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Near-infrared laser spectroscopy of Nil
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Laser-induced fluorescence spectrum of Nil in the near infrared region of 714—-770 nm has been
recorded. Seven bands belonging to three electronic transition systems were observed and analyzed:
the (0,0, (1,0, and (2,00 bands of[13.3] 23 "-A2Il, system; the(1,1) and (0,1) bands of

[13.9) °I13,-X ?Ag), System; and thé0,0) and(1,0) bands of 13.9] ?I15,-A °I1 5, System. Spectra

of isotopic molecules confirmed the vibrational quantum number assignment of the observed bands.
Least-squares fit of rotationally resolved transition lines yielded accurate molecular constants for the
v=0-2 levels of thg13.3| 22" state, thev=0 level of theA?Il,, and thev=1 level of the

X 2Ag, state. The vibrational separatiohG,,,, of the ground state was measured to be 276.674
cm L. With the observation of thg13.9] 2I15,-A Il 5, and[13.9] I15,-X 2As, transitions, we
accurately determined the energy separation betweer fié;, and theX A5, to be 163.847

cm 1. This confirms that the order of tha&?Il,, and X A5, states in Nil is reversed when
compared with other nickel monohalides. ZD04 American Institute of Physics.

[DOI: 10.1063/1.1806417

I. INTRODUCTION ecules,*®Nil and ®°Nil, were fit to energy-level expressions
to retrieve accurate vibrational and rotational constants for
Recent interests in transition-metal monohalides are botbhe [13.9] 2115, [13.3] 25", A 2015, andX 2Ag, states. A
in basic research® and practical applicatiorfs> Transition-  comparison of available spectroscopic information of the
metal monohalides can be considered as simple model sygickel monohalides indicates that more work is required to
tems that provide knowledge of chemical bonding involvingfully characterize even the low-lying electronic states.
electrons in thel orbitals. In the first transition-metal period,
the nickel monqhalides recei_ved much attention Iately.”_ EXPERIMENT
Amongst these nickel monohalides, good knowledge of the
electronic structure of the ground and some low-lying elec-  The experimental apparatus and detailed procedure for
tronic states for NifRefs. 6—17, NiCl (Refs. 18—24 and  producing transition-metal containing molecules using laser
NiBr (Refs. 25—31has been obtained. These three isovalenvaporization/reaction free-jet expansion and LIF spectros-
molecules all have the sam¢?I1,, as their ground state, COPY have been described in earlier publicatitii€.Only a
and theA 2A., state is lying higher in energy. Taet al3?  brief description of the relevant experimental conditions for
recently studied the visible spectrum of Nil using laser-obtaining the Nil spectrum is given here. Frequency-doubled
induced fluorescenc@IF) spectroscopy and found that the Nd:YAG laser pulses with 5-6 mJ were focused onto the
ground state is th& A5, state, which is different from the surface of a nickel rod to generate nickel atoms. A pulsed
other isovalent nickel monohalides. However, they did notvalve, with appropriate delay, released a gas mixture of about
observe any electronic transition relating to the low-lying2% CHl seeded in argon to react with the nickel atoms for
A2[1,, state. It is essential to obtain evidence and also loProducing Nil. Jet-cooled Nil molecules were excited by a
cate the low-lyingA 2I1, state to confirm beyond doubt that continuous-wavetcw) ring Ti:sapphire laser equipped with
the ground state of Nil iX 2A, state. short wavelength optics in the near m_frared region and
In this paper, we describe the analysis of seven elecUmped by an argon-ion laser. The LIF signal was collected

tronic transition bands, belonging to three electronic systemdY @ €ns system and detected by a photomultiplier tube. A
recorded using the technique of laser vaporization/reactioH?e‘r’]‘”dt_rh__Of abr(])_ut 2|50 MHz was Obtalnded. The wavelength
free-jet expansion and LIF spectroscopy. The seven molec® the Ti:sapphire laser was measured using a wavemeter

; i
lar transition bands are all crowded in the near infrared reWIth an accuracy about one part in‘10fhe absolute accu-

gion and spread over a range of only about 900 triThe racy of the measure_d_ line position is be_zloiz\D.OOZ Cfﬁl'
three electronic transitions identified are the3.325 - The electronic transition spectrum of Nil was obtained by

connecting hundreds of scans using the wavemeter reading.
A?Mlg,, [13.9 %0015, X%Ag,, and [13.9) [g-AIl ), g g g

systems. The measured line positions for both isotopic mol-
Ill. RESULTS AND DISCUSSION

dpresent address: Department of Chemistry, University of Alberta, Ed-A. Low-resolution broadband spectrum
monton, Alberta, Canada.
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1586. Electronic mail: hrsccsc@hku.hk region between 13000 and 14 000 ¢hhas been recorded.
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FIG. 2. Observed electronic transitions of Nil.

-1
Wavenumber / cm 13636.7 cm?, respectively, and thé®;,, Q;,, and R,
FIG. 1. Low-resolution LIF spectrum of thq13.325*-A2ll,,, ~ branches lie in the lower-energy region. Tite0), (1,0), and
[13.9] 214 A 214, and[13.9] 214X 2A 4, band systems of the Nil.  (2,0) bands of°®Nil and 5Nil were recorded and analyzed.
The observed line positions were fit to the following expres-
sions:

Figure 1 depicts a broadband low-resolution scan of the Nil  The upper-statés, * term values:
spectrum. The two strong bands at 13878 and 13959%'cm

! — ’ ! 1 ! 1
are the(0,0) band of the[ 13.9] ?I15,-X A5/, transition and F10)=vo+B' (I =2)(J"+2)
2 2 o
tively. Since thd 14.0] “®,>- X “As), transition shows hyper-
fine structuré** we have work in progress to further re- Fo(d)=vy+B' (I +3)(J +3/2

solve the hyperfine components. The result of the study will S 1 I
be reported elsewhere. Detailed analysis of(®6) band of —D'[(J+2)(I'+32]°=3¢(I' +3/2), (2)
the [13.9] 2I15,-X A5, transition with line positions and The lower-statéIl, term values:

molecular constants were reported in our earlier BN o [ 2

publication®? The weaker bands in Fig. 1 are either hot F2(9)=B""(J"+ 1) =D"[J"(I"+ DT, @)
bands or transition bands involving low-lying excited stateswhere the usual meaning 6fand” are, respectively, for the
The jet-cooled molecular source is known to produce molupper and lower states,, is the band origin of the upper
ecules at relatively low temperature, which favors the popustate,B andD are the rotational constants and its centrifugal
lation of molecules in the =0 level of the ground state. The distortion constants, anglis the spin-rotation constant.
population of higher vibrational levels of the ground state or ~ Since noA-type doubling has been observed, the corre-
any excited states would be very much reduced, and the traispondingA-type doubling parameter was not included in the
sition intensity is expected to be much weaker. Using our

apparatus, even the weak bands are of sufficient intensity to

be recorded under high resolution. Seven bands belonging td
three electronic transition systems, were identified and i
assigned: the (0,0, (1,0, and (2,0 bands of I FARALYT
[13.3] 23 *-A 2115, transition; the(1,1) and (0,1) bands of 1s o5
[13.9] 211 4,- X 2A5, transition; and thé€0,0) and(1,0) bands WP

of [13.9] 2I14,-A %15, transition. Amongst these transition
systems, thg13.9] 2I15,,-X A5, transition had been dis-
cussed in our earlier pap&however, in the present work,
the (0,1) and the(1,1) hot bands were recorded. Figure 2
shows all the electronic transitions observed so far for Nil.

T T T T T T T f T T I TTTn
T T T s

B. [13.3] 2% *-A 211, system | (il

This transition system is slightly more complex than the
other observed Nil system, this is because a transition be-
tween a®3> " state in casdb) and a’ll state in casda)

T T T T
coupling scheme results in three main and three satellite 13632 Wavenumber | 13636
branches, namel¥,, Q,, Ry, Py, Q12, andRy,. Figure 3 avenumbe
shows a portion of th€2,0) band of this transition. The,, FIG. 3. (2,0) band of the[13.3] 25 ™A 21, transition of®Nil.
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TABLE I. Molecular constants for thg13.9] 21, [13.3] 23", A %Ml4y,,
andX ?Ag, states of Nil(cm™). T T T T L N vy LY
45 P '_1|.SQ 1.5 60y 11
State Parameter SNl 0Nl Nil
T T 205 T T T T T T T T I1OI.5| R
[13.9] %M1y, T, 14 112.062(5) 14 109.5920%6) T T T T T T TTQ e il
B 0.068 4073) 0.066 87%3) ' ' — P
10°D 0.5725) 1.33)
To 13 878.641(3) 13 878.837®)
B 0.068 6882) 0.067 1492)
16°D 0.4718) 1.43
[13.3]23F T, 13 795.42812) 13790.251(2)
B 0.069 27015) 0.067 7241)
106°D 1.083) 1.61(9)
y -0.323821) —0.316 442)
T, 13 561.130@) 13 558.615) L»
B 0.069 55515) 0.067 9971) , | ,
16D 0.852) 1.21) 13714 13715
4 ~0.325801) ~0.318291) Wavenumber / cm™
T 13 325.363®) 13 325.541R) . .
BO 0.069 84016) 0.068 274T6) FIG. 4. (0,0) band of the[ 13.9] ?I1,-A 215, transition of Nil.
10°D 1.022) 1.642)
y —0.327 822) —0.320 271)
A0y, To 163.84714) 163.87615) D. [13.9] 2IT,- X 2A4, System
B 0.076 8472) 0.075 1173)
10°D 0.92) 153 The weaker transition bands with heads occurring at
XA T, 276.67446) 13603 and 13 836 cnt are read|ly2aSS|gn(;,-d as tt@;l)_ gnd
B 0.076 5522) the (;,1) hot bands of thg 13.9] “Il3,-X “As), transition.
10°D 0.3998) The first lines of theP, Q, andR branches are witd=2.5,

Hamiltonian. Transition line positions were calculated byAA
taking the difference between the upper- and lower-state term@me as thel13.9)
values. Similar to other transition systems analyzed, initially, X
individual band-by-band least-squares fit was performed tgeparation between t
each observed band, and eventually, all measured line po
tions were merged in a grand least-squares fit. Moleculal”
constants obtained are listed in Table |I.

C. [13.9] 2I14,- A 2I1 4, System

13715.4 and 13 948.8 cm, respectively. The strong and
R branches are consistent withAs\ =0 transition. The clear
assignment of the first lines of tHg Q, and theR branches
established the observed transition [48.9] 2I15,-A %Il 4,
transition. Figure 4 shows the band head region of(€h@)

which indicates the)"=2.5 and(Q)'=1.5 of the lower and
upper electronic states, respectively. The@nd Q branches
are stronger than thR branch, which agrees well with the

X 2As, state was set to a value published by Tatra

=—1 transition. Since the upper state of this system is the
2I1,,-A %115, transition, a merged least-
squares fit gave an accurate determination of the energy
h& 2115, state and theX 2Ag), state.
Jpue to the fact that only relatively lo@lines were measured

in this work, in the merged fit, the rotational constant of the

32
L,

and the centrifugal distortion constant for tXéAx, state
was derived from the Kratzer relation. The results are listed

in Table I.

A list of the measured line positions of the ob-
The (0,0) and (1,0) bands observed have band heads af€™ved transition bands of the13.3 23 T-A gy,
[13.9) %13, X 2Ag, and[13.9] 2I15,-A 211, systems of
the &Nil and ®°Nil isotopic molecules is available from the
EPAPS®® The root-mean-squares error of the merged grand
least-squares fit was 0.0016 ch

band. The measured line positions were again fit using the

following expression:

v=v,+{B'J'(J’+1)-D'[J' (I +1)]?

—{B"Y"(3"+1)-D"[J"(I"+ 1)]?.

(4)

E. Isotopic relationship between

58Nil and °Nil

Our vibrational quantum number assignment of the up-
per states was confirmed by examining the isotopic relation-
ship of the observed bands. Molecular parameters of isotopic
molecules are approximately related by different powers of

Initially, a band-by-band least-squares fit was performed tdhe mass dependenge= (/)% which x and u; are,

line positions. Subsequently, after we realized that the uppeaespectively, the reduced mass %8Ril and ®Nil. Table II

state is in common with thg13.9] ?I15,-X A5, transition,  compares the observed and calculated equilibrium molecular
the line positions were merged together in the final grandonstants. The agreement between the calculated and ob-
least-squares fit. served isotopic constants is excellent.
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TABLE II. Equilibrium molecular constants for thg13.3] 23" state of
58Nil and ®°Nil (cm™?).

BONiI2
State Parameter &Nl Observed Calculatéd
[13.3123F Te 13 206.929 13 208.467 —
we 237.237 234.508 234.509
wXe 0.735 0.718 0.718
Be 0.069 980 0.068 142 0.068 380
e 0.000 285 0.000 275 0.000 278
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of the electronic states is available, a comparison of these
states shows some general observations that are helpful for
locating the unobserved states. First, a low-lyfdey,, state

has been observed for NiF and Nil but not for NiCl and
NiBr, and the observed bands belong téda,-A 2As, tran-
sition. From the comparison of different nickel monohalides,
the low-lying ?® -, state is likely to arise from the electronic
configuration(9). We would expect that théd,,-A2Ag,
transition of NiCl and NiBr also lie in the near infrared re-
gion. Since NiCl and NiBr have thX ?II5, ground state,

@Uncertainty for the parameter could not be obtained from the least-squar@/hich is orbitally forbidden to reach thﬁbm state, how-

fit.
PMolecular constants were calculated using isotopic relationships and th
values from°&Nil.

F. Discussion

The molecular-orbitalMO) energy-level diagram and
the low-lying electronic states of Nil have been discusse
earlier® The known electronic states of nickel monohalides

are expected to arise from the electronic configurations aRiBr and theX

follows:
(20)2(2m)*(16)° X2Aj, 5
(20)%(2m)%(15)* ALy, (6)
(20)*(2m)*(16)* B?XT, (7
(20)1(2m)*(16)%(30)t  (2) %A %A, tS)
(20)%(2m)3%(16)3(30)t  (2) 21, %11 ;(2) 2, ,4<1>i(,9)
(20)2(2m)2(10)%(30)t 257,237 2A %57, (10)

The [13.3] 23 "-A I, transition observed, in the present
work, is likely to arise from the promotion of an electron
from the 2r MO to the 3 MO. Similarly, the
[13.9] °I14,-A 214, transition arises from the promotion of
an electron from the 4 MO to the 3r MO. The electronic
states of Nil and the isovalent molecules NiF, NiCl, and NiBr

gver, theA2Ag, is only 157 and 37 cAt, respectively,
above the ground state. It is reasonable to expect that the
A2Ag, state can be appreciably populated by a relatively
“warm” free-jet, and the?®,,,-A 2Ag, transition could be
observed using either absorption or LIF spectroscopy. Sec-
ond, the observed spin—orbit separation of &\ state is

394 and 1488 cimt of NiF and NiCl, respectively, and the

i atom dominates the spin-orbit interaction of the nickel
monohaildes? We would expect theA ?A,, state of the
2A 4, state of Nil are about 1400 cm above
their corresponding\ 2As;, and X 2A 5, states. However, un-
like the A 2A g, state, it is very difficult to populate the high-
lying A2A, component with an appreciable number den-
sity, and the best way to observe any transition toARa 5/,
state is through emission spectroscopy. Finally, it is interest-
ing to note that thé>* state is commonly observed in all
the nickel monohalides. ThB 23" state of NiF and NiCl
arise from the electronic configuratiér) and lie about 1574
and 1768 cm? above the ground state. In view of the similar
nature in chemical bonding and electronic configurations be-
tween the nickel monohalides, ti&?S " state of the NiBr
and Nil are also expected to be low lying in energy. Similar
to the 2A 5, component of theA 2A; state of NiBr and the
X 2A; state of Nil, theB 2% * state of NiBr and Nil would be
difficult to be populated and is appropriate to be studied
using emission spectroscopy. ThE2.3] %S " state of NiCl,
[12.6] %S " state of NiBr, and th§13.3] °S " state of Nil are

are quite similar. From the molecular constants obtained igxpected to arise from the electronic configuratidr),

Tables | and IlI, the equilibrium bond length,, of the
[13.3]23 " state was measured to be 2.4608 A and the ef
fective bond lengtht,, of the A ?I1,, and theX ?A 5, states

therefore, the correspondifg. * state of NiF is expected to
lie in comparable energy. Chen and co-workérs; using
LIF spectroscopy, and Bernath and co-worker® using

were determined to be 2.3484 and 2.3479 A, respectivelyrourier transform(FT) spectroscopy, recently studied many

Since thd 13.3] 23 * state arises from the occupation of the
antibonding 3 MO, it is consistent that the bond length of
the[13.3]22 " state is longer than the ground?A ), state.
However, the - and the $ MO are, respectively, bonding
and nonbonding orbitals; it is reasonable that the bond lengt
of the A 2I15, and X 2Ag, states are similar. With the obser-
vation of the[13.9] 2I15,,-A %113, and [13.9] 115~ X ?Ax),
transitions, we accurately determined that 41 5, state is
163.847 cm! above theX ?Ag), state. The energy order of
the 2115, and the?A ), states in Nil is confirmed to be dif-
ferent from the isovalent NiF, NiCl, and NiBr molecules.
Furthermore, the vibrational separatiodG,,, of the
X 2As), state is measured to be 276.67 ¢m

Table 11l lists the known molecular spectroscopic con-

electronic transitions in the visible region above 600 nm and
also in the near infrared regibnfrom 9500 to 13 000 cim',

but nothing was reported for a gap between 13000 and
16 000 cm'*. It is worthwhile to examine this spectral region
bsing either LIF or FT emission spectroscopy to study the
expectedS " state of NiF. Thd 0.25] 23 * state of NiF was
first observed by Dufour and Princherfeusing the FT
spectroscopy and confirmed by microwave experiménhts,
however, it is not possible to account for the existence of
such a low-energys * state using electronic configurations
derived from the molecular-orbital level diagram, and the
spin-rotation constant of this state is also unrealistically
large. We agree with the suggestion of Bernath and
co-workers?® that the[ 0.25] 23 * state should be reassigned

stants for the ground and the low-lying electronic states ofis theQ)=3 component of theX °Il state. The large spin-
the nickel monohalides. Even though only partial knowledgerotation splitting observed could be ascribed to asAhgpe

Downloaded 08 Nov 2006 to 147.8.21.97. Redistribution subject to AIP |

icense or copyright, see http://jcp.aip.org/jcp/copyright.jsp



9434 J. Chem. Phys., Vol. 121, No. 19, 15 November 2004 Tam, Ye, and Cheung

TABLE lIl. Spectroscopic constants for the low-lying electronic states of nickel monohdlides').

NiF NiCl NiBr Nil
X 2[4, B,=0.387 81(Ref. 17 X2y, B,=0.18150(Ref. 1§  X?2IIg, B,=0.104 60(Ref. 30 X2Ag,  B,=0.076 86(Ref. 32
ro(A)=1.7403 ro(A)=2.0637 ro(A)=2.1963 ro(A)=2.3479
0e=425.63 AG,,=276.674
[0.2521 25T T,=251.25(Ref. 15 A2Ag, T.=157.70(Ref. 18 A2Ag, T,=37.46(Ref. 30 Ay, T,=163.847
or X “IIy),
B,=0.39001 B.=0.184 31 B,=0.107 71 B,=0.076 85
ro (A)=1.7381 ro (A)=2.0480 ro (A)=2.1644 ro (A)=2.3484
y=—0.960 we=435.52
A2Ag), T,=829.48(Ref. 17 X2M,,  T,=385.666(Ref.20 [12.6)25% T,=12412.323Ref. 30 [13.3/237 T.=13206.929
B,=0.38854 B.=0.18078 B,=0.098 61 B.=0.069 98
ro(A)=1.7386 ro(A)=2.0678 ro (A)=2.2620 ro (A)=2.4608
we=646.10 y=—0.4464 we=237.237
y=-0.325
B2x* T,=1574.106(Ref. 16  A2A;,  T,=1645.83(Ref. 20 [13.2) %My, T.=13047.81(Ref. 30 [13.9) 2y, T.=13761.28(Ref. 32
B,=0.386 00 B,=0.18229 B.=0.096 94 B.=0.068 40
ro(A)=1.7471 ro(A)=2.0593 ro(A)=2.2814 ro(A)=2.4834
y=—0.1495 0e=292.97 we=235.09
A2Aq, T.=2223.56(Ref. 16 B2 * T,=1768.07(Ref. 19 [14.0) 24, T,=13958.87(Ref. 34
B,=0.38835 B,=0.179 85 B,=0.069 58
ro(A)=1.7390 ro(A)=2.0732 ro (A)=2.4680
y=-0.1154 AG,,=233.911
[11.1]) %[5, T,=11096.05Ref. 17 [9.1]%[,, T,=9101.261(Ref. 24 [14.6]°Ag, T.=14468.67(Ref. 32
B,=0.367 11 B,=0.171773 B.=0.067 50
ro (A)=1.7886 ro (A)=2.1214 r. (A)=2.5081
we=230.56
[12.0) 2®,, T,=12008.924(Ref. 17 [12.3/25" T,=12252.19(Ref. 25
B,=0.365 92 B,=0.179 94
ro(A)=2.7944 ro(A)=2.0726
AG,,=620.915 y=—0.1136
[13.0 T4, T,=12959.25(Ref. 13
B,=0.167 69

ro(A)=2.1470
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