of analogous to processes observed forPThis remarkable
bond activation. The dehydrogenation of both methane andsimilarity implies that the reactivities of these clusters are not
ammonia achieved by the dimers is unparalleled for all other very sensitive to changes in their electronic structure. Interest-
cluster sizes Rh" and Pt investigated so far (with respect  ingly, this behavior contrasts with the situation encountered
to mixed platinum-rhodium clusters, no further data is avail- for the dinuclear platinum-coinage metal clusters PtM =
able for comparison). We have suggested that the elevatedCu, Ag, and Au, whose reactivities significantly differ from
reactivities of the dinuclear species might result from two both those of Bt* and Mp*. Presumably, once the metals’
opposing trend$17]. On the one hand, an increase of the d-shells are filled up to a certain level, the clusters can no
cluster size enhances intra-cluster binding and thus saturatesonger provide enough free valence sites for easy substrate
open valences, thereby lowering the tendency towards sub-binding and activation. While the high reactivities of Rh
strate activation. On the other hand, the presence of more thargnd PtRH allow efficient methane activation, the resulting
a single metal atom opens the possibility of forming bridg- metal-carbene species do not undergeNCcoupling with
ing bonds towards the substrate. Such multifold interactions ammonia. The strong interactions of both metal atoms in the
should stabilize carbene or imine species and thus facilitatedinuclear clusters are assumed to facilitate the first reaction
their formation. While in the case of late transition metals Step by raising its exothermicity, but the thus achieved stabi-
like rhodium and platinum, the optimum reactivity seems to lization of the intermediates lowers their tendencies towards
be reached fon = 2, the situation may be different for earlier ~consecutive bond formation with Nf#Precisely the same be-
d-block elements whose valence-shells are populated by lesdavior has been observed fopb2H, " and the homologous
electrons. heavier clusters. Thus, the present gas-phase experiments do
The question of Ciland NH activation by rhodium and ~ not suggest major differences between the performance of
platinum attracts further interest against the background of platinum and rhodium in the heterogeneoUs(JSSA pro-
the DEGUSSA process. Like in the case of homonuclear plat- cess for HCN generation. Indeed, it was shown that both met-
inum clusters Bt", n = 2-5[24], methane dehydrogenation als have quite similar catalytic activities under heterogeneous
by Rhp™ and PtRH and reaction with ammonia exclusively ~ conditions[19,20]
leads to carbide complexes. This finding indicates that this ~ With a larger amount of data emerging for the gas-phase
reaction pathway is not just limited to platinum clusters but reactivities of transition-metal cluster ions, the classification
operative in general if the cluster contains at least two metal of new experimental results becomes more and more straight-
centers capable of forming strong bonds to carbon. These in-forward. Continued systematic efforts promise to achieve a
teractions with the metal core stabilize the carbon fragment full understanding of the truly fascinating properties of metal
sufficiently such that it is no longer available for-8& cou- clusters and are expected to provide important stimuli to other
pling with ammonia. areas within chemistry as well.
Finally, the present experiments do not provide any ev-
idence for cooperative effects in the reactivity of PtRds
they were found for the dinuclear platinum-coinage metal Acknowledgements
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