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bstract

Bimolecular reactions of cationic platinum clusters Ptn
+, n = 1–24, and anionic platinum clusters Ptn

−, n = 3–22, with CH4 and CD4 are studied
195
nder low pressure conditions in an FT-ICR mass spectrometer, using an isotopically enriched Pt sample. Strongly size-dependent dehydro-

enation and formation of PtnCH2
+/− is observed for both charge states. Starting with n = 12, cationic clusters also afford stabilization of a

Ptn, CH4]+ adduct, presumably the HPtnCH3
+ insertion compound. Deuteration shifts the lower limit for adduct formation to n = 8. It is suggested

hat the strong reactivity fluctuations over a wide size range are the gas phase fingerprint of a good heterogeneous catalyst material.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Reactions of gas phase transition metal ions [1] and ionic
lusters with small molecules were intensively studied in the
ast decades because they can be viewed as the ultimate single-
ite catalysts [2]. Among the technological applications of
latinum in heterogeneous catalysis are hydrogenation reac-
ions [3,4] and the removal of NOx species from automotive
xhaust [5]. In the gas phase, full catalytic cycles have been
bserved for the oxidation of H2 with O2 on neutral plat-
num clusters [6] as well as CO with N2O catalyzed by Pt+

nd platinum clusters [7–9], and calculations have shown that
elativistic effects are crucial for platinum chemistry [10–12].
oupling of methane and ammonia [13] and the oxidation of
ethane [14,15] on Pt+ have been investigated in detail, as well

s the reactivity of bimetallic platinum-coinage metal clusters

16–19]. Dehydrogenation of benzene and hexanes by neutral
latinum clusters was studied by Trevor et al. [20], and sev-
ral simple hydrocarbons have been dehydrogenated on small
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ationic platinum clusters by Hanmura et al. [21] and Jackson
t al. [22].

While activation of methane by Pt+ is after a series of
xperimental and theoretical studies thoroughly understood
11,14,23–25], the knowledge on the reactivity with platinum
lusters remains largely phenomenological [26–29]. Trevor et
l. investigated dehydrogenation of methane on neutral platinum
lusters with up to 24 atoms in a flow reactor and found that
he dehydrogenation degree decreases with cluster size [26].

e have previously studied methane activation by gas phase
tn+/− cluster ions with natural isotope distribution for small
pecies with up to nine platinum atoms [27]. Dehydrogenation
f methane and formation of platinum cluster carbenes were
bserved, with a pronounced anomaly for the platinum tetramer:
n positive charge state, it was found to be the least reactive
pecies, while in negative charge state, it was the reactivity max-
mum. A similar observation was later made in reactions with

2O [30]. The natural platinum distribution, with six stable iso-
opes made the mass spectra very complicated, therefore it was
ot possible to conclusively rule out a small contribution of car-
ide formation or adsorption of CH4 on the cluster. By mass
election of a single mass peak of the isotopomer distribution,

oszinowski et al. later confirmed the exclusive formation of
arbenes for cationic clusters with up to five atoms [29], and
ound evidence that thermochemistry is responsible for the low
eactivity of Pt4+.

mailto:martin.beyer@mail.chem.tu-berlin.de
dx.doi.org/10.1016/j.ijms.2006.06.003
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In the present work, highly isotopically enriched platinum
95Pt was used to investigate the reactions of 195Ptn+/− clusters,
= 1–24, with methane CH4 and deuterated methane CD4.

. Experimental details

Isotopically enriched platinum (97.28% 195Pt, Oak Ridge
ational Laboratories) was used to investigate the reactions of
latinum clusters 195Ptn+/−, n = 1–24 with methane CH4 and
euterated methane CD4 under binary collision conditions in
Fourier transform ion cyclotron resonance (FT-ICR) mass

pectrometer. The experimental set-up was described in details
reviously [31]. The platinum ions are produced by pulsed laser
aporisation [32–34] of a rotating platinum disk. The hot metal
lasma produced by the laser, which contains enough ions with-
ut need for post-ionization, is cooled down and clustered by
upersonic expansion of the high pressure gas into high vac-
um. Ionic clusters are accelerated along the magnetic field axis
y a series of electrostatic lenses, trapped and stored inside the
CR cell in the ultrahigh vacuum of the FT-ICR mass spectrom-
ter. To study the bimolecular cluster ion–molecule reactions
he pressure in the ICR cell was raised from the base value of
× 10−10 mbar to the constant pressure of 2.2 × 10−8 mbar by
ontrolled admission of the reactant gas CH4 or CD4 at room
emperature. For pressure calibration purposes, it was assumed
hat the polarizability of CD4 is equal to that of CH4. Com-

ercially available methane CH4 (Messer-Griesheim 99.9%)
nd deuterated methane CD4 (Cambridge Isotope Laboratories

9%) were used without further purification. For each mass
pectrum, clusters generated in 20 laser shots over a period
f 2 s were accumulated in the cell. Mass spectra were taken
fter different reaction delays, and absolute rate constants were

b
F
r
t

ig. 1. Mass spectrum of the reaction of cationic platinum clusters Ptn+, n = 4–11, w
re labelled with their cluster size and primary reaction products, addition of CH2, C
eactivity pattern, not only with respect to their rate constant, but also to the number
f Mass Spectrometry 254 (2006) 183–188

xtracted assuming pseudo-first order reaction kinetics. Because
t nominal t = 0, there are different groups of clusters which have
xperienced different pre-reaction delays, the starting intensities
f the product species are treated as variable parameters in the fit.
heoretical collision rates are calculated with the surface charge
apture model, which accounts for the finite size and polarizabil-
ty of the cluster by assuming that a point charge is drawn to the
luster surface due to the interaction with the approaching reac-
ant molecule [35].

. Results

Platinum clusters Ptn+/−, n = 1–24, react with CH4 and CD4
ithout change of the number of platinum atoms in the cluster.
hus the reactions for all cluster sizes have been studied under
xactly the same conditions, without mass selection. The reac-
ivity of both positively and negatively charged platinum clusters
owards CH4 and CD4 was investigated as a function of cluster
ize.

.1. Reactions of cationic clusters

A typical mass spectrum taken after 2 s reaction delay for
he reaction of cationic platinum clusters Ptn+ with CH4 is pre-
ented in Fig. 1, showing a part of the mass spectrum which
ontains clusters with 4–11 atoms. At the first sight one can
bserve that their reactivity depends strongly on the cluster size
ot only with respect to their rate constant, but also to the num-

er of reaction steps they undergo. The first species displayed in
ig. 1, Pt4+ shows a very low reactivity towards CH4, after 2 s
eaction delay only few product is visible in the spectrum. Clus-
ers in the range of 5 ≤ n ≤ 9 display an appreciable reactivity.

ith CH4 after 2 s reaction delay, using the isotopically enriched target. Peaks
H4 or for some species secondary C2H4. The clusters show a quite irregular

of reaction steps they undergo.
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Fig. 2. Kinetic fit for the reaction of Pt9+ with CH4. The first reaction step, addi-
tion of CH2, proceeds efficiently while the secondary CH2 is significantly more
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Ptn
+ + CD4 → PtnCD2

+ + D2 (4)

Ptn
+ + CD4 → PtnCD4

+ (5)
lowly attached. Grey shaded area denotes the noise level. (For interpretation of
he references to colour in this figure legend, the reader is referred to the web
ersion of the article.)

or all these species the reaction consists in simple dehydro-
enation of the methane on the cluster surface. The reaction
akes place in sequential steps, a second reaction product being
lready observed for most of the species, as described by the
quations:

tn
+ + CH4 → PtnCH2

+ + H2 (1)

tnCH2
+ + CH4 → PtnC2H4

+ + H2 (2)

lusters n = 6 and 9 react an order of magnitude more slowly in
he secondary step than n = 5, 7 and 8.

Quite particular is the behaviour of Pt10
+, which is the first

pecies, which adsorbs a complete CH4, without hydrogen elim-
nation. The reaction, however, does not follow first-order kinet-
cs. A small fraction of the clusters rapidly react to the products,
hile the majority of Pt10

+ seems to be unreactive against CH4.
his behavior seems quite typical for the larger clusters, it was
lso observed for n = 11 and 13–21, while n = 12 and 24 adsorb
H4 following pseudo-first order kinetics:

tn
+ + CH4 → PtnCH4

+ (3)

fficient dehydrogenation of CH4 was for the larger clusters only
bserved for n = 11, 12 and 15, while only traces of the PtnCH2

+

eaction products were present for n = 10, 14 and 17. For n = 13,
6 and 18–24, no evidence for methane dehydrogenation was
ound in the mass spectra.

Rate constants were extracted from a series of mass spec-
ra measured after 14 different reaction delays ranging from the
ominal time t = 0–3 s. Relative intensities of the reactant and
roduct ions and the corresponding fit are exemplified in Fig. 2
or Pt9+. The parent ion decay is linear in the semi-logarithmic

cale, confirming the absence of platinum cluster fragmenta-
ion. The first reaction step, addition of CH2 with elimination
f molecular H2 proceeds efficiently, while the rate constant for
he secondary CH2 formation is almost 40 times smaller.

F
r
b
l

ig. 3. Mass spectrum of the reaction of cationic platinum clusters Ptn ,
= 9–12, with CD4 after 2 s reaction delay. The clusters show, besides dehy-
rogenation, a second primary product, PtnCD4

+.

Using deuterated methane CD4 as reactant gas, considerably
ifferent results were obtained for certain cluster sizes. While
tn+, n = 1–3 and 5–7, react with comparable rate constants for
oth CH4 and CD4, the tetramer is almost unreactive with deuter-
ted methane. PtnCD4

+ product species are already observed
or n = 8 and 9, and the branching ratio between PtnCD4

+ and
tnCD2

+ is increased for n = 11, 12 and 15. Fig. 3 displays a
ypical mass spectrum taken after 2 s reaction delay for a cluster
istribution from n = 9 to 12 reacting with CD4. The n = 9 species
xhibits CD2 as well as CD4 addition, while Pt9CH2

+ was the
nly primary product with CH4. The time intensity profile is
gain exemplified for Pt9+ in Fig. 4:
ig. 4. Kinetic fit for the reaction of Pt9+ with CD4. Pt9+ reacts to the primary
eaction products Pt9CD2

+ and Pt9CD4
+. The secondary product Pt9C2D4

+ is
arely visible after 3 s and could not be included in the analysis. The noise level
ies below 0.001.
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ig. 5. Absolute rate constants of the first reaction step of Ptn+ clusters with
H4 and CD4 on a semi-logarithmic scale. Open symbols denote upper limits
f the rate constants.

econdary reactions have been observed for the same cluster
izes as for CH4, equivalent to reaction (3). Similar kinetic
valuation of the reactions were undertaken for all the cationic
lusters, 1 ≤ n ≤ 24, relative rate constants for the first reaction
tep for both reactions with CH4 and CD4 were extracted from
he kinetic fits and further converted into absolute rate constants,
isplayed in Fig. 5 and summarized in Table 1, together with
ollision rates calculated from the surface charge capture model

35]. The most reactive clusters react close to collision rate.
owever, the surface charge capture model still significantly
nderestimates the collision rate of ionic platinum clusters with
O [35], so actual reaction efficiencies are most likely between

o
s

P

able 1
bsolute rate constants kabs for the first reactions’ step of cationic platinum clusters,

ccording to the surface charge capture model [35]

luster kabs (×10−11 cm3 s−1)

PtnCH2
+a PtnCH4

+a Pt

t1+ 53.5 <0.21 3
t2+ 138 <0.22 13
t3+ 134 <0.11 10
t4+ 4.35 <1.27 <
t5+ 180 <2.56 17
t6+ 174 <0.11 17
t7+ 180 <0.91 16
t8+ 145 <0.08 10
t9+ 151 <0.09 9
t10

+ <5.81 <5.62 <
t11

+ 149 <12.7 5
t12

+ 138 32.7 5
t13

+ <0.16 <1.81 <
t14

+ <2.01 <2.56 <
t15

+ 63.5 <12.7 3
t16

+ <1.18 <1.81 <
t17

+ <3.64 <8.53 <
t18

+ <0.44 <5.08 <
t19

+ <0.34 <1.45 <
t20

+ <0.42 <2.00 <
t21

+ <0.56 <2.18 <
t22

+ <0.64 <0.64 <
t23

+ <0.66 <0.66 <
t24

+ <1.13 18.1 <

a Reaction products.
b Calculated collision rate.
f Mass Spectrometry 254 (2006) 183–188

0 and 100% for the most reactive cluster sizes n = 5–9. The
ifferences between the two isotopomers are moderate, but sig-
ificant. The reactivity of platinum clusters towards CH4 for
he dehydrogenation reaction is slightly stronger. For cationic
pecies n = 8 and 9 atoms two primary reaction products cor-
esponding to PtnCD2

+ and PtnCD4
+ were observed while the

ame cluster sizes reacting with CH4 showed only one reac-
ion product, simple dehydrogenation of the methane. A drastic
hange in reactivity can be observed for Pt24

+, which reacts well
ith CH4, but no reaction was observed with CD4. The open

ymbols in Fig. 5 denote upper limits determined from the parent
on intensities and the noise level after the longest reaction delay.

.2. Reactions of anionic clusters

The anionic platinum clusters Ptn−, n = 3–22, were investi-
ated under similar conditions. Monomer and dimer platinum
nions are not produced in sufficient quantities in our ion source
o allow reactivity studies. Absolute rate constants for the first
eaction step were extracted in the same way as for cationic
pecies, and the results are summarized in Fig. 6 and Table 2.
he anions behave differently from the cations, they exhibit an
verall much slower reactivity towards both reactant gases, CH4
nd CD4, with the most reactive size n = 4 reaching only 15%

f the surface charge capture rate. The only reaction observed is
imple dehydrogenation:

tn
− + CH4 → PtnCH2

− + H2 (6)

compared to the theoretical collision rate kSCC for platinum clusters with CH4

kSCC (×10−11 cm3 s−1)

nCD2
+a PtnCD4

+a Ptn+ + CH4
b

9.9 <0.34 145
5 <0.21 156
2 <0.12 165
0.46 <0.23 172
6 <0.62 179
1 <2.36 184
1 <1.34 190
8 12.7 195
2.5 32.7 200
2.03 <4.39 204
9.9 41.7 209
0.8 74.9 213
1.81 1.14 217
1.27 <0.23 220
3.6 31.8 224
1.45 <0.91 227
1.87 <1.88 230
1.34 <0.13 234
1.02 <0.95 237
0.12 <0.12 240
0.17 <2.30 243
0.22 <2.26 245
0.22 <2.40 248
0.35 <1.85 251
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Fig. 6. Absolute rate constants of the first reaction step of Ptn− clusters with
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H4 and CD4 on a semi-logarithmic scale. Open symbols denote upper limits
f the rate constants. Monomer and dimer platinum anions are not produced in
ufficient quantities.

tn
− + CD4 → PtnCD2

− + D2 (7)

verall there are not significant differences between the reac-
ions of the anions with methane and deuterated methane. They
ollow almost the same size-dependence in reactivity, how-
ver, with the exception of n = 3 and 11, the reactivity of the
nions towards CD4 is slightly smaller than CH4. As previously
eported [27], the most reactive anion studied is Pt4−, while the
ation Pt4+ exhibits a deep reactivity minimum. The anion n = 6

s almost unreactive, while the corresponding cationic species
hows a quite strong reactivity towards both reactants. Starting
ith n = 12 the anions are almost unreactive, and upper limits

or their rate constants are given.

able 2
bsolute rate constants for the first reaction step of anionic platinum clusters,

ompared to the theoretical collision rate kSCC for platinum clusters with CH4

ccording to the surface charge capture model [35]

luster kabs (×10−11 cm3 s−1) kSCC (×10−11 cm3 s−1)

PtnCH2
−a PtnCD2

−a Ptn− + CH4
b

t3− 4.26 7.43 165
t4− 27.2 14.5 172
t5− 9.97 3.44 179
t6− <0.24 <0.13 184
t7− 7.07 0.79 190
t8− <0.37 <0.23 195
t9− <0.12 <0.37 200
t10

− <0.22 <0.85 204
t11

− <1.37 <1.83 209
t12

− <1.66 <1.35 213
t13

− <0.42 <0.43 217
t14

− <0.39 <0.39 220
t15

− <0.39 <0.42 224
t16

− <0.56 <0.65 227
t17

− <0.68 <0.76 230
t18

− <1.27 <1.83 234
t19

− <2.37 <3.13 237
t20

− <0.99 <0.53 240
t21

− <1.05 <0.57 243
t22

− <0.92 <0.50 245

a Reaction products.
b Calculated collision rate.
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. Discussion

Interestingly, some features in the size-dependence of the
eutral clusters [26] have their counterpart in the reactivity of
nionic species, while others have parallel behaviour in the
ationic ones. The local reactivity maximum at n = 7 is observed
nly with anions, while cations show uniformly high reactivities
rom n = 5–9. The local reactivity maxima at n = 11, 12 and 15
re, on the other hand, observed only with cations. The overall
ecrease of reactivity with cluster size, however, is a common
eature of the three charge states. For the cations, the same reac-
ivity maxima and minima, with the exception of n = 24, have
een observed in the reaction of platinum clusters with N2O [30].
oszinowski et al. have shown that the reactivity minimum for
t4+ with CH4 is due to the thermochemistry of reaction (1) for

his specific cluster size [29]. Whether the origin of the other
ize effects is of electronic, geometric or again thermochemi-
al nature cannot be decided at this point. However, as outlined
reviously, e.g. for silver clusters [36,37], electronic and geo-
etric structure are intimately related, and together determine

hermochemical properties and chemical reactivity.
Quantum chemical calculations have shown that the dehydro-

enation of the methane on Pt+ proceeds via a hydride–methyl
nsertion complex, which represents the global minimum on
he potential energy surface [14,23,25]. As discussed previ-
usly [27,28], this well-established potential energy surface can
lso explain the reactivity of the cluster species. When a CH4
olecule collides with a platinum cluster, an electrostatically

ound complex is presumably formed, PtnCH4
+/−. This step is

ollowed by the insertion of a platinum atom into one of the
–H bonds of methane, resulting into a hydride–methyl plat-

num structure, HPtnCH3
+/−. In the next step along the reaction

ath, a second hydrogen atom migrates from the methyl radi-
al to the platinum cluster. Further rearrangements, driven by
he internal energy of the hot cluster, may lead to formation of
dihydrogen complex of the platinum carbene, H2PtnCH2

+/−.
ehydrogenation of the methane becomes evident when a hydro-
en molecule H2 is ultimately released from the cluster surface.

Ptn
+/− + CH4 → Ptn

+/−· · ·CH4 → HPtnCH3
+/−

→ H2PtnCH2
+/− → H2· · ·PtnCH2

+/−

→ PtnCH2
+/− + H2 (8)

arger clusters already have a significant heat capacity, and the
ifetime of the intermediate complexes along the potential energy
urface increases with cluster size [38]. Radiative stabilization
39,40] is ultimately responsible for the observation of a nomi-
al CH4 adduct for cationic n = 10, 12 and 15. Pt24

+ exclusively
orms this adduct, without dehydrogenation. While no infor-
ation on the actual structure is available, it seems reasonable

o assume that the PtnCH4
+ species are radiatively stabilized

n the lowest minimum of the potential energy surface, which

resumably is an insertion complex of the form HPtnCH3

+ or
2PtnCH2

+.
The kinetic isotope effect in the reactions with deuterated

ethane CD4 has no straightforward explanation, which is
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uite reasonable, since a number of effects contribute in a
trongly non-linear manner: The density of states is higher in
omplexes with deuterated species, therefore the stabilization
f the CD4 adduct is favoured compared to CH4. This argu-
ent obviously dominates for n = 8, 9, 11, 12, and 15 in the

ationic species. However, the stabilization of Pt24CH4
+ may be

xplained by a subtle thermochemical difference. For HPtCH3
+

ersus DPtCD3
+, we have previously calculated that keeping

D4 in the gas phase is more favourable by ∼2.5 kJ/mol com-
ared to CH4, due to the subtle differences in zero-point energy
etween the free and the adsorbed molecule [25]. If this is the
orrect explanation, this means that stabilization of Pt24CH4

+

appens in a narrow thermochemical window. It is obviously
lso strongly dependent on the internal energy of the reactant
luster, which is not known in the present experiment.

. Conclusions

The reactivity of cationic and anionic platinum clusters with
p to 24 atoms exhibits strong size-dependence, with an overall
ecrease in reactivity for clusters with 10 atoms or more. The
trong local reactivity maxima and minima observed previously
or clusters n < 10 are also found for larger cationic clusters,
hile the reactivity of anionic clusters is weak for n > 11, where
nly upper limits can be given for the rate constants. Only
ationic clusters afford the stabilization of a nominal PtnCH4

+

dduct, which probably is an insertion product like HPtnCH3
+ or

2PtnCH2
+. Deuteration shifts the minimum cluster size for this

rocess from n = 12 to 8. These findings underline the chemical
andwidth of platinum, for which small changes in the elec-
ronic and geometric environment lead to large changes in its
eactivity. This is the gas phase fingerprint of a potent catalyst
aterial.
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