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Laser desorption from ZnO and AgO produces small bare metal cluster ions. Laser desorption 
from a ZnOI AgO mixture produces an enhancement of the silver cluster ion signal with 
complete suppression of the zinc signal. The chemistry ofZnt indicates IP(Zn2) = 9.0 ± 0.2 
eV and DO(Zn+ -Zn) = 0.56 ± 0.2 eV. The reactivity ofZn2+ with alkenes and alcohols is 
characterized by displacement of a zinc atom and formation of Zn + -B (B = alcohol, alkene). 
The silver cluster ions are produced with excess kinetic energy; however, collisional cooling is 
achieved by trapping the cluster ions in a static pressure of argon. Charge transfer reactions 
indicate IP(Agn ) < 7.0 eV (n = 3,5). Ag3+ and Agl are unreactive with small alkanes, 
alkenes, and alcohols, but AgnLt (n = 3,5; L = sec-butylamine) reacts with sec-butylamine 
via deamination and dehydrogenation indicating DO (Agn Lt -butadiene) > 1.73 eV. 

INTRODUCTION 

The last few years have seen cluster research develop 
into one of the most intensely studied areas of chemistry and 
physics. I Much of the interest has been due to the possibility 
of bridging the gap between gas phase and condensed phase 
chemistry through the study of clusters.2 In addition, clus­
ters are of importance because of their role in astrophysics, 
heterogeneous catalysis, and their possible use in the future 
development of microelectronics. 

Clusters have been studied using a variety of techniques, 
including supersonic expansion,3 matrix isolation,4 ion trap­
ping,5 and ion beam methods.6 The ion trapping capability of 
Fourier transform mass spectrometry (FfMS) allows for 
control of the size and composition of cluster ions. In addi­
tion, collision-induced dissociation (CID), photodissocia­
tion, multistep reaction sequences, and control of ion kinetic 
energy are possible using FfMS.7 

Smalley and co-workers have recently interfaced a su­
personic expansion source with an FfMS.8 This technique 
was used to study the dissociative chemisorption of H2 onto 
Nbn+ (n = 7-9).9 Moini and Eyler 10 and Weiland Wilkins 11 

have produced small gold cluster ions by laser desorption 
from gold and gold oxide, respectively. 

In this paper we report on the formation of small zinc 
and silver cluster ions by laser desorption from their respec­
tive oxides. The gas phase thermochemistry and reactivity of 
Zn2+ ,Ag/ , and Ags+ are described, along with a novel reac­
tion observed for AgnLt (n = 3,5; L = sec-butylamine) 
with sec-butylamine. 

EXPERIMENTAL 

Experiments were performed on a Nicolet FfMS-2000 
dual cell Fourier transform mass spectrometerl2 with the 
magnetic field maintained at 3.0 T (see Fig. 1). 

Cluster ions were generated by laser desorption from 
metal oxide pellets using a Quanta Ray Nd: Y AG laser ( 1064 

aJ NSF predoctoral fellow. 
bJ To whom correspondence should be addressed. 

nm) operated in the range of 2-20 mJ/pulse. Metal oxide 
pellets were introduced to the vacuum chamber on a solids 
probe. 

Swept double resonance ejection techniques were used 
to isolate cluster ions for subsequent reactions. 13 Argon was 
present in the cell at a total static pressure of - 2 X 10-6 

Torr, as measured on a Bayard-Alpert ionization gauge. 
The Ar was used for CID experiments, 14 as well as for cool­
ing of kinetically excited cluster ions through thermalizing 
collisions prior to reaction. 15 However, a small population of 
non thermal ions may still be present after the collisional 
cooling period. 

Reagent chemicals were obtained commercially in high 
purity and used as supplied except for multiple freeze-pump­
thaw cycles to remove noncondensable gases. Reagents were 
introduced into the instrument at a static background pres­
sure of -6X 10-7 Torr. Silver(II) oxide and zinc oxide 
were obtained in high purity from Aldrich, and pellets of 
these oxides were prepared using a Parr hand-held pellet 
press. 

RESULTS AND DISCUSSION 

Znt 
Direct laser desorption from a ZnO pellet produces 

Zn +, Zn2+ , and small amounts ofZn20+ ( < 5%). The ratio 
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FIG. 1. Differentially pumped dual cell configuration for the Nicolet 
FrMS-2000 Fourier transform mass spectrometer. 
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of Zn + to Znt is dependent on laser power, with enhance­
ment of clustering occurring at lower powers. 

After isolation of Znt by swept double resonance ejec­
tion methods and cooling of this species through multiple 
collisions with Ar, the ionization potential of the dimer was 
bracketed by charge transfer reactions with various neutral 
reagent gases. One complication in this procedure was inter­
ference from displacement reactions which were observed 
for all of the reagents used. In addition, there is no Zn2 rea­
gent available which could be admitted into the cell for 
reionization by the ionized charge transfer reagent. There­
fore, the charge transfer reactions are "one sided" and reac­
tions which are slightly endothermic (-0.1 eV) may still be 
observed due to the excess of charge transfer reagent. We 
have expanded our error limits for the ionization potential to 
account for these problems. Rapid charge transfer occurs in 
reactions of Znt with cyclohexene, reaction (1), while no 
charge transfer is observed with 1,3-butadiene, indicating 
8.95 eV = IP(c-C6HJO) < IP(Zn2) < IP{1,3-butadiene) 
= 9.07 eV,16 from which we assign IP(Zn2) = 9.0 ± 0.2 

eV. A summary of the charge transfer reactions is shown in 
Table I. 

Znt + c-C6HlO"'~ Zn2 + c-C6HJO + . (1 ) 

Recently, there has been some controversy concerning 
the value of D ° (Zn-Zn). A number of theoretical reports 
have suggested that Zn2 is unbound in the ground state l7

; 

however, a recent matrix isolation study by Schroeder et a/. 
provided evidence indicating a bound ground state, 18 and a 
value of D ° (Zn-Zn) = 0.168 eV has been reported. 19 Using 
this value in Eq. (2) yields DO(Zn+ -Zn) = 0.56 ± 0.2 eV. 

DO(Zn+ -Zn) = DO(Zn-Zn) + IP(Zn) - IP(Zn2). 
(2) 

Assuming the bonding in Znt is due solely to an ion-in­
duced dipole interaction, an internuclear separation of the 
dimer can be estimated using 

VCR) = - e2a/2R 4, (3) 

where a is the polarizability of zinc (7.08 A3),20 e is the unit 
charge of an electron, R is the internuclear separation in A, 
and VCR) = 0.56 eV is the value determined above. This 
yields a value of - 3 A for the internuclear distance which is 
substantially larger than a value of 2.25 A obtained by sum-

TABLE I. Results of charge transfer studies with Zn,+ ." 

IP Ligand 
(reagent) Transfer displacement 

Reagent (eV) observed observed 

p-Xylene 8.44 yes yes 
Toluene 8.82 yes yes 
Cyc10hexene 8.95 yes yes 
1,3-Butadiene 9.07 no yes 
Benzene 9.25 no yes 
I-Hexene 9.45 no yes 

"The observation of charge transfer implies IP(Zn2 ) > IP(reagent). This 
assumes the reaction is controlled by thermodynamic, as opposed to kinet­
ic, factors. This assumption has been shown to be valid for many ion-mole­
cule systems in the gas phase (see Ref. 34). 

ming the atomic radius of zinc ( 1.37 A) and the ionic crystal 
radius ofZn + (0.88 A). A more reasonable view of the bond­
ing in Znt may be a covalent (4sug ) 

2 ( 4su u ) bond with the 
completely filled d orbitals of Zn(3d 104~) and 
Zn + (3d 104sl) remaining primarily atomic in character. 
This would imply a bond order of one-half with the positive 
charge shared equally between the Zn atoms. Similar bond­
ing schemes have been proposed for Mnt 21 and Cu2- .22 

The reactivity ofZnt with alcohols and alkenes is char­
acteristic of a weakly bound cluster. Rapid displacement of a 
zinc atom to form ZnB+ (B = CC C3 alcohols, C2-C7 al­
kenes) is the only reaction pathway observed. Similar behav­
ior has been observed by Ridge and co-workers in the chem­
istry of the weakly bound species Mn2+ with various bases.23 

A9ri 
Laser desorption from a AgO pellet produces Ag+, 

Ag3+ , and Ag30 + . Once again, enhancement of clustering is 
observed with reduction of laser power. Surprisingly, laser 
desorption from a pellet containing a mixture of AgO and 
ZnO produces a further enhancement of the silver cluster­
ing, while any Zn +, Znt, or mixed Ag/Zn clusters are ab­
sent. Utilizing these mixed pellets, silver cluster ions in the 
range Agn+ (n = 1-9) have been observed (see Fig. 2). 

This interesting effect may be attributed to the fact that 
Zn is inert in the gas phase due to its 3d 104s2 electronic con­
figuration and Zn + only reacts via rapid charge transfer due 
to its 3d 104s1 configuration.24 Thus, Zn and Zn + may act as 
third bodies, stabilizing silver cluster ions and neutral clus­
ters through collisions in the laser desorbed plasma and pro­
moting the formation of larger silver cluster ions. Alterna­
tively, the ZnO may simply enhance clustering through 
matrix effects which serve to reduce the laser power at the 
pellet surface. 

The increased ion abundance of odd-numbered cluster 
ions has been previously observed in studies of silver clusters 
produced by sputtering from metal surfaces and has been 
attributed to the higher stability of odd-numbered cluster 
ions relative to even-numbered cluster ions.25 
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FIG. 2. Mass spectrum of Ag.+ (n = 1-9) generated by direct laserdesorp­
tion from a mixed AgO/ZnO pellet. Spectrum shown is an average of five 
scans. 
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Collision-induced dissociation of Ags+ produces only 
Ag/, [reaction (4)] (see Fig. 3), over the entire energy 
range studied (up to 100 e V lab energy) : 

Ar 

Ags+ ..... Ag3+ + Ag2 (up to 100 e V lab energy) • ( 4) 

Recent photodissociation studies of Ags+ demonstrated that 
the major fragmentation product was Ag3+ with a small 
amount of Ag4+ also observed.26 Collisional activation of 
Ag3+ produced no observable fragmentation with collision 
energies up to lOO eV (lab). These results indicate a very 
small cross section for CID and are consistent with a stable 
triangular structure for Ag3+ , which has recently been pro­
posed based on theoretical studies27 and electron spin reso­
nance experiments.28 

Atomic and cluster species produced by direct laser de­
sorption or particle bombardment have previously been 
shown to contain a population of kinetically and internally 
excited species.2

9-31 Ag3+ and Ags+ formed by laser desorp­
tion undergo rapid charge exchange with ferrocene [reac­
tion (5)]. However, when Ar buffer gas is introduced into 
the cell, charge transfer is no longer observed: 

'0 
'0 

'O~~~~~~~~~~~~~~~~~~~~ 
JOO 400 4tlO ~oo bon 

~ .. o1I\SS [N II 1.,.1 tJ 

g,------------------------------------

FIG. 3. (a) Isolation of Ag,+ afterlaser desorption from a mixed AgO/ZnO 
pellet. (b) Collision spectrum of Ag,+ at - 50 e V laboratory collision ener­
gy. Ag3+ is the only product at all collision energies studied (0--100 eV). 
Deviations of isotopic ratios from those predicted using natural isotopic 
abundances are due to instrumental tuning effects. 

Ag: + Fe(CsHs)2 ..... Agn + Fe(CsHs)l , 

(n = 3,5). 

(5) 

Under these conditions the cluster ions undergo - 20 colli­
sions prior to reaction with ferrocene. 32 Silver cluster ions 
which have been thermalized can be subsequently kinetical­
ly excited by the application of a radio-frequency pulse reso­
nant with the cyclotron frequency of the ions.33 After kinetic 
excitation of the cluster ions, charge transfer is once again 
observed. Thus, it is evident that some fraction of the silver 
cluster ion population produced by direct laser desorption is 
kinetically excited. These results impose a rigorous upper 
limit on the ionization potentials of these clusters: 

IP(Ag3 ),IP(Ags) < IP[Fe(CsHsh] = 7.0 eV. 

This upper limit for IP(Ag3 ) is in agreement with a recent 
value of 6.15 e V obtained with a local spin density pseudopo­
tential calculation. 27 

Condensation is the only pathway observed for the reac­
tions of Ag3+ and Ags+ with C)-C3 alkanes, C2-C6 alkenes, 
and C)-C3 alcohols, consistent with the high stability of 
these cluster ions. However, interesting reactivity is ob­
served with sec-butylamine. After rapid condensation of two 
molecules of sec-butylamine onto the cluster ion, deamina­
tion and dehydrogenation of a third reagent molecule is ob­
served [reaction (6) ]. This reaction is competitive with con­
densation of a third sec-butylamine molecule onto the 
cluster bis-ligand ion [reaction (7) ] : 

(6) 

(7) 

For n = 3, reaction (6) accounts for lO% of the products, 
whereas for n = 5, reaction (6) accounts for 65% of the 
products. In contrast, Ag+ reacts with sec-butylamine via 
rapid hydride abstraction to form AgH, with a minor 
amount of condensation product « 2%) also produced 
[reactions (8) and (9)]. 

NH2 

Ag+ + ~ > 98% 

< 2% 

(8) 

(9) 

Observation of reaction (6) indicates 
DO(AgnLl-butadiene) > 1.73 eV (n = 3,5; L = sec-buty­
lamine). The enhanced reactivity of the cluster bis-ligand 
species over the bare cluster can be explained by a reduction 
in symmetry of the cluster ion. Alternatively, coupling of the 
ligands on the surface of the cluster may be occurring; how­
ever, this seems unlikely given the fact that sec-butylamine is 
a saturated species. 

CONCLUSION 

Laser desorption from metal oxides has been demon­
strated to be an excellent technique for the production of 

J. Chern. Phys., Vol. 88, No.6, 15 March 1988 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

155.33.16.124 On: Thu, 27 Nov 2014 07:56:20



Buckner, Gord, and Freiser: Metal cluster ions 3681 

small, bare metal cluster ions. Studies of Znt show rapid 
displacement of zinc in reactions with alcohols and alkenes, 
which is consistent with the weak bonding in Zn2+ . A simple 
valence electron picture of the bonding in Znt indicates a 
formal bond order of one-half. Ag3+ does not undergo colli­
sion-induced dissociation at lab energies up to 100 eV, con­
sistent with previous studies which indicate unusually high 
stability for Ag3+ . Ags+ fragments to form only Ag3+ upon 
collisional activation. In an interesting reaction, Ag3L2+ and 
Ag5L2+ (L = sec-butylamine) are observed to react with 
sec-butylamine through deamination and dehydrogenation. 
These results suggest that ligand-modified cluster chemistry 
may very well be as interesting as the size and composition 
dependent chemistry emerging from these studies. 
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