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Laser spectroscopy of Nil: Ground and low-lying electronic states
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Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong

(Received 5 September 2003; accepted 23 Septembe) 2003

High-resolution laser-induced fluorescence spectrum of a jet-cooled Nil molecule has been recorded
in the near infrared and visible regions. The Nil molecule was produced by reacting laser-ablated
nickel atom and methyl iodide (G#. Three electronic states have been identified that include the

X 2Aj, and two low-lying[13.9] 2[5, and[14.6] 2Ag, excited states. Molecular transition bands
(v',0) of the [13.9] 2II5,—X?As, system withv'=0, 4-9, and the ’,0) bands of the

[14.6] ?Ag,—X2Ag, system withv’=0-6 were observed and analyzed. Spectra of isotopic
molecules confirmed the assignment of vibrational quantum number of the observed bands. Least
squares fit of rotational transition lines yielded accurate molecular constants for the states studied.
The bond lengthr, measured for th&X 2Ag, is 2.3479 A and the equilibrium bond length,, for

the [13.9] 2I1,, and [14.6] ?Ag, are, respectively, 2.4834 and 2.5081 A. With the use of a
molecular orbital energy level diagram, we have examined the electronic configurations that give
rise to theX ?Il;, ground state for NiF, NiCl, and NiBr, but thé2A, state for Nil. This work
represents the first spectroscopic study of the Nil molecule2003 American Institute of Physics.
[DOI: 10.1063/1.1625921

I. INTRODUCTION [14.6] 2Ag,— X ?Ag), System have been recorded and ana-
. . . lyzed. Spectra of isotopic molecule¥Nil and 5Nil were
Transition metall monohalides are |mportapt modgl SYSobserved and analyzed. Line positions measured for both iso-
tems_forlunderstandlng the ro.le of thelectrons in ch.em|ca.l opes were fit to retrieve vibrational and rotational constants
bondlng. Spectroscoplc stud'les of these. monohahdes yiel or XAy, [13.9] 214, and[14.6] 2A, states. In addi-
useful mforrngﬂgn ond. orbital occupqﬂon n chemical tion, with the use of a molecular orbital energy level dia-
bonds, and it is interesting to compare in detail the spectro- ram, we have examined the electronic configurations that

fSCOthC ]P:(r)]perr]tlels of various Ir_non(()jh?h(iﬁs tto exz_atr_nlne tgte Ie give rise to thex 21, ground state for NiF, NiCl, and NiBr,
ects of the halogens as a ligand to the transition metal /. v 2\, state for Nil.

orbitals. Among the first transition metal period, there has

been considerable interest in the spectroscopic properties of

nickel monohalides in recent yedr$* Work includes study

of the ground and excited states using high resolution Fourief:- EXPERIMENTAL DETAILS
transform (FT) spectroscopy, FT microwave spectroscopy,
and laser-induced fluorescence spectroscopy. For \ignd
NiCl,*71° good knowledge of electronic structure of the
ground and excited states has been obtained through years

Nil molecule was produced by the reaction of laser-
ablated nickel atom with methyl iodide (GH under super-
soc%nic free jet conditions, and Nil spectra were recorded using
hard work of many workers, however, for the latter two Iaser-lnducgd ﬂl_Jorescer_we spectro_scopy. Experimental appa-

ratus used in this experiment, detailed procedures for gener-

nickel monqhal_ldes, na_lmely, N|Br_ and Nil, only limited ating transition metal containing molecules and recording
spectroscopic information is available. Recently Leungtheir LIE spectra have been discussed in our earlier

et al?* using high resolution laser spectroscopy, identified 2526

. : .“publication;>“" only a brief description of the experimental
unambiguously the ground and three low-lying electronic o L
. . .~ .“conditions is given here. A laser pulse of 532 nm, 9-10 mJ
states for NiBr, but, up until the present moment, nothing i

known for Nil Strom a Nd:YAG laser was focused on the surface of a nickel
L . metal rod to generate nickel atoms. A pulsed valve, with an
In this paper, we report rotationally resolved near- ropriate delav. released gas mixture of 3%kl argon
infrared and visible spectroscopic studies of the ground an pprop Y. g s 9

. . S . 0 react with the nickel atoms. The operating cycle of the
low-lying electronic states of Nil using the technique of laser; .. !

2 ) . ; . Nd:YAG laser-pulsed valve system was 10 Hz. The backing
vaporization/reaction with free jet expansion and laser-

. . pressure at the pulsed valve was set to 5 atm. The jet-cooled
induced fluorescenceéLIF) spectroscopy. Two electronic . . . .
transitions: the [13.9] 2Ty, X 2A system and the Nil moleculg was lexcned by an argon ion pumped_ ring dye
' ' 312 52 laser operating with DCM and R6G dyes in the visible re-
gion and a ring Ti:sapphire laser with short-wavelen@w)
dpermanent address: Laboratory of Bond Selective Chemistry, University opptics in the near-infrared region. The laser-induced fluores-
Science and Technology of China, Hefei, Anhui 230026, People’s Republi%ence signal was collected by a lens system and detected by

of China. L . .
BAuthor to whom correspondence should be addressed;(8522857- & photom_ultlpller tubePMT). The PMT S!Qnal was fed into

1586; electronic mail: hrsccsc@hku.hk a boxcar integrator for averaging. The width of the molecular
0021-9606/2003/119(23)/12245/6/$20.00 12245 © 2003 American Institute of Physics
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FIG. 1. Vibronic transitions observed and analyzed in this work.
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transition lines measured was about 250 MHz. The wave-
length output of both the dye and the Ti: sapphire lasers FIG. 2. The(0, 0) band of the[13.9] 2I14,— X 2Ag, transition of Nil.

was measured by a wavemeter with a repetition rate of 1 Hz

and an accuracy of 1 part in 1.0The absolute wavelength

calibration of the wavemeter was checked agaipsthisorp-  band, the R branch head of tPéil and *Nil lie very closed

tion lines, which were accurate to abot6.002 cmtin the  to each other. The P, Q, and R branches have a first line with
visible and near-IR regiorfs.Hundreds of scans were made J=2.5, which established the upper and lower substates,
and connected together by a computer program using theave )’ and ()" values of 1.5 and 2.5, respectively. It is

wavemeter readings. easily noticed that the Q and P branches are stronger in in-
tensity than the R branch, which is consistent with a transi-
Ill. RESULTS AND DISCUSSION tion of AA=—1. We have assigned the transition as the

[13.9] 2I15,— X 2As, system. Since our spectrum was re-

corded at a relatively low temperature, only Idines were
The laser-induced fluorescence spectrum of Nil in theobserved §<30.5), noA-type doubling was detected. The

visible region between 588 and 720 nm has been observesbserved line positions were fit to a standard formula:

and analyzed. Molecular transition bands are generally easy R e

to identify because of the smafl value (0.065 cm*) and v=To+B'J'(3'+1)-D'[I''+1)]*

reasonable large vibrational separatio@80 cmit). Two —{B"J"(J"+1)—-D"[J"(J"+1)]?}, 1)

transition systems13.9] ?I13,— X ?Ag;, and[14.6] 2Ag), _ ) .

—X2As, were observed and analyzed. Our spectra showe}f]’here the usual meaning dfand are, respectively, for

that the [13.9] 2[1s,— X 2Ag), system is slightly weaker upper anq lower states. Inlqur analys!s: a band-by-band least

than the[14.6] 2Ac,— X 2A., system. Figure 1 depicts the squares fit to the line pqsmons_ was |n_|t.|aIIy performgd anq

vibronic transition bands studied in this work. subsequently all the available line positions of each isotopic

molecule were merged together in the final fit. The centrifu-
B. [13.9] 2Il,,— X 2Agy, System gal correction terms for both the upper and lower states were

set to the value derived from the Kratzer relation. Our results
Our initial survey spectrum indicated that the moleculargre listed in Table |I.

transition bands, obtained using the DCM dye, were high in
vibrational numbering because of large isotopic shifts. Six
band heads appear at 14 803.6, 15030.7, 15 256.3, 15 480%‘, [14.6] *As,—X*Agy, system

15702.6, and 15923.4 cm were assigned as the Q) Seven vibronic transitiony(,0) bands withv =0-6 of
bands withv =4—-9. Based on the vibrational separations ofthis system was observed. Each of these bands consists of
the observed vibronic bands and also the isotopic shifts, theesolved P, Q, and R branches. Figure 3 shows the band head
vibrational numbering of the upper state was assigned unanmegion of the(1, 0) band of this system. The first line of each
biguously. Further to the assignment of theQ) bands with P, Q, and R branches are, respectively, with3.5, 2.5, and
v=4-9, we made use of the vibrational information to pre-2.5, which indicated thaf)’ ="=2.5 for both upper and

dict the origin of the other bands with lower vibrational lower states. The intensity of the P and R branches is higher
guantum number. Using our Ti:sapphire laser with shorthan the Q branch, which agrees well withAZ£)=0 and
wave (SW) optics, the(0,00 band head was observed at AA =0 transition. The observed transition has been assigned
13879.3 cm. Due to the limitation in laser coverage, we as the[14.6] 2Ag,— X ?Ax/, System. We have noticed that
could not record they(,0) band withv =1—-3. The observed thev=6 band observed in this system has a sizable line-
band consists of resolved P, Q, and R branches. Line assigmidth at low J values. Since®Ni and ®™Ni have no nuclear
ments were simple because the first line of each branch wespin, such an increase in the linewidth is caused by the mag-
identified. Figure 2 shows the band head region of(thed) netic hyperfine interaction of the magnetic moment of un-

A. General features
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TABLE I. Derived constants for thg¢13.9] 2I1,,— X ?Ag, transition of ~ TABLE Il. Molecular constants for thg14.6] 2Ag,— X A, transition of

both %8Nil and ®©Nil (cm™1).2 both 58Nil and ©Nil (cm™).2
2 2
[13.9 “IIg, X 2A, [14.6] "Asp X 2Ag,
Molecule v T, B, Bg Molecule v T, B, Bo

SENil 0 13878.64142) 0.0686861)  0.076 8572) SENl 0 14583.7368)  0.0673683)  0.076 8572)
4 14 803.037®) 0.067 5531) 1 14 812.51188) 0.067 0892)
5 15030.221®@) 0.067 2661) 2 15 039.562®) 0.068 1802)
6 15 255.813®3) 0.066 9791) 3 15 264.86683) 0.066 54%2)
7 15 479.7988) 0.066 68381) 4 15 488.380(3) 0.066 2702)
8 15702.1612) 0.066 39381) 5 15710.1048) 0.066 0022)
9 15922.88201H 0.066 0991) 6 15930.145@) 0.065 7472)

0Nl 0 13878.838(8B)  0.067 1421)  0.075 1293) 0Nl 1 14810.13463)  0.06558%3)  0.0751293)
5 15017.450@®) 0.065 7661) 2 15 034.619®) 0.065 3163)
6 15 240.560@) 0.065 4901) 3 15 257.3938) 0.065 0533)
4 15478.421@) 0.064 7893)
8 rrors in parentheses are one standard deviation in the units of the last 5 15 697.721(B) 0.064 5293)
significant figure quoted. 6 15 915.4626) 0.064 3083)

% rrors in parentheses are one standard deviation in the units of the last
paired electrons with the magnetic moment of the iodineSignificant figure quoted.

nucleus withl =3, and may possibly also come from the

electric quadrupole interaction of the iodine nucleus spingiterent powers of the mass dependenge (u/u;)*?

. . . | 1
Work is currently in progress to study the details of the hy-yhere ,, and «; are the, respectively, reduced masSjil
perfine structure. We have performed a least squares fit to the, 460N 29 Taple 11l shows a comparison of the calculated

line positions of the observed bands using the expression ignq ohserved equilibrium molecular parameters. The agree-
Eqg. (1). The results are listed in Table II. A list of line posi- ment of these parameters is excellent.

tions of the two isotopes for the vibronic bands observed for
both [13.9 21__[3/2_X ?Aspp and[14.6] 2As,—X?As SYS- £ Electronic configurations and ground state
tems of Nil is available from EPAP%. The root-mean- f nickel monohalides

squares(rms) error of the merged least squares fit was ] o ]
0.0018 cm®. Molecular constants for theX2Ag, From the available spectroscopic information, the effect

[13.9] 21, and[14.6] 2Ag, states are reported for the of a halogen as a ligand to split the nickkbrbitals can be

first time. Equilibrium molecular constants fpt3.6] 2I15, examined. Figure 4 presents qualitatively the rglative energy
and[14.6] 2A, states for Nil are listed in Table IIl. of the molecular orbital{MOs) formed from Ni and the

halogens. Since the halogen atom has no valence orbital with
6 symmetry, the & MO is essentially unaffected by the halo-
gen atom, therefore, the MOs are arranged so thatéhéQ

The vibrational quantum number assignment of the vi-of the monohalides is placed at the same energy in the figure.
bronic bands observed was confirmed by examining the isofhe construction of the molecular orbital energy level dia-
topic relationship of the observed bands. The molecular pagram depends on the relative energy of tlig @s, and 4
rameter of isotopic molecules are approximately related byrbitals of the Ni atom and the orbitals of the halogen

atom. The ionization potentigllP) of the Ni and halogen

D. Isotopic relationship between  *8Nil and €°Nil

———— 15') R TABLE lIl. Equilibrium molecular constants for thg13.9] 2I1,, and the
i 2R PR T T o [14.6] 2Ag), states of®Nil and ®Nil (cm™3).
105 35 1
¥ R ooNil®
10.5 25 Q 60
a5 P Nit State Parameter 58Nl Obs. cald
[13.9] 214, Te 13761.284) 13762.86 -
e 235.092) 232.34 232.34
weXe 0.7942) 0.769 0.767
Be 0.0688407) 0.067 280 0.067 270
ae 0.0002881)  0.000 275 0.000 278
[14.6] 2Ac), Te 14468.672) 14468.672) -
e 230.561) 227.866) 227.91
weXe 0.8792) 0.85Q7) 0.086
wa L Be 0.067 4976) 0.06596Q1) 0.065 950
ag 0.0002711) 0.0002573) 0.000261
1 L 1 "
14810 14812 @UJncertainty for the parameter could not be obtained from the least square
Wavenumber / cm” fit.
®Molecular constants were calculated using isotopic relationships and the
FIG. 3. The(1, 0 band of the[14.6] 2Ag,— X 2Ag), transition of Nil. values from®Nil.
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Ni X the halogen atom, in order to probably fill up these two MOs:
one electron from the valence shell of the Ni atom has to be
transferred to the 4 orbital. Such a move of electron from

i the Ni atom to the halogen atom forms the expectetNi

- & 4 ionic compound. The other nine electrons of the Ni atom

occupy the 2, 27, and 15 MOs as shown in the above

3 electronic configurations.

; Generally, the electronic states of Nil should be quite

similar to those found in isovalent molecules such as NiF,

NiCl, and NiBr. These isovalent molecules all haxélls,

ground state and th&?A ), lying higher in energy, however,

Nil has X 2Ag/, as its ground state that deserves some discus-

sion because it is not the expectédIl,, state as in Nif2

NiCl,*3 and NiBr?* Table IV lists the spectroscopic param-

eters for the low-lying?Il and?A states observed for nickel

monohalides. It is interesting to note the energy separation
between theA ?Ac;, and X 21, drops from 830 cm! in

NiF, 161 cm* in NiCl to 37.5 cm ' in NiBr. Since the

A2A g, state arises from the unpaired electrons in tAé1D

that is mainly coming from the nickel atom and subject to the

lo — least influence from any halogen atom, the relative drop in
EECAE energy separation should be viewed as the decrease in energy
that occur in the 2 and 2Zr orbitals in the halides rather than
NiF  NiCl ~ NiBr  Nil the 156 MO. Furthermore, the decrease in energy of the 2
FIG. 4. Molecular orbital energy level diagram of nickel monohalides. @nd 2r orbitals can be ascribed to the change in the relative
orbital energy of thgp AO of the halogens with respect to the
3d and 4s AO of Ni. From the trend observed in NiF, NiCl,

o . d NiBr, it is plausible to explain that the decrease in energy
atoms indicates how easily the outermost electron can b&" . L
y f the 2o and 27 MO with respect to the MO in Nil is the

removed, which establishes the relative energy of the valenc® ! .
orbitals of the Ni and halogen atoms. Figure 4 shows the mgnaor reason for théAsy, staFe as the grgund state for Nil
formed from the Ni 4 and 3 atomic orbitalSAOs) and the rather than théll,, state as in the other isovalent monoha-

iodine 5p AOs. The bonding orbitalsd.and r are mainly ~ 1des. Presently, we only know that the and 2r MOs are
formed from the iodine Bo AO with the Ni 4ss AO and lying very close in energy to each other, but which MO is of

iodine Spm AOs with Ni 4pm AOs, respectively. The @ lower energy is still a question; this is because the correlation
MO is based on the combination of N&& and the iodine €neray of the electrons in each MO is not known. In order to
5po AOs. The 2r MO is formed from the Ni-based better understand the whole picture, spin—orbit interaction
3d#7-4pm and of the iodine B AOs. The MO is essen- should be considered. The work on NiF and NiCl as listed in
tially a pure Ni 38 AO because there is no other orbital of Table IV provides information for us to analyze the spin—

5 symmetry lying nearby. The electronic configurations gi\,_orblt interaction of the low-lying electronic stat&sThe fol-

ing rise to the observed ground and low-lying electroniclowing is a summary of the observed spin—orbit separations

3n

3o

c / 3o

2n

26 2

states are of NiF and NiCl (cm’l):
(20)%(2m)*(18)°  X32A;, (2)  Electronic Spin—orbit Spin—orbit
(20)2(2m)3(18)* A2 3 Sae separationAA constantA
1
NiF NiCl NiF NiCl
(200 (2m)4 (18330t (2)2A; *A;, @ ' ! ! '
X Mg 398 398
(20)%(2m)%(16)3(30) " (2) °I; *1;;(2) *®; “®; o A%, 1394 1488 697 744
The [13.9] 213, X2Ag, and the [14.6] 2Ag), The spin—orbit separation of an electronic state in

— X 2Ag, transitions observed in this work are likely to be Hund’s case(a) is given byAA, whereA is the spin—orbit
the promotion of an electron, respectively, from the MO  constant and\ is the orbit angular momentum projected onto
and 2r MO to the 3r MO. The 15 orbital is always with one  the intermolecular axié’ For the?Il and?A states, the spin—
vacancy to be filled, which gives rise to the observed in-orbit separation between the twb components are, respec-
verted states. From the MO energy level diagram in Fig. 4tively, A and 2A.

we could also explain the ionic nature of these monohalides. The microscopic spin—orbit Hamiltoni#ncan be writ-
There are five valence electrons in {herbitals of the halo- ten asHy,=2;a;l;-s;, which is a single-electron operator.
gen and ten valence electrons in theé &xd 4s orbitals of  Using this operator and a single configuration representation
nickel. Since the & and Lr MOs are essential the AOs of  for the electronic state, it is possible to correlate the observed
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TABLE V. Spectroscopic constants for low-lyirfg] and?A states of nickel monohalidgsm™).

NiF NiCl NiBr24 Nil
X 2[4, B,=0.38781(Ref. 12 X ?IlIg, B,=0.18150(Ref. 13  X?Ilg, Bo=0.10460 X?Ag), B,=0.076 86
ro(A)=1.7403 ro(A)=2.0637 ro(A)=2.1963 ro(A)=2.3479
0e=425.63
AZAg, To=829.48(Ref. 12 A2Ag, T.=157.70(Ref. 13 A2Ag, To=37.46 [13.9 2[l, T.=13761.28
B,=0.388 54 B,=0.184 31 B,=0.107 71 B.=0.068 40
ro(A)=1.7386 ro(A)=2.0480 ro(A)=2.1644 ro(A)=2.4834
we=646x 10’ 0=435.52 we=235.09
A2Aq, T.=2223.56(Ref. 11) X 20y, T.=385.666(Ref. 30 [13.2] 2I1,, T.=13047.81 [14.6] ?Ag, T.=14468.67
B,=0.388 35 B,=0.18078 B.=0.096 94 B.=0.067 50
ro(A)=1.7390 ro(A)=2.0678 re(A)=2.3502 re(A)=2.5081
0e=292.97 0,=230.56
[11.1] 2[I, T,=11096.05Ref. 12 AZ2Ag, T,=1645.83(Ref. 15
B,=0.367 11 B,=0.18229
ro(A)=1.7886 ro(A)=2.0593

[9.1] 2115,  To=9101.261(Ref. 30
By=0.171773
ro(A)=2.1214

[13.0) 2[14, To=12959.25(Ref. 18
Bo=0.167 69
ro(A)=2.147

spin—orbit constant to the one electron spin—orbit parametedudging from the spin—orbit separation of th&; state is
For a2As, substrate in @° configuration,|?As,,8%), the  four times larger than théll; state and the tendency of the

wave function i 6" a8" 86~ a), thus 27 MO is moving closer to the B MO, it is legitimate to
2 2 - ) _ expect the?As, to be the ground state of Nil. The theoreti-
(*Asiz 8°Hsd"As2, %) =(5” alal 57/ 6" a) cian performingab initio calculations incorporating a spin—
=—1/2a;. (6) orbit interaction could help to compute the energy of the

low-lying spin—orbit components of these states. Further-

I b o L
The contribution of thed™ a 6™ B subshell to the spin—orbit more, we have work in progress to search for S& T,

matrix elfmegt Is zero. For thie 52 substate, the wave func- state that is predicted to lie not too far from the?Ag,
tion is|6" a8 B B), and Nl
(?Agp, 8% Hed?Ag0, %) =(6 Blal,-s,| 6~ B)=1/2a;, It is also interesting to note the variations of spectro-
() scopic properties down the halogen group among the ground
therefore, the spin—orbit constar, for a 2A state ins®  and low-lying states. The bond length of the electronic states

configuration is related ta, increases down the group is due to the increase in the size of
5 the atom down the group. The bond length of WéAs,
A Ai,“’\o’): —as. ) state arises from electronic configurati@®) in NiF, NiCl,
Similarly, the spin—orbit constant for 41 state in thex®  and NiBr is always shorter than that of the?Ilz, from
configuration is related ta,,, electronic configuration(3), which is consistent with the

) 3 bonding nature of the2 MO and the nonbonding nature of
ACIL %)= —a,. ®  the 15 MO. The vibrational constant of the nickel monoha-
Since the spin—orbit interaction observed in the nickellides decreases down the halogen group. Since the force con-
monohalides is dominated by the Ni atom, the valueagf Stant is proportional to the product of the reduced mass and
can be compared with the observed spin—orbit constant dihe square of the vibrational frequency, we note that the force
rectly. The atomic spin—orbit paramet@) is 672 cm? for constant also decreases down the group, which indicates that
Ni™.3} In the case of £A state mainly from Ni 3ds, A the chemical bond between the metal and the halides weaken
=az=672cm L. This a, value is in very good agreement from F to |. This is expected as the order of the halogen ion
with the observed spin—orbit constant of 697 and 744tm in the spectrochemical series iS®CI">Br >1".
for NiF and NiCl, respectively. We do not have any theoret-
ical estimate of thea,, value at the present moment. Never-
theless, when compared with the spin—orbit constant,
=349 cm !, of the °II state of NiO®? the agreement be- ACKNOWLEDGMENTS
tween the measured spin—orbit constant in4Hestate with
A=398 cmi ! is excellent. This indicates that the Natom The work described here was supported by grants from
also dominates the spin—orbit interaction in the state. the Committee on Research and the Conference Grants and
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