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Laser spectroscopy of NiBr: Ground and low-lying electronic states
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Four electronic states of NiBr have been studied using the technique of laser vaporization/reaction
with supersonic cooling and laser induced fluorescehtie) spectroscopy. NiBr molecules were
produced by reacting laser ablated nickel atoms and ethyl bromiglés82). High resolution LIF
spectrum between 724 and 810 nm was recorded, which consists (@ @he&1,0), and(0,0 bands

of the[13.2] 2I15,—X %14, system and th§13.2] °I15,—A ?Ag), System, and also the (0) with
v=0-4 bands of th¢12.6] 23" —X 2[l,, system. Spectra of four isotopic molecul&¥\i"*Br,
8Ni®1Br, ®ONi"Br, and ®Ni®'Br were observed and analyzed. Least squares fit of rotationally
resolved transition lines yielded accurate molecular constants fot thky,, A2Ac),, [12.6] 237,

and [13.2] 2115, electronic states of NiBr. The bond length,, measured for theX 2I15, and
A2Ag, states is 2.19628 and 2.16445 A, 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. 002 American Institute of Physics.

[DOI: 10.1063/1.1494777

I. INTRODUCTION study of the ground and excited electronic states using high

resolution Fourier transform spectroscopy, laser spectros-

Spectroscopic studies of transition metal diatomic hacopy, and microwave spectroscopy. Fundamental under-

lides have been an active research area in the past fe¥tanding of the electronic structure of the ground and excited

decades:® The importance of these halides ranges fromstates of these two halide molecules begins to emerge. How-
catalysis; surface sciencéto astrophysics. Astrophysically, ever, for the latter two diatomic halides, only very limited
because of high cosmic abundance of transition metal elgnowledge is available for NiBr and nothing at present is
ments in stars, itis likely that some of these halide moleculegnown for Nil. For NiBr, low-resolution emission spectra in

may exist in significant amount in astrophysical souftes. the region 3800—5000 A have been photographed by Reddy
Furthermore, diatomic halides are simple model systems th%tt al292! Six band systems have been identified of which

can provide insights into the role of tInianrbiths in chemiqal three are single-headed bands and the other three are double-
bonds? The effects of the halogens as a ligand to split theheaded bands. Darjt al?? reported some new measure-

transition mgtatj orbitals can be studied when hahde; of th.ements of bands in the spectral region 4000—4500 A. Gopal

same transition metal are compared. Spectroscopic investiga: _, 2324 : o .

. : . et al~>“"investigated the thermal emission spectrum of NiBr

tion of the halides not only yield accurated molecular prop- . . . .
roduced by heating a mixture of nickel powder and nickel

erties such as bond length, bond strength, and dipole m{- ide i hite f Eight subsvst
ment, etc.; it also gives information on the occupation of romige in a vacuum grapnite furnace. tight subsystems

specific molecular orbitals formed from the transition metal Ve'® detected, with three attributed to transitions frofa

and the halogen atom. Due primarily to the near degenerao?round stgte. Only vibrational constants were reported. 'None
of the d orbitals, electronic states are generally close Iying,Of the earlier work was able to resolve the complex rotational

and also with many unpaired electrons that give rise to higfftructure of NiBr. _
spin multiplicity states, spectrum of transition metal halides N this paper, we report rotationally resolved near-
is usually complicated. Furthermore, transition metal andnhfrared spectroscopic study of electronic transition of low-
halogen atoms very often have isotopes with appreciabl®/ing states of NiBr using the technique of laser
abundance, which give rise to isotopic spectra in the samgaporization/reaction with supersonic cooling and laser in-
vicinity causing heavy spectral overlap. Therefore, electronigluced fluorescend&IF) spectroscopy. Three electronic tran-
spectrum of such a seemingly simple diatomic moleculesitions have been identified, namély3.2] I15,—X 115,
could be complex and congested. High-resolution spectrd-13.2] 2I13,—A2Ag,, and [12.6] 25" —X 115, systems.
scopic techniques are usually necessary for detailed study §fFor the upper state whose characterization is less completed,
this class of moleculés. we follow Clintonet al.[J. Mol. Spectroscl02 441(1983]
Among the first transition metal period, there have beerto use the square bracket empirical notatipr&pectra of
considerable interests recently in the spectroscopic propertidsur isotopic species®Ni’®Br, %®Ni®Br, 5Ni’®Br, and
of nickel fluorid€~**and nickel chloridé?~**Work includes  ®N;i®'Br were observed and analyzed. Line positions of all
the measured transitions of individual isotopic molecules
aAuthor to whom correspondence should be addressed.(88p 2859 ~ Were fit to retrieve vibrational and rotational constants for
2155; Fax:(852) 2857 1586; electronic mail: hrsccsc@hku.hk [13.2] 2M15p,, [12.6] 25", A2Ag),, andX 2115, states.
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FIG. 2. The(2,0) band of the/13.2] ?I1,—X I, transition of NiBr.
FIG. 1. Vibronic transitions observed and analyzed in this work.

measured in this work was about 0.002 ¢miThe electronic

transition spectrum of NiBr was obtained by connecting a
The laser vaporization/reaction free jet expansion lasefew hundred scans using the wavemeter reading.

induced fluorescence spectrometer employed in this work  The new near infrared bands observed were readily at-

has been described previoudl?® Only a brief description  tributed to NiBr based on their vibrational intervals, and,

of the experimental conditions is given here. A pulse of 532more importantly, the four dominating isotopic species:

nm, 9-10 mJ, and 10 ns from a Nd:YAG laser was focused8;i"9Br, 5&Ni82Br, 6Ni’*Br, and®°Ni8!Br. The linewidth of

on the surface of a nickel metal rod to generate nickel atomge molecular transition is about 0.006 ¢h(200 MH2).

in plasma. A pulsed valve, with an appropriate delay, re-

leased gas mixtures of 2%,B:Br in argon into the reaction

region. NiBr molecules were produced by the reaction of Nijj|. RESULTS AND DISCUSSION

atoms with GHsBr in the gas phase. The operating cycle of

the Nd:YAGQIasser—valve s%/sterr)n was 10 Hz?Jet—cc?oIgd NiBrA' General feature

molecules were excited by a cw ring Ti:sapphire laser The laser induced fluorescence spectrum of NiBr in the

pumped by an argon ion laser. Laser induced fluorescenagear infrared region between 724 and 810 nm has been ob-

signal was collected by means of a lens system and detectsgrved and analyzed. The band structure is generally com-

by a photomultiplier tubdPMT). The PMT signal was fed plex due to the appearance of the four isotopic species and

into a boxcar integrator for averaging. A wavemeter with ansmall B values(0.097 cm %) for both the excited and ground

accuracy of 1 part in ’0was used to measure the wave- states. Two of the three electronic transition systems identi-

Il. EXPERIMENTAL DETAILS

length of the Ti:sapphire laser. The accuracy of the wavemefied, namely[13.2] 2I15,—X 2I15, and[13.2] ?[15,—A ?Ag),
ter has been calibrated using lines in the near infrared were easily recognized and analysis. However, [th2.6]
region?’ The absolute accuracy of transition line positions?s,*—X?I13, system was difficult to confirm because

TABLE I. Molecular constants for thg13.2] 215, A 2As),, andX 2[14, states of NiBrcm™2).

State Parameter Ni7Br Ni®'Br ONi7%Br N8By
[13.2) 1,4, T, 13774.529@) 13771.586) 13769.085(B) 13766.11262)
B 0.0958983) 0.0948982) 0.0940574) 0.0930514)
10°D 7.628) 7.427) 7.42) 7.2(1)
T, 13485.212) 13483.767(R) 13482.524R) 13481.0648)
B 0.0963123) 0.0953073) 0.0944574) 0.09344384)
10°D 7.91) 7.7 7.602) 7.52)
To 13194.06912) 13194.13912) 13194.17163) 13194.24283)
B 0.0967303) 0.0957163) 0.0948614) 0.0938414)
10°D 8.1(1) 7.959) 7.811) 7.7(1)
A2Ag, To 37.46662) 37.45732) 37.44383) 37.4335%3)
B 0.10770%3) 0.1065623) 0.1055994) 0.1044584)
10D 1.382) 1.35498) 1.321) 1.291)
X 2y, To 0.00 0.00 0.00 0.00
B 0.1045993) 0.1035204) 0.1026082) 0.1015292)
10°D 4.368 4.278 4.20F 4.11¢

4ndicate the values are fixed in the least squares fit. Errors in parentheses are one standard deviation in units of
the last significant figure quoted.
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FIG. 3. The(2,0) band of thg[13.2] 2I1,,—A ?Ag, transition of NiBr. 4
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2 2 . FIG. 5. The heads of th&®, branches of thg1,0) band of the[12.6]
branches from theg13.2] “Il3,—~A“Ag;, transition over-  2s+_x 2y, transition of NiBr.

lapped in the same region. Figure 1 depicts the eleven tran-
sition bands studied in this work.

(0,0 bands of thd13.2] 2I15,—X ?II5, transition. Since our
spectrum was recorded at relatively low temperature, only
StrongR heads near 13775.7, 13486.4, and 13195.4 capw J lines were observedl& 29.5), and no\-doubling was

readily be |dent|f|8d, based on their vibrational intervals theydetected_ The observed line positions were fit to a standard
are assigned, respectively, as the 2—-0, 1-0, 0-0 bands offgrmula?®

new electronic transition. Each of these bands consists of
resolvedP, Q, andR branches. Line assignments were rela-
tively simple because the origin lines of each branch were
observed. Figure 2 shows the band head region of 2i®
band. Because of the difference between the vibrational con-

stants of the upper and lower levels, t&0) band of the squares fit to the line positions and subsequently all the

8Ni"Br is slightly shifted away from bands of other iso- iable | - ¢ h individual isot
topes. We still have problems in assigning the weaker feg2vallable in€ PosItons of an each indiviaual 1sotope were

tures in Fig. 2. The lowest observechumbering forP, Q, merged in the final fit. The results are listed in Table I.
and R branches are 2.5, 1.5, and 1.5, respectively, which

allows the establishment of t&" =’ =3/2 component for

both states. Furthermore, tHe and R branches are much C. [13.2] 2Il5,—A 2A;, System

S_tr(;)r:?aerzstigg: t_?ﬁ %rssng\]/evéhéc;néss ;orgstlgg)nt&vg? A:r/}d Strong band heads occur at 13738.0, 13448.6, and
B ' AT 13157.6 cm® which are again readily assigned as the 2—-0,

1-0, and 0-0 band of a new electronic transition system.
Figure 3 shows a portion of th@, 0) band of this system.
The first line of eachP, Q, and R branches are with]
Q. 15 T ss T T s T ONPBr = 2.5, which indicates that th@"”"=2.5 and()’=1.5 of the
L BN lower and upper electronic states, respectively. It can be eas-
s e L NN ily seen that the® and Q branches are stronger than tRe
e branch which agrees well with AA=—1 transition. The
observed bands are tl2, 0), (1, 0), and(0, 0) band of the
ﬂ [13.2] 2I15,—A2Ag, transition. Similar to the earlier dis-

B. [13.2] 2II4,— X °Il4, system

v=To+B'J'(J’+1)-D'[J' (I +1)]?
_{B//J//(Jlr+ 1)_ DII[J!/(J//+ 1)]2} (1)

In our analysis, we first performed a band-by-band least

r T T T T T T T T T T T T T TTTTI g 79
15 85 ;PS. . ONiBr

cussed?Il4,—2I1,, transition, the line positions of these
bands were fit to the formula in E¢l). After an individual

o | 25 ‘ 45 85 band of this transition was fitted, we notice that the rotational
R, “niBr ' SN constants of the upper state agree well with those obtained in
58":;,9:: sy 75 the[13.2] 2I14,—X ?I14, system. A merged least squares fit
1 1 1 1 i it 2 2
prv— PPy Py e of the line positions 0f13.2] “I13,—X <115, and the[13.2)]

wavenumber / cm’'

FIG. 4. The(0,0) band of the[12.6] 25+ —X 2I1,, transition of NiBr.

2I14,~A%A5), transitions determines accurately the separa-
tion between theA 2A;, and X 2115, states, which is 37.466
cm L. The results are also listed in Table .
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TABLE II. Molecular constants for thg12.6] 23 * state of NiBr(cm™2). Errors in parentheses are one standard
deviation in units of the last significant figure quoted.

Parameter S8Ni79Br 58Ni81Br 60N 7°Br S0N;j81Br
T, 13723.412) 13717.469€) 13712.442%2) 13706.438R)
B 0.09668722) 0.09568%2) 0.0948362) 0.0938442)
10°D 9.505) 9.353) 9.158) 8.86(6)
¥ —0.435492) —0.431011) —0.427392) —0.4229@3)
T, 13435.1714) 13430.7028) 13426.913R) 13422.400R)
B 0.0971122) 0.0961062) 0.0952542) 0.0942522)
10°D 9.61(9) 9.41(4) 9.225) 9.01(5)
y —0.438201) —0.433671) —0.4299%2) —0.425402)
T, 13145.1497) 13142.171) 13139.638(2) 13136.630)
B 0.0975402) 0.0965282) 0.0956702) 0.0946682)
10°D 9.654) 9.46(3) 9.253) 9.073)
y —0.4409%1) —0.436371) —0.432581) —0.42795%2)
T, 12853.35022) 12851.883(@) 12850.618R) 12849.137R)
B 0.0979712) 0.0969502) 0.09608%2) 0.0950712)
10°D 9.7012) 9.5012) 9.322) 9.124)
¥ —0.443692) —0.439131) —0.435252) —0.430662)
To 12559.777R) 12559.837R) 12559.85912) 12559.921%)
B 0.0983922) 0.0973672) 0.0964982) 0.09547%2)
10°D 9.7494) 9.543) 9.446) 9.336)
¥ —0.4464%2) —0.441801) —0.437892) —0.43325%2)

D. [12.6] 23— X 2114, system

(1, 0 band. Due to a shift in band origin of the isotopic

species, thdr, head of each isotopic is nicely spread. Five
ibronic transitions have been observed and assign &9 (
ands withv =0—4 (see Fig. 1 The observed line positions

Among these three systems, the2.6] 25" —X Il
system was the most difficult to assign. Because this banﬁ
involves a transition between %" in case(b) and a®ll L
state in casé€a), which has six strong branches, namély, were fit to: N
Q,, Ry, Py, Qqp, and Ry,. Besides, owing to smalB Upper statéX " term values,
values of both states and the presence of four isotopic mol- F;(J)=B(J'-0.5(J' +0.5+D[(J' —0.5(J’ +0.5]?
ecules with comparable abundance, these six branches over- P
lap heavily in the same spectral region. In order to assign +2v(J'-0.9 @
these branches, a program was written which used estimatedhd
B and y values for the upper state, and tBevalue of the Fi(J)=B(J'+0.5(J'+1.5—~D[(J' +0.5(J' + 1.5 ]2
X214, state to predict the transition lines of these six
branches. Figure 4 shows a portion of tkgy and R, —3y(J'+1.5), 3
branches of th€0, 0) band. For this band, the branches of the| g\er statex 211, term values,
four isotopic molecules have origins lie very close to each o . e 5
other. It can be noticed quickly that tHR, branches are F2(J)=To—B"J"(J"+1)-D"[J"(I"+ D", 4
running parallel to each other and form heads at the highawhere y is the spin-rotation constant. Transition line posi-
energy side. In addition, th€0, 0) band consists of two tions were calculated by subtracting the lower state term val-
strongP, andQ, band heads at 12560.4 and 12564.2¢m ues from the upper state term values. Initially, we performed
respectively. The first line of all six branches were identifieda band-by-band fit and then merged all line positions in a
and assigned. Figure 5 depicts tRg head region of the grand least squares fitting. The molecular constants for the

TABLE lIl. Equilibrium molecular constants for tHel2.6] 25 * and[ 13.2] 211, states of NiBricm™3). Errors
in parentheses are one standard deviation in units of the last significant figure quoted.

State Parameter S8Nii79Br 58Ni81Br 60N 79Br 50NiBBr
[12.6) 23 T, 12412.328)  12413.1542)  12413.8242)  12414.6643)
oe 295.3522) 293.8062) 292.5052) 290.9442)
WeXe 0.88864) 0.87964) 0.87184) 0.86285)
Be 0.0986093) 0.0975802) 0.0967092) 0.0956812)
a. 0.000439) 0.000426) 0.000428) 0.000417)
[13.2] 214, T, 13047.8120 13048.6470 13049.3228 13050.1665
We 292.971 291.4362 290.1459 288.5953
WeXe 0.91355 0.90415 0.89640 0.88675
Be 0.096939 0.0959205 0.095063 0.09404
e 0.000418 0.000409 0.000404 0.000398
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TABLE IV. Observed and calculated isotopic displacements for NiBn2).

58NiSlBr GONi 798r GONi81Br
State \% A Vobs A Veal A Vobs A Veal A Vobs A Veal

[12.6]25* 4 5.943 6.042 10.971 11.123 16.974 17.223
3 4.469 4.559 8.258 8.393 12.771 12.997
2 2.978 3.058 5512 5.630 8.519 8.718
1 1.467 1.538 2.732 2.832 4.213 4.385
0 —0.060 0 —0.082 0 —0.144 0

[13.2) %14, 2 2.943 3.032 5.445 5.582 8.417 8.644
1 1.446 1.526 2.688 2.791 4.149 4.321
0 -0.071 0 —0.102 0 -0.173 0

different bands are given in Table Il. A list of 4650 line F. Molecular constants for the X ?Ilg,, A 2Ag;,, [12.6]
positions of all four isotopes for th@, 0), (1, 0, and(0, 0) 2%, and [13.2] ?II4, states

bands of both [13.2] 2II,-X2ll5, and [13.7] |30
2I1,4,,—A?Ag), systems, and4, 0), (3, 0), (2, 0), (1, 0), and '
(0, 0) bands of thg12.6] 23 " —X ?I14,, system of NiBr is
available from EPAP$? The root-mean-squard®MS) er-
rors of the merged least squares fit is 0.0013 tnviolecu-
lar constants for th& ?I15,, A%Ag,, [12.6] 25", and[13.2]
2[1,, states are reported for the first time. Equilibrium

Yamazaki et al.™ studied the microwave spectrum of
two isotopes of NiBr and obtained preliminary rotational
constants for the =0 level of theA 2A, state. The follow-
ing is a comparison of these valu@sn 1)

Parameter This work Yamazakiet al>°

molecular constants f¢f.2.6] 23 * and[13.2] %1, states of S8NIT9Br  SNi®Br  %8Ni"Br  %8Ni®lBr

all isotopes are given in Table 11l B 0.107705 0.106562 0.107663 0.106560
10'D 1.38 1.36 1.111 1.075

E. Isotopic shifts The agreement of thB values between our determina-

tions and those of Yamazaki al° is excellent. However,

Our vibrational quantum number assignment of the UP~5ur D values are larger, this may be because only relatively

per state can be further conﬁrmed by examining the Isompl?ow J lines (J<39) were measured in this work our preci-
displacement from band origins of the four isotopes. Table

IV compares the observed and calculated vibrational isotopiéIon on these constants are slightly lower. We have attempted

; i 30
displacementAv. Molecular parameters of isotopic speciest0 fit our data fixing theD constant at the Yamazakt al.

are approximately related by various powers of the mass dev_alue, but the RMS errors jumped to 0.0018 crmuch

pendencep=(u/u;)*2 where u and y; are the reduced larger than our 0.0013 cri. In addition, in our least squares

masses oP®Ni’%Br and one of the isotopes, respectivély, fitting, it was ggerforme_d with theB and D terms, but
Since®®Ni™Br is one of the most abundant isotope, isotopic Yamazakiet al”" used higher order terms includirig, D,
effects are calculated relative to it. Table V shows a compari@nd H. From the observed rotational constants, the bond
son of calculated and observed equilibrium molecular paramiength, 1o, obtained is 2.19628 and 2.16445 A, for the
eters. The agreement of these values is excellent. The isoté-“I1z2 and A ?Ag, states, respectively, and the equilibrium
pic shift for the (0, 0) band is negative indicates that the bond lengthr, for the[12.6] X " and[13.2) °I1 4, states is,
vibrational frequency in the upper state must be less than thaespectively, 2.2621 and 2.3502 A. We note in passing that
of the ground state. Because of our experimental conditionghe y value for the[12.6] 23" is relatively large and nega-
the molecules produced were quite cold only the lowest vitive. This indicates that there are nearlly states making
brational levelp =0, of theX I, andA A, were popu-  contributions through second-order interactions to f#yea-
lated, and no vibrational constants of éIl;,andA%As, rameter. It has been shown by Simaatdal®! that the nega-
states could be determined. tive value ofy in a2 ™ state could result from the interac-

TABLE V. Mass-scaled parameters of NiBr.

Observed Calculated
State Isotope We WeXe Be wWe WeXe Be
[12.6]23* 8Ni®1Br 293.806 0.8796 0.097580 293.804 0.8793 0.097578

50N 7%Br 292.505 0.8718 0.096709 292.503 0.8715 0.096715
50Ni®1Br 290.944 0.8628 0.095681 290.940 0.8623 0.095650
[13.2) 1, 8Ni8iBr 291.436 0.9042 0.095920 291.436 0.9040 0.095926
60N 7°Br 290.146 0.8964 0.095063 290.145 0.8960 0.095077
60Ni81Br 288.595 0.8868 0.094040 288.595 0.8865 0.094064
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Ni NiBr Br orbitals of the Ni atom. In the construction of the molecular
orbital diagram two aspects should be considered: First, the
relative energy of the @ and 4s orbital of the Ni and thep
orbital of the halogen atoms. Since the first ionization poten-

3o tial of an atom is the smallest amount of energy necessary to
4s - remove an electron, it corresponds, therefore, to the energy
of losing the outermost subshell electrtiThe ionization
S 4 potential(IP) of the halogen atoms down the group: F, Cl, Br,
o x P and | is, respectively, 17.42, 12.97, 11.81, and 10.45 eV, but
3d 1: for Ni the IP is only 7.64 eV. This indicates that, in a mo-
lecular orbital diagram, the orbitals of the halogen atoms
N ) __2n__ down the group must be moving closer and closer to ttie 3

13
2c

and 4 orbitals of the Ni atom. Secondly, it is expected that
the electron distribution of these metal halides depends upon
electron affinity of the atoms. The halogen atoms have larger
electronegativity and would be able to attract electron distri-
bution closer to it; therefore, nickel halides are basically
ionic. The order of halogen ions in the spectrochemical series
FIG. 6. Molecular orbital energy level diagram of NiBr. is F>CI">Br >1", which implies that the separation be-
tween the molecular orbitalsd?, 3d7, and 316 from the
) o metal A will be strongly halogen dependent and with the
tion between the’s™ and a’Il state arising from an fiyoride giving the largest separatidhit would be interest-
electronic configuration withr® such as reactiofb) below. ing to note the energy of th& A, state with respect to the
X 2114, is 1095%2 15814 and 37 cm, respectively, for NiF,
G. Electronic configurations NiCl, and NiBr, which drops drastically from NiF to NiBr.
Since theA 2Ag, state arises from (@)?(16)3(2)*, where
the 15 MO should have the least influence from the halogens
because & MO is mainly from the nickel atom and there is
[fo other orbital of the same symmetry nearby to interact with
it. The relative drop in energy of th&2A., state should be
(20)2(16)%2m)% X211, (5)  viewed as the changes that occur in theahd 2r orbitals in
) 3 4 ) the halides rather than thed MO. These changes inm2and
(20)°(18)°(2m)"  AZA;, ®) 24 can be ascribed to the change in the relative orbital en-
(20)Y(18)*(2m)* =7, (7)  ergy of the 3l and 4 AO of Ni and thep AO of the halo-
gens, and the drop in separation between tihe,33d 7, and
3dé orbitals by the halogen as a ligand. With the observa-

- . ) tions in NiF, NiCl, and NiBr, it is reasonable to expect that
AOs. The 1 MO is almost entirely a Ni 85 AO because 1o 15 MO of the next member of the halides, namely Nil,

there are no other orbitals @ symmetry lying nearby. The ;4.4 continue to drop and will give rise to% ., state as

2m MO is a Ni-based slight antibonding combination of yq round state. This is because iodine has an even smaller
Ni3dm—4pz and of the bromine gm AOs. The above |p than Br and also is lower down in the spectrochemical

mentioned electronic states can be easily understood frolyries. We have work in progress to study the electronic
this MO diagram. We have also examined another electronigpectra of Nil in our laboratory to confirm this.

configuration, which may give rise to electronic excited
states,

2 3 3 1 2 4 2 4
(20)°(19)°(2m)*(30)" AL(2), "I, “0i, "y ® The authors would like to thank Dr. Emi Yamazaki for
communicating to us the molecular constants of Afe\ g,

The [13.2 *IT3;,-X Il transition observed in this state prior to publication and Ms. Jinghua Dai for her tech-
work corresponds to the promotion of an electron from thepjcg) assistance. The work described here was supported by a
15 orbital to the antibonding @ orbital. The [13.2  grant from the Committee on Research and Conference

2 2 i+ H . .
[15—A“Ag; transition corresponds to promoting an elec-Grants of the University of Hong Kong.
tron from the 2r to the 3r orbital. The[12.6] 22 " —X I,
transition SySte.m IS Ilkely to be.the pr.omotlpn of ?‘n electron K. P. Huber and G. Herzber@onstants of Diatomic Moleculésan Nos-
from the 2Zr orbital to the 2r orbital. It is easily noticed that trand, New York, 1979
the smallerB values of theX 2I1,, is consistent with the 2c. w. Bauschlicher, Jr., S. P. Walch, and S. R. Lang@€fantum Chem-
occupation of the slightly antibondingr2orbital. istry: The Challenge of Transition Metals and ChemistyATO ASI Se-
: ries C, edited by A. VeillardReidel Dordrecht, 1986
It ,WOUId be u,ser| to examme ,the known ground and 3S. R. Langhoff and C. W. Bauschlicher, Jr., Annu. Rev. Phys. Cla8n.
low-lying electronic states of NiF, NiCl, and NiBr to under- ;g9 (1988.
stand the effects of the halogen as a ligand to splitdhe “E. Hirota, Annu. Rep. Prog. Chem., Sect. C: Phys. CHafn95 (2000.

in

lo

The electronic states in NiBr are similar to those found
in the isovalent molecules: NifRef. 32 and NiCI® which
have the same number of valence electrons. The electron
configurations giving rise to the observed states are

Figure 6 shows the molecular orbitd!lO) formed from the
Ni metal 4s and 3 atomic orbitals(AO) and bromine 4%

ACKNOWLEDGMENTS

Downloaded 07 Nov 2006 to 147.8.21.97. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



3700 J. Chem. Phys., Vol. 117, No. 8, 22 August 2002

5P. F. Bernath, Annu. Rep. Prog. Chem., Sect. C: Phys. Cl8ém177
(2000.
6C. N. R. Rao, Annu. Rev. Phys. Cher0, 291 (1989.

Leung, Wang, and Cheung

2. B. Darji and N. R. Shah, Curr. Sci8, 349(1979.
ZR. Gopal and M. M. Joshi, Curr. S&0, 1061(1981).
%4R. Gopal and M. M. Joshi, Indian J. Phys. 58, 309 (1985.

M. Wojuechowsba, J. Habu, S. Lomnicki, and J. Stoch, J. Mol. Catal. A:°Q. Ran, W. S. Tam, C. Ma, and A. S-C. Cheung, J. Mol. Spectrta8.

Chem.141, 155(1999.

8W. Demtrader, Laser Spectroscopy2nd ed. (Springer-Verlag, Berlin,
1996.

9C. Dufour and B. Pinchemel, J. Mol. Spectro$@3 70 (1995.

10C. Focsa, C. Dufour, and B. Pinchemel, J. Mol. Spectrb82, 65 (1997.

Hyang Chen, Jin Jin, Changjin Hu, Xueliang Yang, Xingxiao Ma, and Con-
gxiang Chen, J. Mol. Spectros203 37 (2000.

123in Jin, Yang Chen, Xueliang Yang, Qin Ran, and Congxiang Chen, J.
Mol. Spectrosc208 18 (2001).

13Jin Jin, Qin Ran, Xueliang Yang, Yang Chen, and Congxiang Chen, J.
Phys. Chem. ALO5, 11177(200Y).

1T, Hirao, C. Dufour, B. Pinchemel, and P. F. Bernath, J. Mol. Spectrosc.
202 53 (2000.

A, Poclet, Y. Krouti, T. Hirao, B. Pinchemel, and P. F. Bernath, J. Mol.
Spectrosc204, 125(2000.

16y Krouti, A. Poclet, T. Hirao, B. Pinchemel, and P. F. Bernath, J. Mol.
Spectrosc210, 41 (2003).

7E. Yamazaki, T. Okabayashi, and M. Tanimoto, Astrophys. J. I5&t1,
L199 (2002.

183, J. O'Brien, J. S. Miller, and L. C. O'Brien, J. Mol. Spectrogd1, 93
(2002.

L. C. O'Brien, K. M. Homann, T. L. Kellerman, and J. J. O'Brien, J. Mol.
Spectrosc(in press.

203, p. Reedy and P. T. Ro, Proc. Phys. St5;.275(1960.

213, p. Reedy, N. Narayana, and P. T. Rao, Opt. Pura2gI69 (1987).

28

175(1999.

26Q. Shi, Q. Ran, W. S. Tam, J. W-H. Leung, and A. S-C. Cheung, Chem.

Phys. Lett.339, 154 (2001).

273, Gerstenkorn, J. Verges, J. Chevillafdlas des Spectres d’Absorption

de la Molecule d’'lode 11000—14000 cm* (Presses der CNRS, Paris,
1982.

G. Herzberg,Spectra of Diatomic Molecule®/an Nostrand, New York,
1950).

295ee EPAPS Document No. E-JCPSAB-117-003232 for the observed line

positions of the(2,0), (1,0) and (0,0) bands of botf13.2] 2TT5,—X ?IT,
and[13.2] 2I1,,—A ?Ag, systems, and4,0), (3,0), (2,0), (1,0, and(0,0)
bands of thg12.6] 23 " —X 2T, system of NiBr. This document may be
retrieved via the EPAPS homepagéhttp://www.aip.org/pubservs/
epaps.html or from ftp.aip.org in the directory /epaps/. See the EPAPS
homepage for more information.

S°Emi Yamazaki(private communication, 2001
31B. Simard, J. K. G. Watson, A. J. Merer, and T. C. Steimle, J. Chem. Phys.

111, 6148(1999.

32p, Carette, C. Dufour, and B. Pinchemel, J. Mol. Spectrd§d, 323

(1993.

33y, Jean, F. Volatron, and J. Burdetn Introduction to Molecular Orbitals

(Oxford University Press, Oxford, 1983

34T. M. Dunn, Physical Chemistry: An Advanced Treatisslited by H.

Eyring and H. JostAcademic, New York, 1970 Vol. V, Chap. 5.

Downloaded 07 Nov 2006 to 147.8.21.97. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



