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Abstract

For studying reactions between ions and metal atoms, a temperature variable ring electrode trap (RET) has been combi
with an atomic beam source. 8ection 2 special attention is given to the calibration of the number density of the Ni atoms,
injected along the axis of the trap from a metal evaporatoBdntion 3 an unexpected isotope effect is reported for the
reaction @t + Ni — NiOT + O. The isotope®Ni reacts with a rate coefficie®(670K) = (8 + 2) x 10719cm®s1,
wherea$ONi reacts two times slower. Formation of Ni dimers by ternary reactions with HepHand D as buffer gas is
very slow while, in the presence obNefficient formation of Ni* has been observed via a catalytic cycle utilizing NN,

n = 1-3, as intermediate. The rate coefficient for production efNi collisions of NiN,* with Ni has been determined to
bek(1060K) = (1.7+ 0.7) x 10 %cm?s L. (Int J Mass Spectrom 223-224 (2003) 291-299)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction ion—metal atom cross-sections has been discussed by
Levandier et al[3]. In this study a high-temperature
Radicals play a key role in many cycles in na- octopole/collision cell apparatus has been utilized
ture such as atmospheric processes or chemistry offor measuring integral cross-sections for charge
interstellar matter. Especially important are reac- transfer from Na to @, NO™, and N*. In order
tions of ions with metal atoms. The theoretical and to derive thermally averaged rate coefficients, the
experimental studies of such systems are still a chal- cross-sections were extrapolated to thermal energies.
lenge because of the open shell nature and technicalThis contribution reports thermal rate coefficients for
difficulties, respectively. An early summary of rate the interaction of cold trapped ions with metal atoms
coefficients from the sixties and seventies has beenfrom a high-temperature evaporation source.
reviewed by FergusofiL]. A combination of a Pen- Since the production of metal ions is easier us-
ning trap with a beam of sodium atoms is reported by ing suitable ion source$4], a lot of information
Loch et al.[2]. The difficulty in obtaining absolute = comes from studies of reactions of metal ions and
metalliferous compounds. Compared to the study of
"+ Corresponding author. ion—metal atom reactions the chemistry of atomic
E-mail: schlemmer@physik.tu-chemnitz.de transition-metal ions is very advanced. In mass
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spectrometric studies using the guided ion beam orand A thorough description of ion trapping techniques
ICR techniqug5], the influence of the highly abun- can be found iff10]. In most applications the neutral
dant electronically excited states and the role of the reactants are present as ambient gas in the trap. Using
translational energy are the major facilities to unravel alternatively a beam of radicals or condensing atoms
details of the dynamics of these reaction systems. Spinor molecules, passing through the trap, expands the
conservation is another consideration influencing the flexibility of the apparatus. Since, for the first time, an
reaction pathways of metal ion—molecule collisions atomic metal beam source is incorporat8ection 2
[5]. The lowering of the activation energy is the cat- describes in detail the beam source and the calibration
alytic effect when metal and molecule approach each of the number density of the target in the trap. This
other (organometallic chemistry, surface science, and procedure is essential for deriving absolute rate co-
catalysis). That is a major driving force in this field. efficients for reactions. Results for,® + Ni and
The large number of the transition metals and possible NiN>™ + Ni are presented in the following.
ligands present in nature make this field rather diverse
especially when considering that solvation effects in
metal-ligand complexes play an important role too. 2. Experimental

One of the motivations of the present work was to
grow covalently bound clusters by adding step-by-step  The experimental setup used for the study of re-
single metal atoms. The rate coefficients of associa- actions with Ni atoms is shown ifig. L Its main
tion depend strongly on the cluster size. In the first functional units are a metal atom source, a RET, a
step, e.g., formation of the dimer, the lifetime of the quadrupole mass spectrometer (QMS), and an ion
collision complex is extremely small, in the order of a detector. The metal atom beam is generated by elec-
vibrational period. If the clusters reach a certain size, tron bombardment of the metal tip. Electrons emit-
association can be considered as a sticking process, foted from the cathode are accelerated up to several
which the probability may approach unity. In the case kiloelectron-volt and hit the tip of the metal filament.
of metals, this may occur already at rather small num- At an electron current in the milliampere range, the
ber of atoms since many low lying electronic states metal tip is subject to several watts of heating power.
can strongly influence the lifetimes of the collision Due to the poor heat conductivity of the filament
complex. The association of weakly bound hydrogen and due to the small surface area of its tip, the metal
cluster iong6,7], and CO cluster ionf8,9] have been  can be heated up to its melting point. Considering
studied in detail using a 22-pole ion trap and the ring the wide temperature range of the source, various
electrode trap (RET). materials can be evaporated. In this setup, only the

Metal-atom- A RET QMS
source

i

Fig. 1. Cross-sectional view of the ion trap apparatus. The central element is the RET which can be cdote8Qd. lons are produced

either in the metal-atom-source and injected into the trap or inside the trap via ionization of neutrals. The beam of metal atoms is directed
along the trap axis and interacts with the stored ions. After a variable reaction time product ions are extracted through the SA electrode,
mass analyzed in QMS and counted via the MCP detector.
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tip is heated to evaporation temperatures, therefore, by VUV radiation caused by fast electrons hitting the
the metal beam has the same purity as the filamentmetal tip. The ions are stored for a variable time (mil-
material. More details of this miniature electron bom- liseconds up to minutes) and interact with the gas letin
bardment vaporization source can be foundlit]. from the effusive gas inlets and/or with the metal atom
Other metal beam sources with a similar principle of beam. After a certain reaction time, the trap content
operation are commercially available. is extracted by pulsing the gate electrode, SA, mass
In the present setup a Ni rod of 2.5mm diameter analyzed and detected. At the beginning of the each
with 99.997% purity[12] has been used. Upon va- trapping cycle the rf-voltage is switched off to empty
porization, the Ni atoms are also under bombardment the trap. Due to excitation of the MCP by VUV, the
of the fast electron beam. As a consequence ions areelectron beam is switched off during analysis of trap
also produced which can leave the source with high content. For the measurement of the temporal evolu-
kinetic energies. They are slowed down and deflected tion of the ion cloud the cyclen production/trapping
by the adjacent electrodes shown kig. 1 In this and reaction/analysis is repeated several times for
way, out of the vapor beam, only neutral Ni atoms each product mass and the various trapping times.
reach the ion trap region where collisions with stored  From this evolution, rate coefficients of the asso-
ions are studied. The distance between the evapo-ciated reactions are determined. For this purpose the
rating metal tip and center of the trap is 6cm. By knowledge of density of the neutral collision partner,
construction of the RET ceramic spacers of the pairs in the present case that of the neutral Ni atoms, is
of electrodes are not subject to a metal beam deposi- essential. It has been described by Nehasil gtlal,
tion which enables a safe operation of the trap. Other that the Ni evaporation rate can be determined from
interesting features of this particular trap have been the ionized part of the metal beam. We monitored the
described earlieff8,10,13] In the present configu- current of Ni ions,Iy;+, on the SE electrode, as a
ration a rf-voltage with an amplitude of 220V and function of the heating poweR. The result of this

a frequency of 6.7 MHz has been used. Assuming
a maximum kinetic energy of 0.1eV, these condi-
tions allow for storing singly charged ions in a mass
range from 3 to 700 u within the adiabatic limit. The
temperature of the RET is determined by a liquid

calibration procedure is shown iRig. 2 In order

to maintain the same ionization conditions, i.e., the

overlap of the electron beam and the evaporating Ni

atoms inside the source, the acceleration voltage has
been kept constanty = 2kV. The heating power

medium flowing through the trap. Liquid nitrogen has been controlled by varying the electron emission
has been used presently. Due to wide field-free range current,ls. The ratio I;+/ls, wherels is current of
of the trap, the ions are cooled down to the RET electrons onto the metal tigy;+ is proportional to
temperaturg10]. The composition of the stored ion the Ni evaporation rate. Evaporation of Ni starts to
cloud is analyzed by the quadrupole mass filter (see be observable above a threshold of about 7W (see
Fig. 1). Transmitted ions are then detected with high Fig. 2), and increases exponentially wilh as indi-
efficiency by a multichannel plate detector (MCP) in cated by the straight line in the semilog plotr§. 2
Chevron arrangement followed by a conventional ion At smaller heating power a constant offset caused by
counting amplifier/discriminator setup. electron bombardment ionization of rest gas and/or
The experiment is performed in a pulse mode. Pri- ionization due to energetic photons is dominant. The
mary ions are produced by electron bombardment of exponential increase has been used to calibrate the ab-
neutral atoms and molecules in the trap and by sec- solute number density of Ni atoms in the trap. For this
ondary reactions thereof. For this purpose electrons purpose the absolute value of the evaporation rate has
from the metal source are directed towards the trap been derived from the material consumption. Consid-
applying a voltage pulse to the cup electrode of the ering the geometry of the vaporizing Ni filament and
source. In addition ions are continuously produced the homogeneous heating of its tip only, metal atoms
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Fig. 2. Characterization of the metal beam. lon current on SE electfpde(®, right axis) is measured as a function of the heating power
of the metal tip, which is controlled by the electron emission curtenfor P > 7W the number density of Ni atoms is proportional to

Ini+/1s (O, right axis). It rises exponentially with increasing powr, The exponential part (without offset) is plotted as a thick solid
line and shows the Ni number density (left axis) in the middle of the RET. The calibration procedure is described in the text.

are vaporized isotropically intor2sr and the average  where 1 is the reduced mass. The ions are cooled

velocity is given by the evaporating temperature of Ni down by collisions with buffer gas to 1@020 K. The

of ~1726 K (melting point). Under these conditions temperature of the metal atomsy;, is defined by

the number density at the center of the RET has beenthe temperature of the metal tip. For this temperature

derived (sedFig. 2). Densities in the range from 10  we assume the melting temperatufig = 1700+

to 10° cm~2 have been achieved. At typical rate co- 100K, because the cylindrical Ni rod forms a droplet

efficients for ion—molecule reactions of 1cm®s1 shaped tip during operation. Accordingly the reaction

trapping times in the regime of seconds are required temperature for @ + Ni collisions is 6704+ 120 K

to detect the consumption of a major fraction of reac- and for NiNo™ + Ni collisions 1060+ 100 K.

tant molecules. At the highest evaporation rates of the

metal source the material consumption is already quite ) ,

high. For 1§ cm3 the 2.5 mm rod has to be moved 3. Results and discussion

at a velocity of about um min~1. For a stable opera-

tion under these conditions an automatic movement is

therefore mandatory. For the measurements presented

here constant operation conditions over several min-

utes in each measurement were required. This could

be achieved by manual translation of the metal rod

in between measurements. Ni number densities in the O, + Ni — NiO* + O, (1a)

measurements shown below were up~tb0® cm3.
The motion of the ions, A, and the nickel neutrals

is characterized by different Maxwellian distributions Both are highly exothermic, reaction (1a)Hg =

at temperature§a+ and Ty;. The effective collision —316kcalmoll, reaction (1b)AH, = —1028

temperature is given b = pu(Ta+/ma+~+1ni/mni), kcal mol1.

3.1 O™ +Ni
As a first reaction system collisions betweep™O

and Ni atoms have been studied. Two product channels
have to be considered in a bimolecular collision.

0" + Ni — Nit + 0,. (1b)
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O, ions have been produced in the trap. In order
to minimize oxidizing reactions, especially the for-
mation of neutral NiO, and other influences in the
nearby metal source due to the presence pa@ed-
icated @ production scheme has been useg.add

recorded. The number ofs£ ions is derived from the
number of detectetfO60* since the large amount of
160, ions would saturate the detector. The two most
abundant isotopes of N¥{Ni and®8Ni) have been de-
tected in both product channels. The number of prod-

He have been let in the trap via a continuous and a ucts increases linearly with time while the number of

pulsed gas inlet, respectively. The pulsed inlet oper-
ates synchronously with the electron pulse from the
metal source. With an excess of He, Hare the ma-
jority of ions produced. In a fast charge transfer reac-
tion with the ambient neutral 0O, % ions are formed
more readily than by the initial electron bombard-
ment. Therefore much lower QOdensities ([Q] <

5 x 10° cm~3) are necessary. Due to the fact that out-
side the trap the &number density is even lower by a
factor of about 200, the contamination of the metal tip
is negligible. For the determination of the rate coeffi-
cients for reaction (1) the temporal evolution of stored

reactants decreases.!Nons are formed via the charge
transfer reaction (1b) and also due to constant pho-
toionization of Ni neutrals in the trap. A fraction of the
Ni* products can escape the trap because of their high
kinetic energy. Therefore we do not determine a net
rate coefficient for the Ni production. A possible sec-
ondary reaction of Nff is Nit+0, — NiO*+0. This
reaction is endothermic b Hy = 53.6 kcal molt

[14] and can be neglected in the present case. In or-
der to exclude possible modifications of the tip surface
due to @ gas and contamination of Ni atom beam by
oxides some other test procedures have been under-

ions has been measured. A typical example is shown in taken[15]. For instance the number of primary,®©

Fig. 3. Oz ions are produced during the first 0.5 s, not
shown inFig. 3due to the rapid changes of neutral gas
density. During the following 1.3 s the number 0O
primary ions as well as Ni and NiO" products are

ions has been varied by varying the He number den-
sity in the pulse while [@] has been kept constant.
From this it turns out that the production rate of NiO
ions is proportional to the number of storedQons.

400 |

300

100

t/s

Fig. 3. Temporal evolution of stored ions at 80K and at number densities 4f4® x 10° cm=3 and [Ni] = 6.2 x 10’ cm 3. Primary
O, ions, detected via the less abund&#®®0" isotopomer (4« 10-3), are produced via ionization of He gas (from a pulsed gas inlet)
following the charge transfer reaction with, OO, ions react with Ni neutrals and form NiOand Ni* products. Solid lines represent
linear fits to the temporal evolution from which rate coefficients are determined.
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In order to derive a rate coefficient from the number rier along the reaction path which heightis comparable
of products one has to make sure that no products areto the reaction temperature. The rate coefficients for
lost. Since reaction (1a) is highly exothermic, products reaction (1a) make up a large fraction of the Langevin
are formed with high kinetic energy. Assuming that rate coefficientt, = 1.3 x 10~°cm®s~1. Therefore
all exothermicity is transferred to the kinetic energy no substantial barrier is hindering the reaction.
of products, NiJ ions can leave the reaction with Photoionization of the neutral Ni atoms is the dom-
a maximum kinetic energy of 0.24 eV. In the present inant Nit production mechanism. Therefore the ratio
trap experiment Ni® product ions with up to 1.1eV  of ®8Ni* to ®°Nit is an approximate measure of the
can be stored safely. Therefore no products are lost °8Ni to ®°Ni abundance ratio in the atomic beam of
under the current experimental conditions. neutrals. Within errors this ratio,. 27 &+ 0.30, corre-
From analysis of the constant production rate of sponds to the natural abundance of these two isotopes,
NiO* (seen inFig. 3), rate coefficients for reaction 0.681/0262= 2.60. For the same reason, however, no
(1a) have been determined for the two nickel isomers, reliable rate coefficients for the electron transfer chan-
58Ni and®ONi. Results are plotted iRig. 4as function nel, reaction (1b), could be determined. Nevertheless
of Ni number density. Within the given error limits the the charge transfer channel seems to play a certain role
rate coefficients are constant and the average values arén this collision system. Due to the long range nature
k1a(®8Ni) = (8+2) x 107 19cmi s~1 andkya(8°Ni) = of the charge transfer process both reaction pathways
(4+1) x 100%m3s 1. The error margins include  may start with a period of sharing the electron. For the
statistical deviations. Possible systematic errors in exchange of an O-atom a more intimate approach is
the determination of the Ni number density of about necessary. However, once the atom is exchanged re-
50% (se€Section 2, are not included. Besides the Ni  action proceeds along path (1a). In this picture most
density the actual temperature of the Ni atorfig;, likely channels (1a) and (1b) are in competition in re-
also varies slightly with the heating power of the tip action (1). Assuming no barrier for these two highly
(~10%). This effect could lead to an additional statis- exothermic product channels, reaction is happening at
tical error ink, provided there exists an activation bar-  collision rate and the sum of both rate coefficients adds

10° p——T—— 7
0; +Ni— NiO*+0
k. — T
;._)w 10-9 L. I II 58N|160+ E
£ 1 ¥
; Fy "“ % B0 216 ot
A Ni O
10" F ;
- 1 N 1 . 1 s 1 =
0 > 4 6 8 10

[Ni] /10" ecm®

Fig. 4. Rate coefficients for8NiO* and 6°NiO* formation in Q" + Ni reaction. Within the indicated errors the rate coefficients are
independent on the Ni number density as expected for a bimolecular process. The Langevin rate colfficgeentarked by a horizontal
line.
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up to the Langevin rate coefficient. From this assump- able densities, [X 104cm~3, ternary rate coeffi-
tion the rate coefficients for the charge transfer channel cients larger than T6%cm®s1, can be determined
can be estimated to bep(°®Ni) = 5x 107 10cmis1 during aAr = 10s trapping time and a minimum

andkyp(®°Ni) = 9 x 100 10cmés1. detection limit of A[M,+11]1/[M,t] ~ 0.01. Corre-

Reaction (1) shows a rather strong isotope effect,
i.e., the lighteP®Ni isotope forms NiJ ions at twice
the rate tharf°Ni. Such isotope effects can have dif-
ferent origins. Different nuclear spins of the different
isotopes can play a role in the formation of products.

sponding lifetimes of the collision complex,M; ™,
as short as 1 ns are measurable with the current setup,
assuming a stabilization efficiency gf = 1. In the
present case formation of the smallest Ni clustes; i
could not be detected following reaction (2). This im-

However, in the case 6fNi and®ONi the nuclear spins  plies that the corresponding ternary rate coefficient
are the same. Differences in zero point energy due to is smaller than the above limit and the correspond-
the different masses of the atoms can be important ing complex lifetime is shorter. This is not surpris-
for the formation of isotopomers, known as isotopic ing since for the association of two atoms ternary
fractionation. The lighter the species the stronger this rate coefficients are typically in the range of £ to
effect usually is. Since the mass difference for the 10-2’cm®s~1. For that reason different routes for
two Ni isotopes are very small an isotope effect of the formation of Ni cluster ions have been investigated.
this size is unexpected. An isotope effect of similar ~ Catalytic formation of Ni* has been found in the
strength has been reported for the rate coefficients of following two-step reaction scheme

formation and destruction of ozorjé6], where the
mass differences are also relatively small when com-
pared to light hydrogen/deuterium containing species NiN>™ + Ni — Nis* + No.
where these effects are the strongest. In summary the

Nit + 2N> — NiN2T + N, (3)

4

isotope effect is quite surprising. In view of the pos-

In the first step NiN™T is formed in ternary asso-

sible competition between reactions (1a) and (1b) and ciation of Nit and No. NiN>* has a strong binding
its common entrance channel of sharing the electron energy of 23.7 kcalmol' [18], when compared to

small differences in the dynamics may, however, lead
to substantial changes in the branching ratio of the
two channels.

3.2. NiN2*™ + Ni

One aim of combining a neutral atomic beam
source, here of metal atom M, with an ion trap ex-
periment is to study the kinetics and dynamics of
formation of covalently bound agglomerates,, )
in associative collisions. The most common way of
production is ternary associati§®,17]

Mn++M+x_> Mn+1++x~ (2)

This is a sequential process in which,Mand M
form a collision complex, M. 17*, and the collision
with an atom or molecule, X, leads to stabilization of
the molecular ion M, 1". Considering the maximum
number density of Ni~~10° cm~3, as well as manage-

the collision energy in the trap experiment. In the
second reaction Nis replaced by Ni. The Ni
product is bound about two times tighter, 2.08 eV
47.9kcalmol?® [19], than NiNt. It is an interest-
ing question whether the exothermic reaction (4) is
happening without barrier.

For the study of this reaction system [Has been
let in the trap at a number density in the range of
3 x 102 to 1 x 10" cmd. At the beginning of each
trapping cycle the rf-voltage is turned off and the trap
is emptied. Ni from the metal atom source, [N{
3x 108cm=3, and N are subject to the continuous
ionizing radiation of the metal source such that,N
N,>T, and Nit are formed at a constant rate. A typical
result is shown irFFig. 5. The number of stored ions is
displayed as a function of the trapping time in a double
logarithmic plot. The number of Niions increases
linearly, solid line inFig. 5, as expected for a constant
production rate. Again a less abundant isot&fij ™,
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Fig. 5. Double logarithmic plot of the temporal evolution of stored ions at 80K and at number densitfes= [Rx 102cm—2 and

[Ni] = 2.6 x 10°cm3. Primary ions are produced at a constant rate via continuous ionization of neutrals in the trap. Straight line
dependencies with different slopes demonstrate linear, quadratic and cubic formation of prirhagn®iNiN,™ products (reaction (3))

and Nb* secondary products (reaction (4)) respectively. Solid lines represent best fit approximations from which the rate coefficient for
the formation of Ny is derived.

has been detected in order to avoid saturation effectsondary reactions with Ni(M,*, n = 2, 3, cluster ions
of the detector. The number of NjN, the product of  too. However, the amount of NiN" and NiNs™ clus-
reaction (3), increases quadratic with trapping time, ters is too small to form the observed quantity o Ni
solid line in Fig. 5. This behavior is expected as the at a reliable rate. Therefore we conclude that™Nin
number of Ni" reactants increases already linearly in Fig. 5is almost exclusively produced via reactions (3)
time. As a consequence the number of Nproducts, and (4) and rate coefficients can be determined from
reaction (4), increases as the third power of time. This the ordinate value in the double logarithmic plot.
result is consistent with the proposed reaction scheme. As the production of NiMT ions in the metal source
In order to determine the rate coefficients for reac- can not be excluded, the rate coefficient for NiN
tions (3) and (4), possible other formation pathways formation could not be determined. The rate coeffi-
for Nio™ have to be explored. For this purpose the cient for reaction (4) shows a slight increase with [N
N2> number density has been varied. At low densities, However, this trend is still in the range of the statisti-
102 cm3, association productsa¥t, N4, NiNot are cal error. The average value of the rate coefficient is
observed. The number of NiN' products increases k3 = (1.7 + 0.7) x 10~ 19cm®s~1. This value is ap-

guadratically as irFig. 5. The consumption of Nipi" proximately six times smaller than the Langevin rate
via secondary reactions is very low. At higher num- coefficient for the NiN* 4 Ni collision systemj, =
ber densities, >& 10'2cm—3, also NiNs™ and NiNg 1.1x 10 2cm®s~L. This is an interesting result since

clusters are produced via ternary association. Reliableit indicates that reaction (4), although very exother-
rate coefficients for these processes could not be deter-mic, is not at all proceeding at collision rate. Several
mined due to the possible influence of the metal atom dynamical restrictions could be responsible for this
source. In the case of X He, H, and D as a buffer finding. Information about the structure and energet-
gas, NiX,* cluster ions have not been found in the ics of the (NpN2)*T complex would be very helpful in
mass spectra. In principle Ni can be formed in sec- understanding the current result.
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4. Conclusion Intra- und Intermolekulare Elektroneniibertragung.
A.L. thanks the VW foundation for a scholarship

The combination of a metal atom beam source and as well as V. Nehasil and V. Matolin for technical

an ion trap apparatus (RET) allows new kind of exper- support with the metal source.

iments, the collision of neutral metal atoms with high

evaporation temperature and atomic or molecular ions,

I 4+ M. Such collision systems are complementary to

the more commonly studied WH-1 systems. As a first [1] E.E. Ferguson, Radio Sci. 7 (1972) 397.
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