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Laser spectroscopy of NiBr: Ground and low-lying electronic states
J. W-H. Leung, Xianghuai Wang, and A. S-C. Cheunga)

Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong

~Received 2 April 2002; accepted 29 May 2002!

Four electronic states of NiBr have been studied using the technique of laser vaporization/reaction
with supersonic cooling and laser induced fluorescence~LIF! spectroscopy. NiBr molecules were
produced by reacting laser ablated nickel atoms and ethyl bromide (C2H5Br). High resolution LIF
spectrum between 724 and 810 nm was recorded, which consists of the~2,0!, ~1,0!, and~0,0! bands
of the @13.2# 2P3/2–X 2P3/2 system and the@13.2# 2P3/2–A 2D5/2 system, and also the (v,0) with
v50 – 4 bands of the@12.6# 2S1 –X 2P3/2 system. Spectra of four isotopic molecules:58Ni79Br,
58Ni81Br, 60Ni79Br, and 60Ni81Br were observed and analyzed. Least squares fit of rotationally
resolved transition lines yielded accurate molecular constants for theX 2P3/2, A 2D5/2, @12.6# 2S1,
and @13.2# 2P3/2 electronic states of NiBr. The bond length,r 0 , measured for theX 2P3/2 and
A 2D5/2 states is 2.196 28 and 2.164 45 Å, respectively. A molecular orbital diagram has been
constructed to explain the four observed electronic states. This work represents the first
high-resolution spectroscopic study of NiBr. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1494777#
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I. INTRODUCTION

Spectroscopic studies of transition metal diatomic
lides have been an active research area in the past
decades.1–5 The importance of these halides ranges fro
catalysis,6 surface science,7 to astrophysics. Astrophysically
because of high cosmic abundance of transition metal
ments in stars, it is likely that some of these halide molecu
may exist in significant amount in astrophysical sources4,5

Furthermore, diatomic halides are simple model systems
can provide insights into the role of thed orbitals in chemical
bonds.2 The effects of the halogens as a ligand to split
transition metald orbitals can be studied when halides of t
same transition metal are compared. Spectroscopic inves
tion of the halides not only yield accurated molecular pro
erties such as bond length, bond strength, and dipole
ment, etc.; it also gives information on the occupation
specific molecular orbitals formed from the transition me
and the halogen atom. Due primarily to the near degene
of the d orbitals, electronic states are generally close lyi
and also with many unpaired electrons that give rise to h
spin multiplicity states, spectrum of transition metal halid
is usually complicated. Furthermore, transition metal a
halogen atoms very often have isotopes with apprecia
abundance, which give rise to isotopic spectra in the sa
vicinity causing heavy spectral overlap. Therefore, electro
spectrum of such a seemingly simple diatomic molec
could be complex and congested. High-resolution spec
scopic techniques are usually necessary for detailed stud
this class of molecules.8

Among the first transition metal period, there have be
considerable interests recently in the spectroscopic prope
of nickel fluoride9–13and nickel chloride.14–19Work includes

a!Author to whom correspondence should be addressed. Tel:~852! 2859
2155; Fax:~852! 2857 1586; electronic mail: hrsccsc@hku.hk
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study of the ground and excited electronic states using h
resolution Fourier transform spectroscopy, laser spect
copy, and microwave spectroscopy. Fundamental un
standing of the electronic structure of the ground and exc
states of these two halide molecules begins to emerge. H
ever, for the latter two diatomic halides, only very limite
knowledge is available for NiBr and nothing at present
known for NiI. For NiBr, low-resolution emission spectra
the region 3800–5000 Å have been photographed by Re
et al.20,21 Six band systems have been identified of whi
three are single-headed bands and the other three are do
headed bands. Darjiet al.22 reported some new measur
ments of bands in the spectral region 4000–4500 Å. Go
et al.23,24investigated the thermal emission spectrum of Ni
produced by heating a mixture of nickel powder and nic
bromide in a vacuum graphite furnace. Eight subsyste
were detected, with three attributed to transitions from a2D
ground state. Only vibrational constants were reported. N
of the earlier work was able to resolve the complex rotatio
structure of NiBr.

In this paper, we report rotationally resolved nea
infrared spectroscopic study of electronic transition of lo
lying states of NiBr using the technique of las
vaporization/reaction with supersonic cooling and laser
duced fluorescence~LIF! spectroscopy. Three electronic tra
sitions have been identified, namely@13.2# 2P3/2–X 2P3/2,
@13.2# 2P3/2–A 2D5/2, and @12.6# 2S1 –X 2P3/2 systems.
$For the upper state whose characterization is less comple
we follow Clintonet al. @J. Mol. Spectrosc.102, 441~1983!#
to use the square bracket empirical notations.% Spectra of
four isotopic species:58Ni79Br, 58Ni81Br, 60Ni79Br, and
60Ni81Br were observed and analyzed. Line positions of
the measured transitions of individual isotopic molecu
were fit to retrieve vibrational and rotational constants
@13.2# 2P3/2, @12.6# 2S1, A 2D5/2, andX 2P3/2 states.
4 © 2002 American Institute of Physics
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II. EXPERIMENTAL DETAILS

The laser vaporization/reaction free jet expansion la
induced fluorescence spectrometer employed in this w
has been described previously.25,26 Only a brief description
of the experimental conditions is given here. A pulse of 5
nm, 9–10 mJ, and 10 ns from a Nd:YAG laser was focu
on the surface of a nickel metal rod to generate nickel ato
in plasma. A pulsed valve, with an appropriate delay,
leased gas mixtures of 2% C2H5Br in argon into the reaction
region. NiBr molecules were produced by the reaction of
atoms with C2H5Br in the gas phase. The operating cycle
the Nd:YAG laser-valve system was 10 Hz. Jet-cooled N
molecules were excited by a cw ring Ti:sapphire la
pumped by an argon ion laser. Laser induced fluoresce
signal was collected by means of a lens system and dete
by a photomultiplier tube~PMT!. The PMT signal was fed
into a boxcar integrator for averaging. A wavemeter with
accuracy of 1 part in 107 was used to measure the wav
length of the Ti:sapphire laser. The accuracy of the wave
ter has been calibrated using I2 lines in the near infrared
region.27 The absolute accuracy of transition line positio

FIG. 1. Vibronic transitions observed and analyzed in this work.
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measured in this work was about 0.002 cm21. The electronic
transition spectrum of NiBr was obtained by connecting
few hundred scans using the wavemeter reading.

The new near infrared bands observed were readily
tributed to NiBr based on their vibrational intervals, an
more importantly, the four dominating isotopic specie
58Ni79Br, 58Ni81Br, 60Ni79Br, and60Ni81Br. The linewidth of
the molecular transition is about 0.006 cm21 ~200 MHz!.

III. RESULTS AND DISCUSSION

A. General feature

The laser induced fluorescence spectrum of NiBr in
near infrared region between 724 and 810 nm has been
served and analyzed. The band structure is generally c
plex due to the appearance of the four isotopic species
smallB values~0.097 cm21! for both the excited and groun
states. Two of the three electronic transition systems ide
fied, namely,@13.2# 2P3/2–X 2P3/2 and@13.2# 2P3/2–A 2D5/2

were easily recognized and analysis. However, the@12.6#
2S1 –X 2P3/2 system was difficult to confirm becaus

FIG. 2. The~2,0! band of the@13.2# 2P3/2–X 2P3/2 transition of NiBr.
units of
TABLE I. Molecular constants for the@13.2# 2P3/2 , A 2D5/2 , andX 2P3/2 states of NiBr~cm21!.

State Parameter 58Ni79Br 58Ni81Br 60Ni79Br 60Ni81Br

@13.2# 2P3/2 T2 13774.5296~2! 13771.5866~2! 13769.0850~3! 13766.1126~2!
B 0.095898~3! 0.094898~2! 0.094057~4! 0.093051~4!

108D 7.62~8! 7.42~7! 7.4~2! 7.1~1!
T1 13485.2129~2! 13483.7670~2! 13482.5247~3! 13481.0643~3!
B 0.096312~3! 0.095307~3! 0.094457~4! 0.093443~4!

108D 7.9~1! 7.7~1! 7.6~2! 7.5~2!
T0 13194.0691~2! 13194.1391~2! 13194.1716~3! 13194.2425~3!
B 0.096730~3! 0.095716~3! 0.094861~4! 0.093841~4!

108D 8.1~1! 7.95~9! 7.8~1! 7.7~1!
A 2D5/2 T0 37.4666~2! 37.4573~2! 37.4438~3! 37.4335~3!

B 0.107705~3! 0.106562~3! 0.105599~4! 0.104453~4!
107D 1.38~2! 1.355~8! 1.32~1! 1.29~1!

X 2P3/2 T0 0.00 0.00 0.00 0.00
B 0.104599~3! 0.103520~4! 0.102608~2! 0.101529~2!

108D 4.365a 4.278a 4.201a 4.110a

aIndicate the values are fixed in the least squares fit. Errors in parentheses are one standard deviation in
the last significant figure quoted.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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3696 J. Chem. Phys., Vol. 117, No. 8, 22 August 2002 Leung, Wang, and Cheung
branches from the@13.2# 2P3/2–A 2D5/2 transition over-
lapped in the same region. Figure 1 depicts the eleven t
sition bands studied in this work.

B. †13.2‡ 2P3Õ2– X 2P3Õ2 system

StrongR heads near 13 775.7, 13 486.4, and 13 195.4
readily be identified, based on their vibrational intervals th
are assigned, respectively, as the 2–0, 1–0, 0–0 bands
new electronic transition. Each of these bands consist
resolvedP, Q, andR branches. Line assignments were re
tively simple because the origin lines of each branch w
observed. Figure 2 shows the band head region of the~2,0!
band. Because of the difference between the vibrational c
stants of the upper and lower levels, the~2,0! band of the
58Ni79Br is slightly shifted away from bands of other iso
topes. We still have problems in assigning the weaker f
tures in Fig. 2. The lowest observedJ numbering forP, Q,
and R branches are 2.5, 1.5, and 1.5, respectively, wh
allows the establishment of theV95V853/2 component for
both states. Furthermore, theP and R branches are much
stronger than theQ branch which is consistent with aDL
50 transition. The observed bands are the~2,0!, ~1,0!, and

FIG. 3. The~2,0! band of the@13.2# 2P3/2–A 2D5/2 transition of NiBr.

FIG. 4. The~0,0! band of the@12.6# 2S1 –X 2P3/2 transition of NiBr.
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~0,0! bands of the@13.2# 2P3/2–X 2P3/2 transition. Since our
spectrum was recorded at relatively low temperature, o
low J lines were observed (J<29.5), and noL-doubling was
detected. The observed line positions were fit to a stand
formula,28

n5T01B8J8~J811!2D8@J8~J811!#2

2$B9J9~J911!2D9@J9~J911!#2%. ~1!

In our analysis, we first performed a band-by-band le
squares fit to the line positions and subsequently all
available line positions of an each individual isotope we
merged in the final fit. The results are listed in Table I.

C. †13.2‡ 2P3Õ2– A 2D5Õ2 system

Strong band heads occur at 13 738.0, 13 448.6,
13 157.6 cm21 which are again readily assigned as the 2–
1–0, and 0–0 band of a new electronic transition syste
Figure 3 shows a portion of the~2, 0! band of this system.
The first line of eachP, Q, and R branches are withJ
52.5, which indicates that theV952.5 andV851.5 of the
lower and upper electronic states, respectively. It can be
ily seen that theP and Q branches are stronger than theR
branch which agrees well with aDL521 transition. The
observed bands are the~2, 0!, ~1, 0!, and~0, 0! band of the
@13.2# 2P3/2–A 2D5/2 transition. Similar to the earlier dis
cussed2P3/2–

2P3/2 transition, the line positions of thes
bands were fit to the formula in Eq.~1!. After an individual
band of this transition was fitted, we notice that the rotatio
constants of the upper state agree well with those obtaine
the @13.2# 2P3/2–X 2P3/2 system. A merged least squares
of the line positions of@13.2# 2P3/2–X 2P3/2 and the@13.2#
2P3/2–A 2D5/2 transitions determines accurately the sepa
tion between theA 2D5/2 andX 2P3/2 states, which is 37.466
cm21. The results are also listed in Table I.

FIG. 5. The heads of theR2 branches of the~1,0! band of the@12.6#
2S1 –X 2P3/2 transition of NiBr.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE II. Molecular constants for the@12.6# 2S1 state of NiBr~cm21!. Errors in parentheses are one standa
deviation in units of the last significant figure quoted.

Parameter 58Ni79Br 58Ni81Br 60Ni79Br 60Ni81Br

T4 13723.4127~2! 13717.4696~2! 13712.4422~2! 13706.4389~2!
B 0.096682~2! 0.095683~2! 0.094836~2! 0.093844~2!

108D 9.50~5! 9.35~3! 9.15~8! 8.86~6!
g 20.43549~2! 20.43101~1! 20.42739~2! 20.42290~3!
T3 13435.1714~2! 13430.7023~2! 13426.9138~2! 13422.4003~2!
B 0.097112~2! 0.096106~2! 0.095254~2! 0.094252~2!

108D 9.61~9! 9.41~4! 9.22~5! 9.01~5!
g 20.43820~1! 20.43367~1! 20.42992~2! 20.42540~2!
T2 13145.1497~2! 13142.1719~2! 13139.6380~2! 13136.6309~2!
B 0.097540~2! 0.096528~2! 0.095670~2! 0.094663~2!

108D 9.65~4! 9.46~3! 9.25~3! 9.07~3!
g 20.44095~1! 20.43637~1! 20.43258~1! 20.42795~2!
T1 12853.3502~2! 12851.8830~2! 12850.6187~2! 12849.1373~2!
B 0.097971~2! 0.096950~2! 0.096088~2! 0.095071~2!

108D 9.70~2! 9.50~2! 9.32~2! 9.12~4!
g 20.44369~2! 20.43913~1! 20.43525~2! 20.43066~2!
T0 12559.7773~2! 12559.8377~2! 12559.8591~2! 12559.9213~2!
B 0.098392~2! 0.097367~2! 0.096498~2! 0.095475~2!

108D 9.78~4! 9.54~3! 9.48~6! 9.33~6!
g 20.44642~2! 20.44180~1! 20.43789~2! 20.43325~2!
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D. †12.6‡ 2S¿– X 2P3Õ2 system

Among these three systems, the@12.6# 2S1 –X 2P3/2

system was the most difficult to assign. Because this b
involves a transition between a2S1 in case~b! and a2P
state in case~a!, which has six strong branches, namely,P2 ,
Q2 , R2 , P12, Q12, and R12. Besides, owing to smallB
values of both states and the presence of four isotopic m
ecules with comparable abundance, these six branches
lap heavily in the same spectral region. In order to ass
these branches, a program was written which used estim
B and g values for the upper state, and theB value of the
X 2P3/2 state to predict the transition lines of these s
branches. Figure 4 shows a portion of theQ2 and R2

branches of the~0, 0! band. For this band, the branches of t
four isotopic molecules have origins lie very close to ea
other. It can be noticed quickly that theR2 branches are
running parallel to each other and form heads at the hig
energy side. In addition, the~0, 0! band consists of two
strongP2 andQ2 band heads at 12 560.4 and 12 564.2 cm21,
respectively. The first line of all six branches were identifi
and assigned. Figure 5 depicts theR2 head region of the
ov 2006 to 147.8.21.97. Redistribution subject to AIP
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~1, 0! band. Due to a shift in band origin of the isotop
species, theR2 head of each isotopic is nicely spread. Fi
vibronic transitions have been observed and assign as (v,0)
bands withv50 – 4 ~see Fig. 1!. The observed line position
were fit to:
Upper state2S1 term values,

F18~J!5B~J820.5!~J810.5!1D@~J820.5!~J810.5!#2

1 1
2g~J820.5! ~2!

and

F28~J!5B~J810.5!~J811.5!2D@~J810.5!~J811.5!#2

2 1
2g~J811.5!, ~3!

Lower stateX 2P3/2 term values,

F29~J!5T02B9J9~J911!2D9@J9~J911!#2, ~4!

where g is the spin-rotation constant. Transition line pos
tions were calculated by subtracting the lower state term
ues from the upper state term values. Initially, we perform
a band-by-band fit and then merged all line positions in
grand least squares fitting. The molecular constants for
TABLE III. Equilibrium molecular constants for the@12.6# 2S1 and@13.2# 2P3/2 states of NiBr~cm21!. Errors
in parentheses are one standard deviation in units of the last significant figure quoted.

State Parameter 58Ni79Br 58Ni81Br 60Ni79Br 60Ni81Br

@12.6# 2S Te 12412.323~2! 12413.154~2! 12413.824~2! 12414.664~3!
ve 295.352~2! 293.806~2! 292.505~2! 290.944~2!

vexe 0.8886~4! 0.8796~4! 0.8718~4! 0.8628~5!
Be 0.098609~3! 0.097580~2! 0.096709~2! 0.095681~2!
ae 0.00043~9! 0.00042~6! 0.00042~8! 0.00041~7!

@13.2# 2P3/2 Te 13047.8120 13048.6470 13049.3228 13050.1665
ve 292.971 291.4362 290.1459 288.5953

vexe 0.91355 0.90415 0.89640 0.88675
Be 0.096939 0.0959205 0.095063 0.09404
ae 0.000418 0.000409 0.000404 0.000398
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE IV. Observed and calculated isotopic displacements for NiBr~cm21!.

State V

58Ni81Br 60Ni79Br 60Ni81Br

Dnobs Dncal Dnobs Dncal Dnobs Dncal

@12.6# 2S1 4 5.943 6.042 10.971 11.123 16.974 17.22
3 4.469 4.559 8.258 8.393 12.771 12.99
2 2.978 3.058 5.512 5.630 8.519 8.71
1 1.467 1.538 2.732 2.832 4.213 4.38
0 20.060 0 20.082 0 20.144 0

@13.2# 2P3/2 2 2.943 3.032 5.445 5.582 8.417 8.64
1 1.446 1.526 2.688 2.791 4.149 4.32
0 20.071 0 20.102 0 20.173 0
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different bands are given in Table II. A list of 4650 lin
positions of all four isotopes for the~2, 0!, ~1, 0!, and~0, 0!
bands of both @13.2# 2P3/2–X 2P3/2 and @13.2#
2P3/2–A 2D5/2 systems, and~4, 0!, ~3, 0!, ~2, 0!, ~1, 0!, and
~0, 0! bands of the@12.6# 2S1 –X 2P3/2 system of NiBr is
available from EPAPS.29 The root-mean-squares~RMS! er-
rors of the merged least squares fit is 0.0013 cm21. Molecu-
lar constants for theX 2P3/2, A 2D5/2, @12.6# 2S1, and@13.2#
2P3/2 states are reported for the first time. Equilibriu
molecular constants for@12.6# 2S1 and@13.2# 2P3/2 states of
all isotopes are given in Table III.

E. Isotopic shifts

Our vibrational quantum number assignment of the
per state can be further confirmed by examining the isoto
displacement from band origins of the four isotopes. Ta
IV compares the observed and calculated vibrational isoto
displacement,Dn. Molecular parameters of isotopic speci
are approximately related by various powers of the mass
pendencer5(m/m i)

1/2, where m and m i are the reduced
masses of58Ni79Br and one of the isotopes, respectively28

Since58Ni79Br is one of the most abundant isotope, isotop
effects are calculated relative to it. Table V shows a comp
son of calculated and observed equilibrium molecular par
eters. The agreement of these values is excellent. The is
pic shift for the ~0, 0! band is negative indicates that th
vibrational frequency in the upper state must be less than
of the ground state. Because of our experimental conditio
the molecules produced were quite cold only the lowest
brational level,v50, of theX 2P3/2 andA 2D5/2 were popu-
lated, and no vibrational constants of theX 2P3/2 andA 2D5/2

states could be determined.
ov 2006 to 147.8.21.97. Redistribution subject to AIP
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F. Molecular constants for the X 2P3Õ2 , A 2D5Õ2 , †12.6‡
2S¿, and †13.2‡ 2P3Õ2 states

Yamazaki et al.30 studied the microwave spectrum o
two isotopes of NiBr and obtained preliminary rotation
constants for thev50 level of theA 2D5/2 state. The follow-
ing is a comparison of these values~cm21!:

Parameter This work Yamazakiet al.30

58Ni79Br 58Ni81Br 58Ni79Br 58Ni81Br
B 0.107705 0.106562 0.107663 0.10656

107D 1.38 1.36 1.111 1.075

The agreement of theB values between our determina
tions and those of Yamazakiet al.30 is excellent. However,
our D values are larger, this may be because only relativ
low J lines (J,39) were measured in this work our prec
sion on these constants are slightly lower. We have attem
to fit our data fixing theD constant at the Yamazakiet al.30

value, but the RMS errors jumped to 0.0018 cm21 much
larger than our 0.0013 cm21. In addition, in our least square
fitting, it was performed with theB and D terms, but
Yamazakiet al.30 used higher order terms includingB, D,
and H. From the observed rotational constants, the bo
length, r 0 , obtained is 2.196 28 and 2.164 45 Å, for th
X 2P3/2 andA 2D5/2 states, respectively, and the equilibriu
bond length,r e , for the@12.6# 2S1 and@13.2# 2P3/2 states is,
respectively, 2.2621 and 2.3502 Å. We note in passing
the g value for the@12.6# 2S1 is relatively large and nega
tive. This indicates that there are nearby2P states making
contributions through second-order interactions to theg pa-
rameter. It has been shown by Simardet al.31 that the nega-
tive value ofg in a 2S1 state could result from the interac
78
15
50
26
77
64
TABLE V. Mass-scaled parameters of NiBr.

State Isotope

Observed Calculated

ve vexe Be ve vexe Be

@12.6# 2S1 58Ni81Br 293.806 0.8796 0.097580 293.804 0.8793 0.0975
60Ni79Br 292.505 0.8718 0.096709 292.503 0.8715 0.0967
60Ni81Br 290.944 0.8628 0.095681 290.940 0.8623 0.0956

@13.2# 2P3/2
58Ni81Br 291.436 0.9042 0.095920 291.436 0.9040 0.0959
60Ni79Br 290.146 0.8964 0.095063 290.145 0.8960 0.0950
60Ni81Br 288.595 0.8868 0.094040 288.595 0.8865 0.0940
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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tion between the2S1 and a 2P state arising from an
electronic configuration withp3 such as reaction~5! below.

G. Electronic configurations

The electronic states in NiBr are similar to those fou
in the isovalent molecules: NiF~Ref. 32! and NiCl,15 which
have the same number of valence electrons. The electr
configurations giving rise to the observed states are

~2s!2~1d!4~2p!3 X 2P i , ~5!

~2s!2~1d!3~2p!4 A 2D i , ~6!

~2s!1~1d!4~2p!4 2S1. ~7!

Figure 6 shows the molecular orbital~MO! formed from the
Ni metal 4s and 3d atomic orbitals~AO! and bromine 4p
AOs. The 1d MO is almost entirely a Ni 3dd AO because
there are no other orbitals ofd symmetry lying nearby. The
2p MO is a Ni-based slight antibonding combination
Ni 3dp – 4pp and of the bromine 4pp AOs. The above
mentioned electronic states can be easily understood f
this MO diagram. We have also examined another electro
configuration, which may give rise to electronic excit
states,

~2s!2~1d!3~2p!3~3s!1 2P i~2!, 4P i , 2F i , 4F i .
~8!

The @13.2# 2P3/2–X 2P3/2 transition observed in this
work corresponds to the promotion of an electron from
1d orbital to the antibonding 3s orbital. The @13.2#
2P3/2–A 2D5/2 transition corresponds to promoting an ele
tron from the 2p to the 3s orbital. The@12.6# 2S1 –X 2P3/2

transition system is likely to be the promotion of an electr
from the 2s orbital to the 2p orbital. It is easily noticed tha
the smallerB values of theX 2P3/2 is consistent with the
occupation of the slightly antibonding 2p orbital.

It would be useful to examine the known ground a
low-lying electronic states of NiF, NiCl, and NiBr to unde
stand the effects of the halogen as a ligand to split thd

FIG. 6. Molecular orbital energy level diagram of NiBr.
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orbitals of the Ni atom. In the construction of the molecu
orbital diagram two aspects should be considered: First,
relative energy of the 3d and 4s orbital of the Ni and thep
orbital of the halogen atoms. Since the first ionization pot
tial of an atom is the smallest amount of energy necessar
remove an electron, it corresponds, therefore, to the en
of losing the outermost subshell electron.33 The ionization
potential~IP! of the halogen atoms down the group: F, Cl, B
and I is, respectively, 17.42, 12.97, 11.81, and 10.45 eV,
for Ni the IP is only 7.64 eV. This indicates that, in a m
lecular orbital diagram, thep orbitals of the halogen atom
down the group must be moving closer and closer to thed
and 4s orbitals of the Ni atom. Secondly, it is expected th
the electron distribution of these metal halides depends u
electron affinity of the atoms. The halogen atoms have lar
electronegativity and would be able to attract electron dis
bution closer to it; therefore, nickel halides are basica
ionic. The order of halogen ions in the spectrochemical se
is F2.Cl2.Br2.I2, which implies that the separation be
tween the molecular orbitals 3ds, 3dp, and 3dd from the
metal 3d will be strongly halogen dependent and with th
fluoride giving the largest separation.34 It would be interest-
ing to note the energy of theA 2D5/2 state with respect to the
X 2P3/2 is 1095,32 158,14 and 37 cm21, respectively, for NiF,
NiCl, and NiBr, which drops drastically from NiF to NiBr
Since theA 2D5/2 state arises from (2s)2(1d)3(2p)4, where
the 1d MO should have the least influence from the haloge
because 1d MO is mainly from the nickel atom and there
no other orbital of the same symmetry nearby to interact w
it. The relative drop in energy of theA 2D5/2 state should be
viewed as the changes that occur in the 2p and 2s orbitals in
the halides rather than the 1d MO. These changes in 2p and
2s can be ascribed to the change in the relative orbital
ergy of the 3d and 4s AO of Ni and thep AO of the halo-
gens, and the drop in separation between the 3ds, 3dp, and
3dd orbitals by the halogen as a ligand. With the obser
tions in NiF, NiCl, and NiBr, it is reasonable to expect th
the 1d MO of the next member of the halides, namely N
would continue to drop and will give rise to a2D5/2 state as
the ground state. This is because iodine has an even sm
IP than Br and also is lower down in the spectrochemi
series. We have work in progress to study the electro
spectra of NiI in our laboratory to confirm this.
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