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The laser-induced fluorescence excitation spectrum of jet-cooled NiF in the 17500-25000 cm-1 region has
been recorded and analyzed, in which the NiF molecule was produced by the reaction of the sputtered nickel
atoms with SF6 under discharge conditions. Numerous bands are observed. With the help of the isotopic shift
measurements and vibrational constants determined by B. Pinchemel’s group, 26 bands have been vibrationally
assigned. Twelve rotationally resolved transitions were found to originate from the ground state and terminate
in different vibrational levels of four electronic states, [18.1]2∆5/2, [20.0] 2∆5/2, [20.3] Ω ) 3/2, and [22.9]
2Πi, respectively. The molecular constants of these four upper states are determined. In addition, lifetime
measurements of the four excited states were carried out under collision-free conditions. On the basis of the
spectroscopic data and lifetime measurements, the electronic structure and interactions of these high-lying
electronic states are discussed.

1. Introduction

Diatomic transition metal atom containing radicals, such as
hydrides, oxides, and halides have received much attention
during the past 50 years.1-4 Gas-phase data of these species
are helpful in understanding the complex role of the d electrons
in bonding. Among the first-row transition metal halides, nickel
monofluoride provides a simple model for the study of ionic
bonding due to the strong electronegativity of the fluorine atom.

The complex electronic spectra of NiF have been studied in
the visible spectral regions.5-16 Many strong bands observed
in this region have been rotationally analyzed or tentatively
identified, and 10 electronic states were identified and sum-
marized in an energy-level diagram13 by Pinchemel’s group.
They predicted the molecular energy levels of electronic states
of NiF on the basis of a ligand field model and compared it
with the experimental observations.17 As the weak∆V * 0
transitions in the emission spectra are often complex with
complicated, overlapped band structure, most of the rotationally
analyzed bands reported so far are 0-0 bands. In this work,
the laser-induced fluorescence excitation spectrum of jet-cooled
NiF in the 17500-25000 cm-1 region has been recorded and
analyzed. With the help of the isotopic shift and vibrational
constants determined by B. Pinchemel’s group, 26 bands
recorded in this region were vibrationally assigned. Most of the
bands are∆V g 0 bands. Twelve bands involving different
vibrational levels of four upper states, [18.1]2∆5/2, [20.0] 2∆5/2,
[20.3] Ω ) 3/2, and [22.9]2Πi, and the ground-state X2Π3/2

have been rotationally analyzed. The molecular constants of
these four high-lying excited states are determined for the first
time. In addition, the lifetimes of the four excited states are
measured under collision-free conditions, which gives evidence
for the assignment of the electronic structures of these four
electronic states.

2. Experiment

The DC discharge/reaction free jet expansion apparatus has
been described in the earlier publications.18,19The NiF molecules
were produced by the reaction of sputtered nickel atoms with
SF6/Ar mixture under discharge conditions. The sample gas,
seeded in Ar at a stagnation pressure of 5 atm, passed through
a pulsed nozzle (General Valve) of 0.5 mm orifice diameter at
a repetition rate of 10 Hz into the vacuum chamber. The
background pressures of the vacuum chamber were 3× 10-2

and 2× 10-3 Pa, respectively, with and without operation of
the free jet.

The laser beam is the output of a tunable dye laser (Lumon-
ics: HT-500) with a line width of 0.1 cm-1 and a pulse width
of 5 ns pumped by a Nd: YAG laser (Spectra Physics: GCR-
170) to excite the jet-cooled NiF molecules. The Nd: YAG
laser and valve system were operated at 10 Hz. The dyes used
were C540A, C500, C480, C460, C440, and EXA428 dye,
which cover the 400-580 nm spectral region. The timing of
the nozzle, discharge, and laser were controlled by a homemade
pulse generator.

The laser-induced fluorescence from the excited NiF mol-
ecules was collected by means of a lens system, passed through
a cutoff filter, and detected by a photomultiplier tube (GDB-
56, Beijing). The signal was input to a computer for recording
the spectrum, or to a transient digitizer (Tektronics TDS 380)
for measuring the lifetime. For the calibration of the laser
wavelength, we used optogalvanically active neon lines.

3. Results and Analysis

The excitation spectrum of jet-cooled NiF was recorded in
the 17500-25000 cm-1 region. Numerous bands are observed,
in which eight bands involving three high-lyingΩ ) 3/2
character states, [19.7]2Π3/2, [20.3] Ω ) 3/2, and [22.9]2Π3/2,
and two lower states, the ground-state X2Π3/2 and the low-lying
state [0.25]2Σ, have been rotationally analyzed in our recent
paper,19 and most of the transitions analyzed are 0-0 bands. In
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this work, we rotationally analyze 12 electronic transitions
involving different vibrational levels of four upper states, [18.1]
2∆5/2, [20.0] 2∆5/2, [20.3] Ω ) 3/2, and [22.9] 2Πi, and the
ground-state X2Π3/2. Most of these are∆V g 0 bands, which
makes it possible to obtain the complete molecular constants
of these four high-lying electronic states, including vibrational
constantsωe and ωeøe, rotational constantsBe and Re, and
internuclear distanceRe. In addition, the lifetimes of these four
excited states are measured under collision-free conditions for
the first time. This is of great help in assigning the electronic
structures of the excited states of NiF.

3.1. Determination of the Symmetry of Upper Electronic
States.It is well-known that the open d shell of transition metal
atoms is generally responsible for the presence of low-lying
states in corresponding diatomic molecules. NiF is one of the
3d-transition-metal atom containing species for which at least
six low-lying electronic states have been observed in the first
2500 cm-1 above the ground state.9-16 Both theoretical and
experimental evidence exists which indicates that the X2Π3/2

state is the ground state with a very close-lying state2Σ, 251
cm-1 above.12-19 These two low-lying states are very close and
can be populated simultaneously even at quite low temperature.
As a result, the transitions with 251 cm-1 interval linking with
these two low-lying states were observed in the laser-induced
fluorescence spectrum15,19 (see Figure 1). Because of the
supersonic cooling associated with the experimental technique,
only the ground state and the low-lying [0.25]2Σ state are
populated. This allows us to determine the symmetry of the
upper state easily.19 According to the selection rule,∆Λ ) 0,
(1, and∆S ) 0, the upper state may be2Σ, 2Π, or 2∆, which
will result in the transitions with different spectral features (for
details see ref 19). For the bands which lack satellite transitions
lying 251 cm-1 to the red, we can conclude that the symmetry
of the upper state is2∆. The two strong transitions at 18 108
and 19 983 cm-1 belong to such cases. They only link with the
ground X2Π3/2 state. As a2∆ state is always in Hund’s case (a)
coupling, the selection rule determines that the strong transitions
recorded should be2∆5/2 f X2Π3/2 transitions. The presence
of strong Q branches in their rotational structures confirms this
assignment (see Figure 2). Therefore, the two upper states, [18.1]
2∆5/2 and [20.0]2∆5/2, are identified, in which [18.1]2∆5/2 is
consistent with the Pinchemel’s result14 and [20.0] 2∆5/2 is
reassigned. It had formerly been assigned as2Π1/2.13 The

identification of the threeΠ character states, [19.7]2Π3/2, [20.3]
Ω ) 3/2, and [22.9]2Πi has been explained in detail in our
previous paper.19

3.2. Vibrational Analysis and Isotopic Shift. Among the
numerous bands recorded, there are six strong bands located at
18 107, 19 719, 19 983, 20 282, 22 955, and 23 498 cm-1. On
the basis of the intensities of the bands recorded (see Table 1),
we tentatively assigned these six strong transitions as 0-0 bands.
To the blue side of every strong 0-0 transition, there is at least
one or more weak transitions with about 650 cm-1 interval,
exhibiting similar spectral features (see Figure 1). As the
vibrational constants of the high-lying electronic states deter-
mined by C. Focsa et al. are around 645 cm-1,16 we attributed
these weak transitions to 1-0, 2-0, and 3-0 bands relative to
the strong transition. Also, the intensities of the 0-0, 1-0, 2-0,
and 3-0 bands of one vibrational sequence are gradually
decreasing, which is consistent with the vibrational analysis (see
Table 1).

The vibrational assignment is further supported by the
vibrational isotopic shifts observed in the weak∆V * 0 bands.
It is well-known that nickel has two stable isotopes,58Ni and
60Ni with a natural abundance ratio of about 2.6/1. Because of
the rather large abundance of60Ni, the band lines and band heads
of the isotopic molecule60NiF should appear with considerable
intensity. As expected, the strong 0-0 band always shows a
negligible isotopic shift in moderate resolution, while the weaker

Figure 1. LIF excitation spectrum of NiF in the 19990-21600 cm-1 region.

Figure 2. LIF spectrum of the 0-0 band of the [20.0]2∆5/2 f X2Π3/2

transition of NiF. (a) The upper trace is the experimental spectrum,
and (b) the lower trace is the simulated spectrum.
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1-0, 2-0, and 3-0 bands present observable and gradually
increasing isotopic shifts (see Figures 3 and 4). The measured
isotopic shifts between the Q heads of58NiF and60NiF are listed
in Table 1. To the first order, the isotopic shifts can be derived
by the following equation:20

whereF ) [µ(58NiF)/µ(60NiF)]1/2 ≈ 0.99588. The vibrational
isotopic shifts due to the two main Ni isotopes are calculated
using the vibrational constants in the Table 1 of ref 13 and listed
in Table 1 of this work. In the calculation, we used an average
value 645 cm-1 for the newly reported [20.3]Ω ) 3/2 state.
We noticed that most of the measured isotopic shifts are
consistent with the calculated ones, but some discrepancies exist
in the transitions with upper state [19.7]2Π3/2 and [20.3]Ω )
3/2, which will be discussed in section 4.3.

3.3. Rotational Analysis and Simulation.From the above
analysis, the six bands located at 18 107, 18 763, 19 983, 20 639,
21 287, and 21 927 cm-1 are assigned as2∆5/2 f X2Π3/2

transitions. They all exhibit regular P and R branches and a
strong Q branch (see Figure 2a). The rotational analysis shows
that the first R lines of all transitions correspond toJ′′ ) 3/2,
implying that the lower state of these transitions hasΩ ) 3/2.
This is consistent with the fact that the lower state is the ground
X2Π3/2 state. The presence of a strong Q branch and the first P
lines corresponding toJ′′ ) 7/2 indicates that these transitions
are 2∆5/2 f X2Π3/2 transitions. Fine structure is observed in
the P branch of the strong 0-0 band of2∆5/2 f X2Π3/2 transition
(see Figure 2a). The splittings increase proportionally toJ3 when
J G 22.5 in the two intense 18 107 and 19 983 cm-1 bands.
This is due to lambda doubling in the X2Π3/2 state. Splittings
of the lines in the weaker∆V * 0 bands are not observed clearly,
due to the weaker intensities of these futures and the isotope
shift.

Four weaker bands at 20 910, 21 536, 23 612, and 24 260
cm-1 are assigned as2Π3/2 f X2Π3/2 transition. They exhibit
strong P and R branches and a weak blended Q branch. As∆V
* 0 bands, rotational lines belonging to the60NiF isotopomer
are easily recognized in some lines of P, Q, and R branches
(see Figure 3a). The first observed lines of the R and P branches
are R(1.5) and P(2.5), respectively, indicating anΩ ) 3/2 f Ω
) 3/2 transition. All these spectroscopic characteristics are
consistent with those of a2Π3/2 f X2Π3/2 transition. It is
possible that the upper [20.3]Ω ) 3/2 state is a2∆3/2 state or
primarily quartet in character, as is discussed more fully in
section 4.2. The two bands at 23 498 and 24 149 cm-1 are
assigned as2Π1/2 f X2Π3/2 transitions. Both of them show P
and R branches and a strong Q branch, exhibiting fine structure.
Two parameters are necessary to account for this fine structure.
The presence of a linear withJ parameter suggests that the
projectionΩ of the total angular momentum on the internuclear
axis is equal to1/2. The second parameter increased withJ3,
caused by the lambda doubling in the X2Π3/2 state. In addition,
the transition lying 251 cm-1 to the red of 23 498 cm-1 transition

TABLE 1: Assigned Vibrational Bands of NiF

transition
(cm-1)

band
(nm) v-V

4νexp

(cm-1)
4νcal

(cm-1) intensity

[18.1] 2∆5/2 f X2Π3/2

18107.2 552.3 0-0 0 0.03(1) 30
18763.7 533.0 1-0 2.72(3) 2.71(3) 5
19415 515 1

[20.0] 2∆5/2 f X2Π3/2

19983.5 500.4 0-0 0 0.02(1) 35
20639.0 484.5 1-0 2.71(3) 2.69(3) 17
21286.9 469.8 2-0 5.34(7) 5.36(4) 8
21927.0 456.0 3-0 8.1(2) 8.02(6) 3

[19.7] 2Π3/2 f X2Π3/2

19719 507 0-0 0a 0.01(1)a 80
20406 490 1-0 1.93(4)a 2.65(4)a 15
21066 474.7 2-0 4.5(2) 5.30(5) 2

[19.7] 2Π3/2 f [0.25] 2∑
19468 513.7 0-0 0 15
20155 496.0 1-0 1.9(1) 7

[20.3] Ω ) 3/2 f X2Π3/2

20282 493 0-0 0.86(6)a 0.02(2)a 35
20910 478 1-0 3.76(8) 2.67(4) 15
21536 464 2-0 6.5(1) 5.33(5) 5

[20.3] Ω ) 3/2-[0.25] 2∑
20031 499 0-0 0.9(1) 5

[22.9] 2Π3/2 f X2Π3/2

22955 435.6 0-0 0 0.02(2) 90
23612 423.5 1-0 2.60(6) 2.69(3) 30
24260 412.1 2-0 5.37(9) 5.36(4) 10

[22.9] 2Π3/2 f [0.25] 2∑
22703 440.5 0-0 0 40
23361 428.1 1-0 3

[23.5] 2Π1/2 f X2Π3/2

23498 425.5 0-0 0 0.01(2) 60
24149 414.0 1-0 2.6(1) 2.66(8) 12
24793 403.3 2-0 5.0(2) 5.31(9) 2

[23.5] 2Π1/2 f [0.25] 2∑
23247 430.1 0-0 7
23898 418.4 1-0 1

a From ref 19;4νcal refers to the58NiF-60NiF isotopic shift calculated
by eq 1 (see text).

Figure 3. LIF spectrum of the 1-0 band of the [20.3]Ω ) 3/2 f
X2Π3/2 transition of NiF. (a) The experimental spectrum, rotational lines
belonging to isotopomer60NiF are easily recognized in Pi, Qi, and Ri

branches. (b) The simulated spectrum for58NiF.

4ν ) ν - νi ) (1- F) [ωe(V + 1/2) - ωe(V + 1/2)] (1)

Figure 4. LIF spectrum of the 1-0 band of the [23.5]2Π1/2 f X2Π3/2

transition of NiF. (a) The experimental spectrum; Qi is the Q head
belonging to isotopomer60NiF. (b) The simulated spectra for the
58NiF and60NiF isotopomers.
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shows a typical pattern of a2Π1/2 f 2Σ transition. So we think
the experimentalΩ ) 1/2 state (23498 cm-1) may be the
theoretically calculated2Π1/2 (23504 cm-1).17 As the ground
state is a pure Hund’s case (a)2Π3/2 state, the transition occurs
because the upper [23.5]2Π1/2 state is mixed via spin-orbit
interaction with a2Σ state. The identification of the [23.5]2Π1/2

state is consistent with the Pinchemel’s result.14,15 Figure 4a
presents the LIF spectrum of the 1-0 band of the [23.5]2Π1/2

f X2Π3/2 transition of NiF, in which the Q head belonging to
the 60NiF isotopomer is readily recognizable.

Rotational simulations were carried out to determine the
spectroscopic constants of the upper and lower states of each
transition. We use the following expression [2]22 for the upper
2∆5/2, the expression [3]20 for the upper2Π3/2 and4Π3/2 states,
and the expression [4]20 for the upper2Π1/2 in Hund’s case (a)
coupling

where the plus and minus signs refer to the e and f rotational
levels, respectively. And expression 3 is also used for the
ground-state X2Π3/2 which is near Hund’s case (a) coupling. In
the simulation, the line shape was convoluted with a Lorentzian
function and the intensities of the rotational lines in each band
were given by the combination of the Ho¨nl-London factor20,21

and the Boltzmann distribution (Trot about 95 K). Expressions
2 and 3, and the Ho¨nl-London factors for∆Λ ) 1, 4Ω ) 1
transition were used for the2∆5/2 f X2Π3/2 transition. Expres-

sion 3 and the Ho¨nl-London factors for the∆Λ ) 0, 4Ω ) 0
transition were used for the2Π3/2 f X2Π3/2 transition. The
simulated spectra of these transitions are shown in Figure 2b
and Figure 3 b, which are in good agreement with the
experimental ones. Expressions 4 and 3 and the Ho¨nl-London
factors for the∆Λ ) 0, 4Ω ) -1 transition were used for the
2Π1/2 f X2Π3/2 transition (see Figure 4b). The rotational
constants derived from the simulation are summarized in Table
2. In addition, in the weak∆V * 0 bands, some rotational lines
corresponding to the second60Ni isotope appear, whose intensi-
ties are in agreement with the natural abundance. The rotational
constants of the isotopic species60NiF obtained from the
simulations are listed in Table 2, which are in good agreement
with the values calculated individually by the equation:Bi )
F2B, whereF ) [µ(58NiF)/µ(60NiF)]1/2 ≈ 0.99588.

Now, 12 bands involving different vibrational levels of four
upper states, [18.1]2∆5/2, [20.0] 2∆5/2, [20.3]Ω ) 3/2, and [22.9]
2Πi, and the ground-state X2Π3/2 have been rotationally analyzed
and their rotational constants are derived. The line positions of
the transitions are collected in Table 5S. As the most bands
analyzed are∆Vg 0 bands, combined with the previous results
of the 0-0 bands,19 the molecular constants of these four high-
lying excited states including vibrational constantsωe andωeøe,
rotational constantsBe andRe, and internuclear distanceRe are
determined for the first time and listed in Table 3.

3.4. Lifetime Measurement. The lifetimes of different
vibrational levels of the five upper states, [18.1]2∆5/2, [19.7]
2Π3/2, [20.0]2∆5/2, [20.3]Ω ) 3/2, and [22.9]2Πi, were measured
by using a pulsed dye laser excitation. For each sub-band, we
selected one rotational level. To avoid fluctuations and improve
the signal-to-noise ratio, the fluorescence decay profiles were
averaged over 256 laser shots. As the NiF radical is present in
the supersonic jet, the excited state lifetime measurement may

TABLE 2: Rotational Constants (in cm-1) for the Twelve Transitions of NiFa

state V Tv Bv Dv (×10-6) a (×10-4)/p

[23.5] 2Π1/2 0 23498.50(8) 0.3793(1) 0.47(5) -0.154(4)
23498.60(2)b 0.37922(3)b 0.47(2)b -0.152(2)b

1 24149.50(8) 0.3761(2) 0.47(6) -0.135(6)
1i 24147.20(9) 0.3730(2) - -

[22.9] 2Π3/2 0 22955.05(8)c 0.3794(1)c 0.47(3)c 0c

22955.12(2)b 0.37928(3)d 0.469(3)d

1 23611.80(8) 0.3760(2) 0.47(3) 0
1i 23609.20(9) 0.3729(3) - -
2 24260.22(9) 0.3729(2) 0.46(5) 0
2i 24254.85(9) 0.3700(3) - -

[20.3] Ω ) 3/2 0 20281.96(7)c 0.3844(1)c 0.65(5)c -0.06(2)c

0i 20281.10(2)c 0.3807(4)c 0.64(8)c -
1 20910.46(2) 0.3811(2) 0.60(5) -0.05(2)
1i 20906.7(1) 0.3777(3) - -
2 21536.32(2) 0.3778(2) 0.60(5) 0
2i 21529.76(2) 0.3746(4) - -

[20.0] 2∆5/2 0 19983.46(2) 0.3795(1) 0.45(1)
19983.453(6)d 0.379484(2)d 0.446(1)d

1 20639.08(2) 0.3764(1) 0.45(2)
1i 20636.37(2) 0.3732(2) -
2 21286.90(2) 0.3734(2) 0.40(5)
2i 21281.56(2) 0.3700(3) -
3 21927.45(5) 0.3702(2) 0.4(1)

[18.1] 2∆5/2 0 18107.25(2) 0.3790(1) 0.46(2)
18107.55(1)d 0.379058(3)d 0.459(1)d

1 18763.72(2) 0.3760(1) 0.45(2)
1i 18761.00(3) 0.3728(2) -

X2Π3/2 0 0 0.3877(1) 0.55(3) -0.10(1)
0 0.38774(4)d 0.551(2)d -0.1045(1)d

0i 0 0.3845(2) 0.54(5) -
a “i” refers to isotopomer60NiF. a From ref 15.b From ref 19.c From ref 14.

Te or f ) Tv + BvJ(J + 1) - DvJ
2(J + 1)2 (2)

Te or f ) Tv + BvJ(J + 1) - DvJ
2(J + 1)2 (

a(J - 1/2)(J + 1/2)(J + 3/2) (3)

Te or f ) Tv + BvJ(J + 1) - DvJ
2(J + 1)2 ( 1/2p(J + 1/2)

(4)
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be considered as occurring under collision-free conditions.
Therefore, the radiative lifetime of the excited state can be
directly derived from the decay of the fluorescence signal. Figure
5 illustrates a typical fluorescence decay curve obtained fol-
lowing excitation of the 0-0 band of the [22.9]2Π3/2 f X2Π3/2

transition. The lifetime of the upper state of each band could
be easily derived by fitting the signal to a monoexponential
decay and are listed in Table 4. The lifetimes of different excited
electronic states are noticeably different. The [22.9]2Πi state
of NiF has the shortest lifetime, only about 0.4µs, while the
[18.1] 2∆5/2 state has the longest, around 3µs. The remaining
three states, [19.7]2Π3/2, [20.0] 2∆5/2, and [20.3]Ω ) 3/2, have
similar lifetimes, near 1.6µs.

4. Discussion

4.1. Excited States, Lifetimes, and Electronic Structure.
On the basis of the spectroscopic data, the reported theoretical
calculations,17 and lifetime measurements, we may conjecture
the electronic structure of the five excited states, [18.1]2∆5/2,
[19.7] 2Π3/2, [20.0] 2∆5/2, [20.3]Ω ) 3/2, and [22.9]2Πi. All
these five excited electronic states correspond to electron
configurations of 3d84s1 on the Ni+ ion. Compared to the
theoretical result,17 the [22.9]2Πi state with the shortest lifetimes
in the range of 0.35-0.5 µs could derive from the 3d8(3P)4s1,
2P atomic ion limit. Three excited states with similar lifetimes
(1.2-1.9µs), [19.7]2Π3/2, [20.0] 2∆5/2, and [20.3]Ω ) 3/2, all
derive from the 3d8(1D)4s1, 2D atomic ion limit. The remaining
[18.1] 2∆5/2 states having the longest lifetime (3.3-3.4µs) may
derive from the 3d8(3F)4s1, 2F Ni+ ionic limit. If the above
assignment is true, we may conclude that the states with different
excited-state lifetimes correlate with different Ni+ ionic limits
while the states with similar excited-state lifetimes all derive
from the same Ni+ atomic term.

4.2. Possible Candidates of [20.3]Ω ) 3/2 State.From the
former analysis,19 the 20 282 cm-1 transition has been assigned
as the [20.3]Ω ) 3/2 f X2Π3/2 transition, and the upper state
is well characterized byΩ′ ) 3/2 and may correlate to the 3d8-

(1D)4s1, 2D atomic ion limit. Theoretical calculations show that
there are only twoΩ ) 3/2 states, one2Π3/2 and one2∆3/2, in
the 17000-22000 cm-1 energy region, associated with2D ionic
limit.17 The experimental [19.7]2Π3/2 state has already been
identified as the theoretically calculated2Π3/2 (19120 cm-1)
state,14,17,18so the newly identified [20.3]Ω ) 3/2 state may be
a 2∆3/2 state. In addition, the intensity of the 0-0 band of
[20.3]Ω ) 3/2 f X2Π3/2 transition is less than a half of that of
the [19.7]2Π3/2 f X2Π3/2 0-0 band. This also indicates that
the upper state may be a2∆3/2 state. The oscillator strength that
makes a forbidden2∆3/2 f X2Π3/2 transition derives from an
admixture of2Π3/2 character in the upper state.23 In this case, it
is the nearby [19.7]2Π3/2 state which is undoubtedly mixed with
the [20.3]Ω ) 3/2 state. If we consider that the true molecular
states of NiF molecules are arising from a set of Hund’s case a
basis states that are coupled via the spin-orbit interaction, then
the possible candidates which can mix with the2Π3/2 state that
provides the source of the oscillator strength for this transition
could be2∆3/2, 4Σ3/2, 4Π3/2, and4∆3/2 according to the following
selection rules:∆S ) 0, (1; ∆Λ ) 0, (1; ∆Σ ) 0, 1.23 Of
these possibilities, it is more likely that this [20.3]Ω ) 3/2 state
could be theΩ ) 3/2 component of the [20.0]2∆5/2 state, since
this 2∆3/2 state would fluoresce to the2Π1/2 component of the
ground state with a fluorescence rate similar to that of the [20.0]
2∆5/2 state to the X2Π3/2 component of the ground state. On the
other hand, the [20.3]Ω ) 3/2 state is unusual, having molecular
constants and internuclear distances that are significantly
different from those of doublet electronic states nearby (see
Table 3). Because of this, we think it is possible that the upper
[20.3] Ω ) 3/2 state is primarily quartet in character, since the
theoretical calculations17 show that there is a4Π3/2 state (19030
cm-1) near a2Π3/2 state in the 17000-22000 cm-1 energy
region.

4.3. Interaction between [19.7] 2Π3/2 and [20.3] Ω ) 3/2
Sstates.From Table 1, it can be seen that the measured isotopic
shifts in theV ) 1 andV ) 2 levels of the [19.7]2Π3/2 state,
and theV′ ) 0, 1, and 2 levels of the [20.3]Ω ) 3/2 state are
significantly different from the calculated ones. In addition, the
∆G1/2 value of the [19.7]2Π3/2 state is unusually large, about
688 cm-1, compared to other high-lying electronic states of NiF.
As we know, the vibrational constants of high-lying excited
states of NiF are generally similar and are around 650 cm-1.17

Assuming that the [19.7]2Π3/2 V ) 1 level is not perturbed by
any other level, it should lie near 20 370 cm-1, and the
separation between the [19.7]2Π3/2 V ) 1 and the [20.3]Ω )
3/2 V ) 0 level would be less than 100 cm-1. As the two
vibrational levels of the two excited states are very close, the
large interaction between them causes the unusual isotopic shifts

TABLE 3: Molecular Constants (in cm-1) for the Four
Excited States of NiFa

state Te ωe ωeøe Be Re Re (Å)

[23.5] 2Π1/2 23498.5 658.50 3.75 0.3807 3.1 1.759
23498.60b 643.28c

[23.5] 2Π1/2
i 23498.5 656.30 3.80

[22.9] 2Π3/2 22955.06 665.06 4.16 0.3809 3.25 1.758
22955.12b 648.23c

[22.9] 2Π3/2i 22955.1 662.63 4.25 0.3773 2.9 1.758
[20.3] Ω ) 3/2 20281.96 631.14 1.32 0.3860 3.3 1.747
[20.3] Ω ) 3/2i 20281.08 628.18 1.28 0.3823 3.05 1.748
[20.0] 2∆5/2 19983.46 663.35 3.88 0.3810 3.1 1.758

19983.453d 647.55c

[20.0] 2∆5/2
i 19983.5 660.63 3.86 0.3780 3.2 1.758

[18.1] 2∆5/2 18107.25 661.62 2.58 0.3805 3.0 1.759
18107.55d 651.37c 0.66c

a “i” refers to isotopomer60NiF. b From ref 15.c From ref 16.d From
ref 14.

TABLE 4: Lifetime (in µs) of the Different Vibrational
Levels of the Five Excited States in NiF

state To (cm-1) V′ ) 0 V′ ) 1 V′ ) 2 V′ ) 3

[23.5] 2Π1/2 23498.5 0.45(2) 0.46(2)
[22.9] 2Π3/2 22955.0 0.36(2) 0.38(2) 0.41(2)
[20.3] Ω ) 3/2 20281.96 1.8(1) 1.8(1) 1.9(1)
[19.7] 2Π3/2 19719.0 1.6(1) 1.5(1) 1.6(1)
[20.0] 2∆5/2 19983.5 1.7(1) 1.3(1) 1.4(1) 1.2(2)
[18.1] 2∆5/2 18107.25 3.3(1) 3.4(1)

Figure 5. Typical fluorescence decay curve, recorded following
excitation of the 0-0 band of the [22.9]2Π3/2 f X2Π3/2 transition of
NiF.
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and pushes theV ) 1 level of [19.7] 2Π3/2 higher in energy,
resulting in an unusually large∆G1/2 for the [19.7]2Π3/2 state.
The same interaction occurs between theV ) 2 level of [19.7]
2Π3/2 and theV ) 1 level of [20.3]Ω ) 3/2 and between theV′
) 3 level of [19.7]2Π3/2 and theV ) 2 level of [20.3]Ω ) 3/2,
although the transition associated withV′ ) 3 level of [19.7]
2Π3/2 has not been observed experimentally. We also noticed
that the rotational constant of theV ) 1 level of the [19.7]2Π3/2

state is irregular compared to the other excited states of NiF.19

This may also be caused by the interaction between the [19.7]
2Π3/2 state and the close-lying [20.3]Ω ) 3/2 state, as the latter
has an unusually large rotational constant.

4.4. Comparison between [19.7]2Π3/2 and [22.9] 2Π3/2

States.It is interesting to compare the two2Π3/2 excited states,
[19.7] 2Π3/2 and [22.9] 2Π3/2. Although they are located in
different energy regions, their rotational constants are very
similar. From the previous report,17 the [19.7] 2Π3/2 state
correlates with the2D state of the Ni+ ion, while the [22.9]
2Π3/2 state correlates with 3d8(3P)4s1, 2P state of Ni+. Because
these states derive from different ion states, their lifetimes are
different, with the lifetime of the [19.7]2Π3/2 state being about
4 times longer than that of the [22.9]2Π3/2 state (see Table 4).
In addition, transitions involving the2Π1/2 spin-orbit component
of the [19.7]2Π3/2 state have not yet been observed, while the
transition involving the [23.5]2Π1/2 spin-orbit component of
the [22.9] 2Π3/2 state appears with considerable intensity.
Therefore, we may conclude that the former may follow Hund’s
case a coupling, while the latter displays a tendency toward
Hund’s case c coupling, where∆Σ ) 0 is not a good selection
rule, but∆Ω ) 0, (1 is.

5. Conclusion

With the help of the isotopic shift measurements in this work
and vibrational constants determined by B. Pinchemel’s group,
the vibrational assignments of numerous bands recorded in
17500-25000 cm-1 region were achieved unambiguously and,
then, confirmed by identifying rotational profiles. Twelve bands
involving different vibrational levels of the four upper states,
[18.1] 2∆5/2, [20.0] 2∆5/2, [20.3] Ω ) 3/2 and [22.9]2Πi, and
the ground X2Π3/2 state have been rotationally analyzed. The
molecular constants of these four high-lying excited states are
determined for the first time. In addition, the lifetimes of the
five excited states are measured under collision-free conditions.
On the basis of the spectroscopic data and lifetime measure-
ments, the electronic structure and interactions of these high-
lying electronic states are discussed.
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