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Observations on the mass spectra of mixed lead/methanol cluster iGg{€&HROH)\*, for M < 4 andN =<

10, show evidence of a bimolecular dehydration reaction which is promoted MkeB. The experimental

results are interpreted in terms of a metal atom insertion reaction, and the dehydration step is confirmed
through the use of isotopes. An analogy is drawn between this reaction and those observed for solution phase
plumboxanes.

Introduction commercial reflectron time-of-flight mass spectrometer (Jordan).
The lead cathode was obtained from Sigma-Aldrich and the
anode was composed of either copper or stainless steel. The
application of a high current pulse-(1 ms duration) across

The isolation afforded a gas phase cluster ion provides an
environment from which the effect of solvent molecules on
metal ions may be studied. Ranging from elucidation of the - i
charge distribution within a given solvated metal atdmthe the two electrodes positioned some small distance apart, resulted

catalysis of intracluster reactioAsyork in this area has done 1" the ablation of material from the cathode. A sputtering
much to clarify ideas about solution chemistry which, due to Process, specifically brought about by the pulsed nature of the
the complexity of interactions in the bulk phase, have not &C iS thought to be_ responsible for the _rer_noval of material,
hitherto been examined in detail. Intracluster dehydration Since the consumption of the cathode is in contrast to the
reactions have been observed in clusters of pure methand! behavior of a continuous arc where the anode is consumed. Both
in clusters consisting of methanol in association with a range €/ectrodes are 6 mm in diameter and are held in a vertical

of metal ions (M).45 The latter reactions follow the general ~POsition with a typical separation of 1 mm within a machined
scheme ceramic block (Macor) of external dimensions 19®5 x 25

N N mm. The block was crossed by a 1.8 mm diameter channel
M™(CH;OH)y — M (CH;0H)y_,(H,0) + CH;OCH; (1) which passes through the gap between the electrodes. Helium
(at a purity of> 99%) at a pressure of70 psi was injected
. — 1 into the channel from a pulsed fuel injector type nozzle (Bosch),
has been shown to vary depending orf NFor M = Li, Na, such that the ablated material was entrained in the carrier gas.

and K,N > 8 and for M= Rb and CsN - 9. To verify that the . .
observed reaction products are not simply due to water that hasThe delay between triggering the nozzle and the pulsed arc was

been picked up from the cluster source, the reaction has alsoOf the order of 130Qus; at delays less than 9Qf the arc
been observed with G@D and CROD. When CHOH and became unstable.. ] ] )
CDsOH clusters are attached to the metal the only observable ~Methanol was introduced into the expansion by placing a
dehydration products are,8 and CHOCHs. However, when reservoir in the helium carrier gas line prior to the nozzle. For
CHs0D and CROD are used to form the solvating cluster, the these experiments, spectroscopic grade methanol (Sigma-
observed products arezo and the Comp|ementary Symmetric AldI’ICh) was used and dried in-house until it contained less than
ether (i.e., CHOCHs from CH;OD and CRXOCD; from CDs- 0.005% water; the deuterated methanol (Goss Scientific) was
OD). of a similar purity. The beam emerging from the PACS source

Solvation and subsequent dehydration mechanisms involvingWas expanded through a brass extender cong (#bich was
solvated main group metal atoms or metal clusters have beencooled to a temperature of approximatet00°C with liquid
less studied than those with the alkali metal atoms detailed hitrogen. Cooling the system to such an extent increased the
above. The presence of many unfilled orbitals in such species shot-to-shot signal stability and suppressed thermal degradation
(for example Pp) implies that they should be more reactive Of the ceramic block.
in the solvent environment than the relatively stable, closed shell The ensuing cluster beam was skimmed before passing
alkali metal cations. In the present study the gas phase reactiondetween the acceleration plates of the reflectron time-of-flight
of lead clusters Rp" for 1 < M < 8 with methanol are  mass spectrometer; the cluster ions were extracted into the
examined, and deuterated methanol has been used to establispectrometer using high voltage switches (Behlke Electronic
the reaction pathways. These results demonstrate that a dehydracmbH). By varying the time at which the ions formed in the
tion reaction occurs in small lead clustersyP@CH;OH)n, when pulsed arc are extracted it was possible to obtain a range of
N= 3. different product ions. For short delaysZ00us) between firing

. ) the arc and extraction into the reflectron, a mass spectrum

Experimental Section containing exclusively ionic methanol clusters is obtained. As

The combined lead/methanol clusters are generated using &his time is increased>450us) charged methanol clusters are
pulsed arc cluster source (PACSind detected using a no longer observed, but instead ionic lead clusterg™Piore
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The onset of this reaction (in terms of a critical value fr
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Figure 1. Typical time-of-flight mass spectrum of lead/methanol mixed cluster ions of the fogCPROH)\" where 1< M < 9 and 0< N <
6. The inset in the figure shows the isotope pattern of the iBh. The peaks labeled with an asterisk (*) correspond to clusters of the form
Phy(CH;OH)N™.

detected. For delay times longer than 568 mixed lead To identify unambiguously a dehydration reaction in the
methanol clusters are observed. It is probable that the methanoimixed lead/methanol cluster ions, it is necessary to eliminate
clusters are formed just after the exit from the nozzle and prior background water from the source; otherwise, there is no way
to entry between the electrodes of the PACS; in contrast, the of determining whether a given Pb(@BH)n(H20O)" peak is
production of bare metal clusters from the PACS takes a longer due to a reaction, or simply the attachment of water in the source
time since it relies on the discharge actually ablating atoms from to the metal or the methanol cluster, or both. Therefore, extreme
the surface of the electrodes and for these excited atoms to thercare was taken to clean and dry both the electrodes and the
cluster in the supersonic expansion. In addition, flight times ceramic source block. The electrodes were placed in the source
from the PACS to the extraction zone may depend on mass,block, and both were baked in an oven for 12 h before being
which would also account for the range of delay times given transferred to the vacuum chamber. When deuterated species
above. Other experiments using the PACS with metals where are used in a typical cluster beam system, a major problem is
the co-clustering process is much less marked, for example withthe exchange of labile deuterium for hydrogen, which is
copper, have shown, via photoionization, that there are neutraladsorbed on the mainly stainless steel walls of the nozzle
homogeneous methanol clusters in the beam at these longeassembly. To reduce the probability of exchange, the reservoir
delay times. Therefore, a possible mechanism for the formation and nozzle housing were “washed” with DD in order to
of the mixed ions is that neutral methanol clusters are “picked- displace any adsorbed hydrogen. In addition, the nozzle was
up” by the metal cluster ions formed in the arc. This mechanism, pulsed with a mixture of helium and GDD for 2 h prior to
at least for the single metal ion case, is not too dissimilar to the arc being struck. Finally, the peak for gbH" in the mass
that proposed by Lisy and co-workers for the formation of spectrum was monitored as it reduced in intensity to a point
Cs"(CH3OH), cluster ions' However, the fact that the first ~ where it was no longer observable.
ionization energy for Pb (7.4 eV) is significantly lower than
that of methanol (10.9 eV) means that even if neutral lead atoms Results
(or clusters) are picked up by charged methanol clusters, the
charge would still transfer to the metal.

Spectra were accumulated using a fast digital oscilloscope

(Lep roy 9310M) averaged over 2000. arc pulses. To obtain an These peaks would appear to correspond to an intracluster
opt_|m|zed Cll.JSter mass spectrum, adjustments are mad_e to th(?eaction and the implication is that the reaction is initiateN at
helium backing pressure, the time delay between pulsing the+ 2 with lead. i.e

nozzle and striking the arc, and also to the time of extraction T
of ions into the mass spectrometer. Figure 1 shows a typical 4 4
mass spectrum obtained with a delay time of 6@0between PB(CHOH)y,," — Pb(CHOH)\(H,0)" + (CHy),0  (2)
firing the arc discharge pulse and extraction into the mass

spectrometer. Clusters of the formy8H;OH)y are indicated At least one methanol attaches to all the metal clusters shown,
by an asterisk (*). and in the case of Pband Pla™, up to eight methanol molecules

A mass spectrum of lead and methanol clusters (Figure 1)
shows clear evidence of peaks from mixed methanol and lead
Pb(CHOH)N' clusters which also contain water for eash
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Figure 2. Series of mass spectra consisting of mixed lead and deuterated methanol cluster ions. Note the reduction in intensities of the associated
H,O peaks compared with those of the associatgd Peaks. The notation IM1W etc. implies a cluster consisting of one lead atom in association
with one methanol molecule and one water molecule.

are seen to solvate the methll£ 7 and 8 have not been labeled  (covalent radius= 1.47 A), that the first solvation shell of a

in Figure 1 for reasons of clarity). For Pibhere appears to be  Phy™ cluster would contain larger numbers of methanol
some increased structural stabilityMit= 2 as is indicated by =~ molecules than are achieved here. This assumption would be
Pb(CHOH)," being stronger than Pb(GAH),*, after which in line with the findings of Kaya et &P for indium with

the intensity decreases with increasihd-or the series B{CHs- methanol, where they observe no appreciable intensity drop off
OH)\*, the peak intensities decrease with increagihgnd a for N > 2. In contrast, theirs and other evidence from studies
similar pattern of behavior is seen at larger valueMdbr the on smaller transition metal ions show a pronounced solvation

series PR(CHzOH)\*. Due to the low intensities of the  shell occurring with just two solvating methanol molecules. The
precursor bare metal clusters, it is unclear from the mass experiments made here indicate that it is unlikely that any
spectrum shown whether the larg& & 4) lead clusters are  solvation shell is present fdd = 2 (although of course it is
solvated by methanol to the same extent as those for wich  impossible to infer accurate structural information from mass
< 4. However, by altering the extraction conditions into the distribution) which implies that any acceptable mechanism for
reflectron, the shape of the observed mass distribution can bethe proposed dehydration reaction within the solvating methanol
shifted to display higher mass clusters, and in this way it is molecules, should also involve the metal ion.
possible to show that the larger lead clusters can be found in  Figure 2 shows a series of mass spectra obtained when
association with to up to six methanol molecules. deuterated methanol is expanded thought the discharge with a
Spectra similar to that shown in Figure 1 were obtained with lead cathode. Each spectrum covers the same mass range, which
lead and deuterated methanol. However, the enhanced intensitjhas been chosen to show peaks corresponding to RQ(C-
of Pb(CHOH),™ over its neighbors was not reproduced in the (D-O)* for N = 1 and 2. The label 1M1D is placed on the
Phw(CDsOD)\' system, and it is therefore probable that there peak due td°Pb(CD;OD)-(D,O)*, and likewise for the case

is only some slight structural stability &f = 2 overN = 1 and of two methanol molecules (2M1D). The label 1IM1W refers
3in the undeuterated system. The intensities @f(ED;OD)y™ to the peak due td?°®Pb(CD,OD)-(H,O)* and also, as a
clusters were observed to decrease WiHor all values ofM consequence of mass coincidence24&b(CD;0OD)-(D.0)*.

which, taken together with the majority of RIECH;OH)N™ While the appearance of peaks identified as Pb{QD)y-
results, is in contrast to solution phase Ridystems where a  (D,O)* should go some way toward confirming the presence
coordination number of four is strongly favored over other of a dehydration reaction, it proved impossible to eliminate
stoichiometrie$:® The gas phase results may be understood in peaks assigned to RECD;OD)y:(H20)". On first inspection it
terms of a statistical evaporative loss of methanol units prior to would then appear that J@ is merely associated with the
detection. It is also likely, considering the size of the lead ion methanol as an impurity from the carrier gas system. However,
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Figure 3. Ratios of the product (RI§CDs;OD)y—2*(D20)") peaks to the (assumed) parent (FBD;OD)y") peaks for 1< M < 4.

by taking a series of mass spectra over time (Figure 2), the production of peaks attributed to Pb(@DD)y:(H.O)*: first,
intensities of the RCDsOD)y*(D20)* peaks were observed the proposed dehydration reaction could occur from the precur-
to increase relative to those of the \#8DsOD)y:(H-0)* sor cluster ion Pb(CEDD)n-2(CDsOH),™; second, the peaks
system. could be due to the pickup of @ or D,O by lead+ methanol
Two further features of this series of spectra are worthy of clusters; or, finally, a combination of these could mean that the
note. In each spectrum there is a series of peaks correspondingpeaks are due to deuterium loss resulting in P@D)y-
to Pb(HO)", labeled here as 1W. This signal is seen to decrease(OD)*. The difficulty in eliminating peaks corresponding to
in intensity with time, but what is interesting is the complete Phy(CD3OD)y*(H20)" implies D/H exchange is occurring at
absence of a comparable set of peaks for ROJD. It seems some point in the experiment, either prior to the expansion or
plausible that the Pb(#D)" peaks are due to water which has within the discharge. While it could also mean that residual
been picked up from the source, possibly from the ceramic water is being picked up by the deuterated methanol/metal
block. The decline in intensity of this signal with time implies clusters, the decrease in intensity of the,fED;0D)y-H20)"
a decrease in the absorbed water content. The inference fronpeaks, and especially of the Jibi,O)* peak with prolonged
this observation is that the peaks due to Pb{GD)y:(H.0)* exposure to the deuterated solvent, points to D/H exchange as
are also a result of water pickup on the methanol clusters, which being a more probable cause. Despite this qualitative observa-
would explain the decline in signal intensity as a function of tion, however, the possibility that residual water is involved,
time. The absence of any peak due to PP strongly renders the mass spectra obtained for the(Eb;OH)\"
suggests that the presence of(Din Pb(CQOD)y+(D20)" systems unreliable for an analysis of the product to reactant
clusters is due to an intracluster reaction and not simply pickup intensity ratios.
by the Pb(CROD)y" ions (see above). In addition, the inset in Before postulating a mechanism for the observed dehydration
Figure 2 shows that the intensities of the PbgOD)y™ ions reaction, it is instructive to consider the behavior of the
do not follow the isotope pattern of lead, as can be seen by aPhy(CD;OD)y' systems with respect thl and M. Figure 3
comparison with intensities recorded for Pb($CHH)\" ions shows the ratios of the product (ICD;OD)n-2+(D20O)") peaks
(inset in Figure 1). The reason for this is that isotope exchange to the (assumed) parent (ICD:OD)y') peaks for 1< M <
(D for H) and D loss occurs, and hence lower mass peaks, 4. ForM = 1 the 208 isotope has been used, fbr= 2 the
corresponding to Pb(GOD)n-x(CDsOH)x™ and Pb(CROD)n—x- peak corresponding to Pb= 414 was used. Fd¥l = 3 and 4
(CDsO)x™ (where X = 1), are observed with increasingly the isotopic resolution was no longer clear, instead the centroid
probability at higher values oN. With time this isotope of the Ply* signal was used as a mass marker, and from this
exchange on the RICD;OD)\" decreases as hydrogen in the was calculated the flight times for the reactant and product ions.
system is replaced with deuterium. The observed variation in What is immediately evident is the increase in intensity of the
signal with time, allows for three possible explanations for the Phy(CD:OD)n-2(D20)" peak relative to the corresponding
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Figure 4. Schematics showing a proposed mechanism for the dehydration reaction (a) for a single lead atom cluster and (b) for the lead dimer.

Phy(CDsOD)\" ion as a function ofN. The error bars increase  to account for this both Huang et.®l and Fialko et al?
for M = 3 and 4 due to the low intensities of these peaks in the proposed metal ion insertion into the-® bond.

recorded mass spectra. A key component to the reaction mechanism discussed here
Inspection of the plots in Figure 3 shows that the Bjpstem is believed to be the presence of a third methanol. The higher
behaves somewhat differently from those of highlei=or Pb, polarizability of O(CD¥), (6.0 A%) compared to that of D (1.59

the reaction reaches a peak\at= 6, and forN > 6 the product- A3)) would imply that water would be the more favorable
to-reactant ratio decreases; this could imply a partial solvation leaving group and that ether would remain with the charged
shell atN = 6 which then hinders the dehydration reaction. metal cluster. For the case ofHcompetitive solvation between
ForM = 2, 3, and 4 the peak of the reaction in terms of the dimethyl ether, methanol and water has been studied, and under
measured ratios occurs fod = 5, after which the relative  those circumstances, enthalpy changes follow the trend predicted

intensities of the reaction products decline slightly. by polarizability’® Since there is no evidence of products of
the form Pb(CROD)n—20(CDs),* and, furthermore, Pb@Em)*+
Discussion is never observed as a reaction product (corresponding to a

here i ibility that the dehvdrati . . reaction involving only two methanol ligands), the third
T erle IS ?]posla | ity t igfge ydration rela_ctlon_s Eccur N methanol molecule is considered to be essential to this dehydra-
neutral methanol clusters prior to metal ion pick up, tion route. A solution phase parallel to this reaction is the
and that the subsequent evaporation of single methanol mol-yx.iiamson synthesis of etheé¥swhich is used to produce

©me
eNcuIeg Iiag/ea the resutl;tginlt_kPlk?rgmg)N_z([;ZO) I sderles forh unsymmetrical ethers and involves af@3eaction of a sodium
(N-2) - However, this likelihood can be ruled out on the alkoxide with, for example, an alkyl sulfonate.

grounds that the product-to-reactant ratios are much greater for The decline in the ratio of product to reactant afer 6
the metaH methanol cluster ion systems than in bare methanol - P . . .
(shown in Figure 3) may be reconciled in terms of a partial

glﬁ;\}vesr ;onrso (\g’:;%h r:::gﬁ aal'ztr)n t])cgre;\hzﬁzrgé?%ﬁ)gure 4 () solvation shell occurring with seven methanol molecules. The
prop ' ! effect of the shell stabilizes the cluster, and hence the reaction
. N probability is reduced; it is also possible that monomer methanol
Pb(CD,0D);" — Pb(CD,OD)(D,0)" + O(CDy), evaporation acts as a competing reaction (to ether losd)l for
> 7. The rise in the product-to-reactant ratio on going fridm
It is proposed that the reaction begins with the lead ion = 3 to N =7 may be due, in part, to the increased probability
inserting into the ©-D bond of a solvating methanol molecule, ~of bond insertion presented by the larger numbers of methanol
which then promotes the migration of GDrom a second molecules; these will also provide the product water molecule
methanol molecule hydrogen bonded to the first. The ether, with more opportunities for stabilization.
O(CDg),, is then lost from the charged complex to leavgOD In analyzing the data recorded on the dehydration reaction,
hydrogen bonded to the remaining methanol molecule, which it is noted that for lead clusters of sizb6= 2, 3, and 4, the
is therefore of paramount importance to the proposed dehydra-reaction products reach a maximum when the cluster ion is
tion process. This mechanism contrasts with that presented bysolvated by five methanol molecules. This result was found to
Huang et all}! who accounted for dehydration in metal ien be reproducible for many different expansion conditions, and
single molecule complexes by proposing that the metal ion the plots shown in Figure 3 are the average of five different
inserts into the €0 bond of the alcohol. However, for the data sets. This is in contrast to the single ion case where the
case of a single methanol molecule in association with a metal peak occurs aN = 6. For the case dfl > 2 the dehydration
ion, dehydrogenation rather than dehydration is observed, andreaction leads to identical products to those seen for the single
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atomic ion, i.e., PR(CD;OD)\-D,O". Hence it would appear  of the general form (BPb)%O. In the presence of an alcohol,
likely that the mechanism for dehydration is very similar to the these oxanes exhibit solvolytic cleavage to form organometallic
single ion case; the only significant differences being the value alkoxides. This reaction could be affected as a result of bulk
of N (the number of solvating methanol molecules) at which solvent stabilization by the alcohol in a similar way to that
the reaction peaks and the overall reduced intensities of theobserved in the work presented here, whereby the presents of
reaction products. One interpretation of this latter observation at least one extra solvating methanol is necessary for the reaction
would be that the presence of more than one lead atom providego lead to a stable product. The solution phase reaction involves
a steric hindrance to the insertion of a single lead atom into a the elimination of water according to
O—D bond. Alternatively, the larger radius of the metal cluster
compared to the single ion could result in larger distances —H,0 ROH
between the methanol molecules. Finally, the distribution of (RsPb)O
positive charge throughout the metal cluster would decrease the
effectiveness of any one metal ion to insert into a@bond. The oxide formed in this reaction will then readily pick up water
Although these points could be used to explain the reduction from the atmosphere. This analogy underlines the importance
in the product-to-reactant ratios ftd > 2 which is apparent  of performing gas phase studies on such systems in order to
whenN > 5 as seen in Figure 3, they do not give a satisfactory better establish the behavior of both the immediate and more
explanation for the shift in peak intensity as a function of M. distant solvent environment.
A possible explanation of this latter observation is provided
by a consideration of the pickup of the methanol by the metal Conclusion
cluster. It would seem likely that the charged metal cluster forms ) ) ) )
and then picks up a neutral methanol cluster; this being the case The interaction of simple solvent molecular clusters with
then it is quite possible that the methanol cluster is sited on Metal ions in the gas phase, and the interaction of single solvent
just a single metal atom. The work of Kirkwood ef&tevealed molecules with metal clusters has been extensively studied. The
the following infrared photoinduced dissociation of a chromium WOrk presented here has combined these two approaches and
dimer associated with two ethanol molecules: provides the first quantitative study of the behavior of small
metal cluster ions with solvent clusters. Bare methanol cluster
[CrZ(EtOH)2]+ + nhy — [Cr(EtOH)2]+ + Cr (3) ions (_CH;OH)NH+ produced in the PACSxhibit a o_Iehydration _
reaction forN > 7, and the presence of a transition or alkali
The explanation given for this observation is that both ethanol metal ion in a methanol cluster causing the formation of a more
molecules are positioned on one of the chromium atoms. If there tightly bound complex in which the methanol molecules are
is a similar pattern of behavior here, then it could be inferred held further apart from one another effectively delays the onset
that six methanol molecules and another metal atom will fulfill - Of this reaction untiN = 9°#In contrast, Pb appears to promote
the same partial solvation shell criteria seen for seven methanolthe reaction since the reaction onset shifts downward 03.
molecules in the case of a single metal ion. This then raises theThe work of Castleman and Gtfostates that the bonding
possibility that the larger product-to-reactant ratio observed for interaction between Pband CHOH is of the same order as
the single metal ion methanol clusters is artificially enhanced that between Naand CHOH, which implies that the ligand
by metat-metal bond breaking in the larger metal clusters. A to metal ion distance is small in leal methanol complexes.
possible reaction mechanism for metatetal bond breaking ~ This strengthens the argument that the lead ion is directly
accompanying dehydration on the lead dimer is shown in Figure involved in the dehydration process.
4b. This mechanism is essentially the same as that shown in 4a The mechanism proposed for this insertion reaction is
and can either proceed such that the metal dimer remains intactspeculative but is analogous to similar process reported both in
in the product, or via the elimination of a neutral lead atom solution and in the gas phase. Although quantitative data is
along with the ether. Since the structures of{Pblusters for available only for small lead clusters, the mass spectra imply
N > 2 are not known, even a schematic diagram of a suitable that the dehydration reaction also occurs for higher mass metal
mechanism for the dehydration reaction could be very inac- + methanol clusters. Due to the possibility of water absorption
curate. However, the implication from product-to-reactant ratios leading to ambiguity in assigning the intensity of the product
is that for larger metal clusters, the methanol molecules remain peaks in the methanet lead cluster systems, no quantitative
associated with just a single metal atom. If methanol molecules data analysis was possible, but it appears that the product peaks
were positioned uniformly around the metal cluster, then, in are larger than for the deuterated methaftometal cluster
the case of Py, the spatial separation between molecules would systems. This observation is consistent with the findings of Lu
lead to a considerable reduction in reaction probability: this is et al?® with reference to deuterium substitution in the irén
clearly not observed. methanol cluster system. They state that the stronger hydrogen
Organolead compounds have many industrial #sé8which bonds formed after deuterium substitution in the cluster system
stem in part from the wide range of structural forms they can result in a stronger barrier to the dehydration reaction. Further
adopt. The variety of coordination numbers that may be accessedvork must be performed to confirm this effect for the lead
means that such compounds are not limited to the tetravalentmethanol cluster systems investigated here. A time-of-flight
state, although this state is dominant. Unlike transition metal mass spectrometric investigation of cluster ions cannot provide
elements, where for a ground-state ion possessing an electroniglirect structural information about the clusters observed,
configuration of X @, the promotion of one or more electrons  although the trends in the occurrence of the reaction peak with
to an s or p orbital may be necessary for the metal to be M for Pby* imply that the methanol is grouped around just a
reactivel® lead cations have ground state electronic configura- single lead ion in the cluster.
tions with electrons in s and p orbitals, rendering them more
reactive. With regard to the dehydration reaction observed here, Acknowledgment. The authors thank the Royal Society for
there is an interesting analogy with organometal hydrofides the award of a Fellowship to V.M. and the EPSRC for financial
which undergo a condensation reaction to form plumboxanes support.

2R,PbOR (4)
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