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The bond energy of Nij
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The kinetic energy dependence of collision-induced dissociation (CID) of Nif and NiF with Xe has been investigated with a
guided ion beam mass spectrometer. Interpretation of the CID cross section threshold of NiF allows the binding energy of Nif
to be determined as 2.08 +0.07 eV. This value is also confirmed by the CID cross section for Ni7 . This bond energy is well below
the range of 3 to 3.5 ¢V obtained from the photodissociation of NiAr*. The origins of the discrepancy between the two studies

are discussed.

1. Introduction

Nickel dimer is one of the more extensively stud-
ied transition metal dimers. In 1964, by using Knud-
sen cell effusive mass spectrometric techniques, Kant
estimated the binding energy of Ni; a5 2.031£0.3 ¢V
and 2.36 £0.22 eV by second and third law analyses,
respectively [1]. He also cited an ionization energy
(IE) of Ni, as 6.4+0.2 eV, although this was not
measured directly but was based on a number of as-
sumptions and estimates for the ratio of electronic
partition functions g(Ni)/g(Ni*) and g(Nij )/
g(Ni,). This IE can be combined with the second
law value of D°(Ni,) to yield a binding energy for
Nif of 3.26+0.5 eV.

This study was followed by a number of theoret-
ical calculations in which great efforts were devoted
to the determination of the ground and low-lying
electronic states and the binding energy of Ni,.
Among these were three particularly detailed cal-
culations. In 1978, Upton and Goddard calculated
the binding energies of Ni, and Nif as 2.92 and 4.14
eV, respectively [2]. In 1979, calculations carried
out by Shim et al. reported that D°(Ni;)=0.97 at
the Hartree-Fock level and 1.42 eV at the configu-
ration interaction level [3]. Both studies utilized a
basis set that is optimized for the F (4s?3d®) state
of Ni atom. In 1980, Noell and co-workers per-
formed an effective core potential study with a basis

set optimized for the 3D (4s'3d,) state of Ni atom
and calculated that D°(Ni,)=1.88 eV [4]. In the
same study, improved molecular parameters were
used to revise Kant’s third law value for D°(Ni,) to
2.0 eV, in close agreement with the second law value
and the theoretical result.

In 1984, spectroscopic studies of the jet-cooled
nickel dimer were carried out by Morse et al. [5].
The authors found that at an excitation energy of
16680 cm™"' (2.068 ¢V), the lifetime of excited Ni,
drops sharply, indicating the onset of predissocia-
tion. Thus, D°(Ni;) was determined to be
2.063£0.01 eV, which is considered to be the best
measurement of the nickel dimer bond energy at
present time.

There has been only one previous direct measure-
ment of the binding energy of Ni7 . Lessen and Bru-
cat studied the photodissociation of Ni,Ar™ to de-
termine that D°(Ni,) lies between 3.0 and 3.5 eV
[6], a range in good agreement with 3.2610.5 ¢V
derived by Kant [1].

Here, we report studies of the collision-induced
dissociation of Nif with Xe,

Nif +Xe-Ni* +Ni+Xe, 1)

conducted on a guided ion beam mass spectrometer.
CID cross sections are measured as a function of the
kinetic energy of Nif . In the absence of any reverse
activation barriers, the binding energy of Ni7 is given
directly by the threshold energy for this CID process.
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CID cross sections are also obtained for trimer nickel
ions and these help verify the bond energy obtained
from reaction (1).

2. Experimental

The guided ion beam mass spectrometer used here
has been described in detail previously {7]. Briefly,
a copper vapor laser (510 nm, 578 nm, 3-4 mJ/
pulse, 7 kHz) is tightly focused onto a rotating and
translating nickel rod. The plasma thus generated is
entrained in a liquid nitrogen cooled, continuous flow
of helium. Clustering of nickel atoms and ions oc-
curs in a 6.4 cm long, 2 mm diameter channel which
immediately follows. An average nickel cluster ion
undergoes approximately 10° collisions with He in
this channel, which should be sufficient to equili-
brate the temperature between helium carrier gas and
the ions. The gas mixture expands from the cluster-
ing channel into the source chamber in a mild super-
sonic expansion which further cools the internal
modes of the cluster ions. Nickel cluster ions thus
created are fully thermalized or even cooler. Nickel
cluster cations are extracted from the source cham-
ber, mass selected in a magnetic sector, and focused
into an octopole ion beam trap. This device guides
the cluster ion beam through a gas cell that contains
Xe gas at pressures corresponding to single collision
conditions. The octopole prevents losses due 1o scat-
tering of both reactant and product ions. The re-
sulting unreacted cluster and product ions are in-
jected into a quadrupole mass filter to be mass
analyzed and then detected by a Daly-type detector
[8] that utilizes a 27 kV conversion dynode and pulse
counting electronics. Conversion of detected ion in-
tensities into reaction cross sections and the calibra-
tion of the absolute energy scale are treated as dis-
cussed in detail previously [7].

3. Results and analyses

Cross sections for collision-induced dissociation
of Nif with Xe are measured over the kinetic energy
range of 0 to 15 eV, fig. 1. The cross section for the
sole product Ni™ rises sharply from ~2 to 4 eV, then
gradually reaches a constant value above 6 eV. The
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Fig. 1. Collision-induced dissociation cross sections of Ni} asa
function of relative kinetic energy in the center of mass frame
(lower scale) and laboratory frame (upper scale). The target gas
is Xe at a pressure of ~0.1 mTorr.

cross sections do not fall off at high energies indi-
cating that the collection efficiency of the Ni* prod-
uct is high.

Fig. 2 shows the threshold region of the CID cross
sections. The cross sections are modeled with

o(E)=0o(E-Eo)"/E, (2)

where E is the relative kinetic energy, E, is the
threshold energy, g, and » are adjustable parameters.
As shown in fig. 2, this model reproduces the thresh-
old region of the CID cross section very nicely when
E;=2.08+0.07 eV and n=1.8510.05. The uncer-
tainty in the threshold is the combination of the un-
certainty in the absolute energy determination (0.03
eV in ¢.m. frame), and the variation in the threshold
values for all values of » that reproduce the data for
two independent data sets collected over a time pe-
riod of three months.

The accuracy of the CID technique in the deter-
mination of bord energies has been demonstrated
previously in our studies of sysiems such as CID of
VOt [9], Fes [10,11], and clusters of Nb [12]. As
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Fig. 2. Threshold energy dependence of collision-induced disso-
ciation cross sections of Nif . The dashed line is the empirical
model described in the text. The solid line is the same model after
convolution over the experimental energy distribution. The tar-
get gas is Xe at a pressure of ~0.05 mTorr.

in these studies, we take the threshold energy ob-
served for Nif -Ni* +Ni as the binding energy of
Nij , i.e., D%(Nij#)=2.08 £0.07 eV. The appropri-
ateness of this assignment is discussed further in sec-
tion 4, but it is clear that this value is far below the
3.0 to 3.5 eV determined by Lessen and Brucat in
their photodissociation studies [6].

One means of checking the thermochemistry of the
dimer is to examine the CID of the nickel trimer ion,
shown in fig. 3. Dissociation of this species can occur
in three distinct pathways, one to form Nij , process
(3); and two to form Ni*, processes (4) and (5):

Nif —»NiJ +Ni, (3)
—-Ni*+Ni,, (4)
-Ni*+2Ni. (5)

The energetics of these processes are coupled in that
the thermodynamic thresholds of (3) and (5) must
differ by the binding energy of Niy", 2 to 3.5 eV, and
that the threshold energies of (3) and (4) differ by
the difference in ionization energies of Ni and Ni,.
Fig. 3 shows that the threshold energies of Nid and
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Fig. 3. Collision-induced dissociation cross sections of Nij as a
function of relative kinetic energy in the center of mass frame
(lower scale)} and laboratory frame (upper scale). The solid line
1s the total cross section. Open circles are Nif and solid circles
are Ni*. The target gas is Xe at a pressure of ~0.1 mTorr.

Ni* are nearly nearly the same, which can only be
true if formation of Ni* at threshold is via process
(4). Modeling of these cross sections for two inde-
pendent sets of data with eq. (2) indicates that pro-
cesses (3) and (4) have the same threshold energy
with an experimental error of about 0.1 ¢V. Thus,
the IEs of Ni and Ni, are nearly the same. These ion-
ization energies are related to the bond energies,
D?(Ni,) and D°(Ni), by

D°(Niy )—D°(Ni,;)=1E(Ni) —1E(Ni;) . (6)

Since the difference in ionization energies is small,
so are the differences in bond energies between the
ion and neutral dimers. Since D°(Ni, ) is well estab-
lished at 2.07+0.01 eV [5], this result suggests that
DO(Nij) is also near 2 eV, consistent with the
threshold energy for CID of Nif +Xe obtained
above. Indeed, this dimer ion bond energy can be
combined with IE(Ni)=7.637510.0012 eV in eq.
(6) to determine IE(Ni,) as 7.63£0.07 eV.
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4. Discussion

The discrepancy between the value obtained for
the bond dissociation energy of NiF here and the
value obtained by Lessen and Brucat is rather large.
In order to explore the origins of this discrepancy,
we need to consider the details of the binding of Ni,
and Ni; . From this we can assess whether there could
be a barrier to CID or to photodissociation.

The ground state of Ni, is known to arise from a
4s0, bond with weakly interacting 3d® cores on each
metal center [2]. This leads to a ground state con-
figuration of (4sa,)?3d'®, which can be labeled as
either °T", or 'T',, and arises from the coupling of two
Ni atoms in their 4s'ed® (°D) first excited state. This
state and the 4523d® (3F) ground state of Ni are es-
sentially degenerate, with an energy difference of only
0.03 eV [13]. When the J levels of these states are
explicitly included, the average energy ordering ac-
tually changes such that the *D state is 0.03 eV below
the °F state. When Ni, is ionized, it seems likely that
anonbonding 3d electron is removed since this leaves
the 4sc bond intact. We therefore expect that the
ground state of Ni; will have a (4s6,)23d'” electron
configuration, which can smoothly dissociate to
Ni(°F, 4523d°) and Ni* (2D, 3d°®). This result, which
1s confirmed by calculations of Upton and Goddard
[2], suggests that the collision-induced dissociation
of NiJ should be free from any activation barriers
in excess of the bond energy.

If this picture of the bonding is correct, that the
bond energy is dominated by a 4sc bond, then an
increase from D°(Ni,)=2.07 eV to D°(Nij)>3.0
eV seems counterintuitive. It is possible, however,
that participation of the d orbitals in the bonding of
Nis could lead to such an increase. This can be as-
sessed by comparing Nij to earlier transition metals
since such d orbital contributions should increase as
one moves to the left in the periodic table, due to
increase of the relative size of the d orbitals resulting
from a decrease in the effective nuclear charge. Our
measurements of the binding energies of FeF and
Cof , which agree with other determinations, are 2.74
eV [10,11] and 2.75 eV [14], respectively, which
suggests that values for Niy above this are too large.
In contrast, a nearly identical bond energy for Ni,
and NiJ is easily understood if the 3d orbitals do not
participate in the bonding of either species.
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There are several possible explanations for why the
photodissociation results might yield a higher value
for D°(Ni7) than the CID results. One is that the
photodissociation actually measures dissociation to
an excited state asymptote. The possibilities are listed
in table 1, where it can be seen that dissociation to
form excited Ni* (“F, 4s'3d®) lies 1.0 to 1.6 ¢V above
the ground state asymptote. Adding these energies to
our NiJ bond energy of 2.08 eV leads to energies
which are in good agreement with the observed pho-
todissociation thresholds of 3.0 to 3.5 eV. A similar
proposal has been made by Morse and co-workers to
explain their failure to observe predissociation of
NiPd at its thermodynamic limit [15].

A second explanation involves the fact that Lessen
and Brucat examine the photodissociation behavior
of Ni,Ar* and not Nif to obtain the bond energy.
They find that NiAr* dissociates primarily to
Ni7 at a photon energy of 2.98 eV, and attribute the
small amount of Nit* observed to two-photon events
(although no experimental evidence for this was pre-
sented). At 3.49 eV, Ni* was observed to be the pri-
mary dissociation product. Such behavior could be
consistent with a lower bond energy if efficient pho-
todissociation of Ni,Ar* to Ni* is not observed un-
til a strongly repulsive Nij state is optically acces-
sible in the 3.0 to 3.5 eV range. At energies below
2.95 eV, Lessen and Brucat observe sharp structure
in the Nit spectrum, which means that states be-
tween 2 and 3 eV cannot predissociate very rapidly.
In the Ni,Ar* molecule, these states might dissociate
most efficiently by Ar atom loss, thereby cooling the
NiJ product below the dissociation limit. Interest-
ingly, Lessen and Brucat find that their Nif spec-
trum is simple and unperturbed up to 2.16 ¢V and
more congested above this energy. Since this limit is
consistent with the bond energy for Ni7 measured

Table 1
Low-lying electronic states and energy levels of Ni and Ni*

State (Ni-Ni*) Encrgy (eV) ®

3F(s%d%)-*D(d°) 0.00-0.46
*D(s'd”)-*D(d%) 0.03-0.40
'D(s'd*)-*D(d%) 0.42-0.61
3F(s%d®)-*F(s'd®) 1.04-1.60
D(s'd’)-*F(s'd®) 1.07-1.54

) These specify the entire range of J levels for the given term
symbols and are taken from ref. [13].
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here, it seems possible that the congestion is due to
weak coupling to dissociative states.
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