
Rotational, fine, and hyperfine analyses of the (0,0) band of the D 3Π–X 3Δ system
of vanadium mononitride
Walter J. Balfour, Anthony J. Merer, Hideaki Niki, Benoit Simard, and Peter A. Hackett 
 
Citation: The Journal of Chemical Physics 99, 3288 (1993); doi: 10.1063/1.465138 
View online: http://dx.doi.org/10.1063/1.465138 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/99/5?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
High resolution rotational analysis of the B 3Π–X 3Δ (1,0) band of titanium monoxide 
J. Chem. Phys. 102, 4375 (1995); 10.1063/1.469486 
 
Elucidation of electronic structure by the analysis of hyperfine interactions: The MnH A 7Π–X 7Σ+ (0,0)
band 
J. Chem. Phys. 95, 1563 (1991); 10.1063/1.461071 
 
Rotational analysis of the 7000 Å (A 3Φ→X 3Δ) electronic emission system of diatomic vanadium
mononitride (VN) 
J. Chem. Phys. 90, 5333 (1989); 10.1063/1.456438 
 
The vibrational assignment for the A 2Π–X 2Σ+ band system of the SiN radical: The 0–0 bands of 2 9SiN
and 3 0SiN 
J. Chem. Phys. 88, 46 (1988); 10.1063/1.454627 
 
Revision of the Rotational Analysis of the 0–0 Band of GaO 
J. Chem. Phys. 42, 2634 (1965); 10.1063/1.1696363 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

130.18.123.11 On: Sat, 20 Dec 2014 06:27:51

http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/327320036/x01/AIP-PT/JCP_ArticleDL_101514/PT_SubscriptionAd_1640x440.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=Walter+J.+Balfour&option1=author
http://scitation.aip.org/search?value1=Anthony+J.+Merer&option1=author
http://scitation.aip.org/search?value1=Hideaki+Niki&option1=author
http://scitation.aip.org/search?value1=Benoit+Simard&option1=author
http://scitation.aip.org/search?value1=Peter+A.+Hackett&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.465138
http://scitation.aip.org/content/aip/journal/jcp/99/5?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/102/11/10.1063/1.469486?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/95/3/10.1063/1.461071?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/95/3/10.1063/1.461071?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/90/10/10.1063/1.456438?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/90/10/10.1063/1.456438?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/88/1/10.1063/1.454627?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/88/1/10.1063/1.454627?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/42/7/10.1063/1.1696363?ver=pdfcov


Rotational, fine, and hyperfine analyses of the (0,0) band 
of the D 3rr-x 3 A system of vanadium mononitride 

Walter J. Balfour 
Department of Chemistry, University of Victoria, Victoria, British Columbia V8W 3P6, Canada 

Anthony J. Merer 
Department of Chemistry, University of British Columbia, 2036 Main Mall, Vancouver, British Columbia 
V6T 1Zl, Canada 

Hideaki Niki 
Electrical and Electronics Engineering, Fukui University, 3-9-1 Bunkyo, Fukui-shi, Fukui 910, Japan 

Benoit Simard and Peter A. Hackett 
Inorganic Chemical Dynamics Group, Steacie Institute for Molecular Sciences, lfational Research Council 
of Canada, 100 Sussex Drive, Ottawa, Ontario KIA OR6, Canada 

(Received 29 April 1993; accepted 25 May 1993) 

The VN molecule has been produced in a molecular beam apparatus using a laser vaporization 
source and its D 3II_X 3a (0,0) band has been studied by laser-induced fluorescence at low 
(~0.1 cm- I ) and sub-Doppler resolution (~0.004 cm- I ). Lifetimes of single rotational levels 
of the D 3IIo component have been measured and interpreted. Rotational, fine, and hyperfine 
structures in six of the nine subbands possible for a 3II ..- 3 a transition have been recorded. Both 
states exhibit a rapid transition from case (a) --+ case (b) coupling cases, manifested by reversals 
in the Lande patterns of the hyperfine structure. The data have been reduced to a set of 35 
molecular constants using a modified case (ap) effective Hamiltonian in which two additional 
magnetic hyperfine parameters are required for each state. The distortions in the hyperfine 
structure are due almost entirely to second-order spin-orbit interaction between states arising 
from the same configuration. Analysis of the derived parameters indicates that the X 3 a state is 
well represented by the single electron configuration '" 8£1 31T4 9al 181, in which the 90-
molecular orbital (MO) is a V 4s-4p hybrid (88% V 4s) and the 18 MO is a pure V 3d orbital; 
the dominant configuration for the D 3II state is .. '8£1 31T4 181 41T\ in which the 41T MO is an 
antibonding orbital composed of at most 82% V 3d1T. The isoconfigurational a la and e III 
states are calculated to lie 3390 and 2200 cm- 1 above their respective high spin companions. 
The lambda doubling in the D 3IIo component has been interpreted in terms of spin-orbit 
interactions with the B 3~- and d l~+ states, both states arising from the" '8£1 31T4 182 

configuration; the d 1 ~ + state is known [Simard, Masoni, and Hackett, J. Mol. Spectrosc. 136, 
44 (1989)] to lie 102 cm- I above D 3IIo, while the B 3~- state probably lies about 8000 cm- 1 

below. 

I. INTRODUCTION 

Interest in the spectroscopy and molecular structure of 
transition metal containing molecules has grown at a tre
mendous rate over the past 15 years. This is partly attrib
uted to improved experimental and theoretical techniques 
whereby much of the spectral complexity can be unraveled, 
assigned, and rationalized, and to the possible involvement 
of small transition metal compounds in adsorption phe
nomena and combustion. 

A great deal of effort has thus far been devoted to 
transition metal monoxides. As a result, the ground states 
of all the 3d transition metal monoxides1

,2 and most of the 
4d transition metal monoxides2 have been characterized 
experimentally and theoretically. In contrast, very little is 
known about their nitrides. Work on the nitrides is a log
ical extension to the work on the oxides. The fundamental 
questions to be answered are: what are the effects of sub
stitution on the electronic structure and bonding, and can 
these be predicted using a simple model? Currently, the 
experimental database includes ScN,3 TiN,4-7 VN,8,9 

ZrN,IO,1l NbN,I2-14 and MoN,15,16 while the theoretical da
tabase is limited to ScN (Ref. 17) and NbN. 18 The 1988 
grating resolution work of Femenias et al. and the sub
Doppler resolution work of Azuma et al. combined with 
the recent detailed theoretical work of Langhoff and 
Bauschlicher on NbN,18 make this species the best studied 
of the transition metal nitrides. This paper deals with its 
isovalent companion vanadium nitride VN. 

The VN species was first observed almost simulta
neously by Peter and Dunn,9 and Simard et al. 8 in 1989: 
Peter and Dunn prepared the species from the reaction of 
vanadium halide compounds with active nitrogen in a mi
crowave discharge and observed the A 3<I>_X 3 a system in 
emission. Their analysis of the (0,0) band at grating reso
lution provided accurate values for the bond lengths and 
approximate values for the first-order spin-orbit coupling 
constant since no satellite subbands were observed. Simard 
et al. 8 produced the molecule by laser vaporization in a 
molecular beam apparatus and studied the (0,0) band of 
the d I~+ -X 3al intercombination system by laser induced 
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fluorescence at sub-Doppler resolution. Nuclear magnetic 
hyperfine structure was resolved for the low-J rotational 
lines, but no hyperfine parameters were derived. In both 
studies, the (0,0) band of the D 3rr-x 3Ll system was 
noted, but no analysis has been reported so far. The D-X 
system is the analog of the y' system of TiO (Ref. 2) and 
the {3 system of ZrO,2 two astrophysically important and 
well studied molecules. Its analysis would allow a compar
ison of the electronic structure and bonding in these mol
ecules. For TiO and zrO, the leading electronic configura
tions giving rise to the 3 Ll and· 3rr states have been 
established theoretically 19-21 and experimentally2 as 
• , ·a~.p~n-l)d and 7T~n-l)tP~n-l)d' respectively, where n=4 
for TiO and 5 for zrO. No calculations have yet been 
performed on VN, but the experimental data presented 
here support this assignment. 

The most abundant vanadium isotope (SIV) has a nu
clear spin of 7/2 and a magnetic moment of +5.1485 nu
clear magnetons. Of all the known stable nuclei, this is the 
fourth largest magnetic moment, after 93Nb (+p.167 nm) 
and 113,

115In (+5.5229, +5.5348 nm). In VN, the inter
action of the SIV nucleus with the unpaired electrons gives 
rise to very impressive magnetic hyperfine structure in both 
the X 3 Ll and D 3rr states, but more especially in the X 3 Ll 
(0'181) state where thea orbital is mostly V 4s, which 
makes the Fermi contact interaction very large. For both 
states, the hyperfine structure is complicated by the phe
nomenon of spin uncoupling and, because of the presence 
of nearby perturbing states, by second-order spin-orbit dis
tortion, in a way analogous to its isovalent companion 
NbN. 14 

We report here a study conducted at low (0.1 cm- I
) 

and sub-Doppler (0.004 cm -1 = 120 MHz) resolution on 
the hitherto unanalyzed D 3rr-x 3Ll (0,0) band ofVN. The 
extensive data set, comprising observations from six of the 
nine subbands possible for a 3rr +-- 3 Ll transition, has been 
reduced to 35 molecular constants. Some of these constants 
are discussed in terms of the leading configurations giving 
rise to the D 3rr and X 3 Ll states and are used to extract 
quantitative information on nearby perturbing states. 

II. EXPERIMENTAL PROCEDURE 

The experimental procedure has been described in de
tail in previous publications.4

,8 Only a brief description will 
be given here. The VN molecules were produced in a free 
jet molecular beam apparatus by laser vaporization of V 
metal (Johnson Matthey 99.5%) in the presence of He 
carrier gas (backing pressure 360 kPa) doped with 
2%-5% ofNH3 • 

The fluorescence from the VNinolecules is excited at 
right angles to the molecular beam axis about 4.3 cm from 
the free jet orifice, either by the output of a pulsed XeCl 
(Lumonics 860) excimer-pumped dye laser [Lumonics 
Hyperdye 300, full width at half-maximum (FWHM) 
=0.1 cm -1], or the output of a narrow Iinewidth cw ring 
dye laser (Coherent Inc. 699-29), both lasers operating 
with Kiton Red 620 dye. The intrinsic resolution of the 
molecular beam system is 0.004 cm- 1 (120 MHz). The 

wavemeter was calibrated using 12 absorption lines as cal
ibration standard. 22 

The fluorescence is imaged at the slits of aim f /8 
Spex monochromator equipped with a 1200 grooves/mm 
holographic grating and viewed by a Hamamatsu red sen
sitive R943-02 photomultiplier tube. The use of a mono
chromator makes it possible to observe four of the satellite 
subbands without difficulty. This was accomplished by tun-

I 
16150 

• 

Wavenumber 

•• 

Wavenumber 

Wavenumber 

• 

j 

l5920 

FIG. 1. .Low resolution fluorescence excitation spectrum of the D 3no-
X 3,11 (0,0) (top), the D 3ncx 3,1;(0,0) (middle), and the D 3U2-
X 3,13(0,0) subbands ofVN. The vertical axis is the fluorescence intensity 
in arbitrary units: Lines marked with filled triangles are due to vanadium 
atomic transitions. See the text for details. 
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FIG. 2. A portion (3.3 em-I) of the high resolution fluorescence exci
tation spectrum of the D 3I1o-X 3~I (0,0) subbands of VN. The tick 
marks on the horizontal axis occur at every 1 MHz increment. The ver
tical axis is the fluorescence intensity in arbitrary units. See the text for 
details. 

ing the monochromator to the appropriate, strongly al
lowed subbands D 3II2-X 3a3 , D 3II I-X 3a2 , and D 3IIo
X 3 at> and scanning the dye laser in the appropriate 
wavelength region of the satellite bands. The following sat
ellite bands have been observed and studied at high reso
lution: 1) 3II2-X 3 at, D 3II2-X 3 a2 , D 3II I-X 3 ai' and 
D 3IIo-X 3 a2 • 

Lifetime measurements have been performed with a 
Tektronix model 7912, 400 MHz programmable digitizer 
equipped with a model 7A24 amplifier. From the length of 
the viewing zone and the speed at which the excited mol
ecules leave the detection zone (::::: L 7 X 105 cmls), we es
timate that unbiased lifetimes up to - 1 JLs can be mea
sured with the present apparatus. 

III. APPEARANCE OF THE SPECTRA 

Figure 1 shows the three main subbands at a resolution 
of about 0.1 cm- I. The rotational temperature of these 
spectra is of the order of 30-35 K. Each subband is red 
degraded and consists of P, Q, and R branches. Despite the 
low resolution, the rotational structure of the P and R 
branches is fully resolved. The strong Q branches and the 
missing lines clearly indicate that the transition is 3II _3 a. 
The following will show that the 3 a state is the ground 
state of VN: Also, from a comparison with TiO, a molecule 
isoelectronic with VN;the upper 3rr state is expected to be 
the fourth excited triplet state of VN, so that the labeling 
D 3II-X 3 a results. 

The D 3IIo-X 3 at subband is characterized by a large 
A doubling of about 19.4 em-I. A doubling is also appar
ent in the D 3IIcX 3 a2 subband and increases with in
creasing J. At this low resolution, the A doubling in the 
D 3II2-X 3 a3 subband is not resolved. 

Figures 2, 3, 4, and 5 show portions of various sub
bands at high resolution (0.004 cm- I or 120 MHz). 
Clearly noticeable here is the impressive nuclear magnetic 
hyperfine structure arising from the interaction of the un
paired electrons with the spinning vanadium nucleus. The 
largest hyperfine widths (F maX-F min) are found in the 
D 3II2-X 3 a3 subband, where they can be as large as 0.4 
em-I in the low-I. Q lines. Since [=7/2 for SIV, the max-

o3rr l - X3b. 1 (0,0) 

"'!llrtl-rl-rqr-1l-tl-tlrt,l, -rl -r-1,ll-r,l mlll-Q,{J)· 
Q.{J) --'-1 --'I---r~....-TI-rl rtl-rl nll-rr1111 

t3 9 7 6:5 I 

FIG. 3. A portion (5 em-I) of the high resolution fluorescence excitation 
spectrum of the satellite D 3I1 t-X 3~1(0,O) subband ofVN showing the Q 
branch. The tick marks on the horizontal axis occur at every 1 MHz 
increment. The vertical axis is the fluorescence intensity in arbitrary units. 
This spectrum was recorded by collecting the fluorescence at the wave
length corresponding to the D 'I11_X 3~2 transition (-6245 A). 

iItium number of hyperfine levels is 8 (= 2I + 1) though 
this occurs only for J>4 becauseF = ,J + [' ... , J - [,. For 
J=3,2, 1, and 0, the number of hyper fine levels is limited 
to 7, 5, 3, and 1, respectively. The hyperfine selection rule 
aF=O, ± 1 applies, but the intensities of lines with 
aF*~J decrease rapidly with J, such that they are not 
seen beyond J::::: 3. High J rotational lines therefore have 
just eight strong hyperfine components. All the spectra are 
free of local perturbations. 

It is instructive at this stage to examine the hyperfine 
structure in more detail. In the Q branch of the D 3IIoe:':: 
X 3a1 subband, shown in Fig. 2, it can be seen that the 

lu"..l .. l! 
479708.9BGHz 
,15990.2994Cft\-1} - Frequency -

FIG. 4. A portion (5 em -1) of the high resolution fluorescence excitation 
spectrum of the satellite D 'I1o-X 3~2(0,0) subbandofVN near the zero 
gap. The tick marks on the horizontal axis occur at every 1 MHz incre
ment. The vertical axis is the fluorescence intensity·in arbitrary units. This 
spectrum was recorded by collecting the fluorescence at the wavelength 
corresponding to the DJI1o_X3~1 transition (-6202 A). Note that 
reversal of the hyperfine Lande pattern does not occur in this subband. 
See the text for details. 
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FIG. 5. A portion (2 cm -I) of the high resolution fluorescence excitation 
spectrum of the main D 3rr2-x JAJ(O,O) subband of VN near the zero 
gap. The tick marks on the horizontal axis occur at every 1 MHz incre
ment. The vertical axis is the fluorescence intensity in arbitrary units. 
Assignments of the hyperfine lines are shown for the first Q lines. Note 
that hyperfine widths are the largest for this subband. See the text for 
details. 

hyperfine width is positive for J < 5, collapses to zero at 
J=5, and becomes negative for J> 6. In other words, there 
is a reversal of the Lande pattern at J = 5 in the QeJ branch. 
Fully resolved Lande patterns with opposite' sign are 
shown in the Pe(2) and Pj (13) lines. Figure 6 shows the 
calculated hyperfine widths for all spin-orbit components 
of both the 3A and 3rr states. 'These widths were calculated 
using the final constants derived from the fit~ing of the 
spectra. A collapse of the hyperflne structure occurs when 
the hyperfine width is the same in both states. The points at 
which the hyperfine structure collapses are indicated in 

, 
\ ' , 

0.10 

~ 3.6 \ J II 
\ 2 " J 

\2 
C,) 

0.05 --
" ~ 

'\ 3 6 
l' .. , .. "". 1 

\ ...... 
........ 

\ , .. " 
3n \. .\" .. , J n2f l1f ~,,~ J 

7"~:'<~~ ~\,.:::::-=-=-- n2• 

~ 0.00 
~ 

-0.05 

o 10 20 30 

J 
FIG. 6. Calculated hyperfine level widths (F max - F min ) as a function of 
the rotational quantum number J for all spin components of the D 3rr and 
X 3A states. These widths were calculated using the fitted parameters (see 
the text for details). The value of J where reversal of the Lande pattern 
would occur in particular subbands are indicated by filled circles. Note 
that no reversal occurs in the D JIlo-X 3 A2 subband. 

Fig. 6 by filled circles for all the possible subbands. Note 
that no reversal occurs in the D 3I1o-X 3 A2 subband, at 
least within a reasonable range of J. 

The reversals in the hyp~rfine structure are caused by 
the transition from case (a) to case (b) coupling in the 
3A electronic state (spin uncoupling). They can be under
stood qualitatively as follows: Within the case (ap) formal
ism, the diagonal elements of the hyperfine Hamiltonian 
(see Sec. V) are given by23 

(ASUfUF I H hfs I AS~Jn/F) 
[aA+ (b+c)~]n[F(F+1) -/(1+ 1) -J(J+ I)] 

2J(J+ 1) 
(1) 

where all the quantum numbers have their usual meaning. Therefore, if both states were in a case (a) coupling scheme, 
the hyperfine widths would decrease asymptotically to zero with increasing J so that no reversal would ever occur. On the 
other hand, in the case (bf3J) coupling scheme, the diagonal elements of the bI· S operator are given by23 

[F(F+ 1) -J(1 + 1) -J(J+ 1) J [J(J+ 1) +S(S+ 1) -NCN+ 1)] 
(NSJJFlbI·S I NSJJF) =b 4J(J+l) . (2) 

Now since the correlation between case (b) and case Ca) 
spin components for regular triplets is24 F1 (J=N + 1)++~ 
= -1, F2{J=N)++~=0, angF3(J=N-l)++~=+ 1, the 
hyperfine widths for the F1 and F3 case (b) components 
must have opposite sign to the hyperfine widths for the 
~= ± 1 case (a) components from which they evolve. 

It may seem strange that the hyperfine widths in the 
3 A1 and 3 A3 components both pass through zero at J values 
below 25, even though the X 3 A state appears to be in 
extremely good case (a) coupling, with AM B::;::240. The 

following argument may give some insight: The change
over from case (a) to case (b) electron spin coupling is 
usually taken as occurring when the "spin-uncoupling ma
trix elements," namely those of -2BJ'S in a case (a) 
basis, become equal to the spin-orbit intervals AA; for a 
3a state, this means when v2 BJ=2A, which in the present 
case would be at J z 170. Hyperfine structure, on the other 
hand, has an extra 1/ J dependence, as indicated above. 
This can be understood from the form of the contact op
erator bI • S; the part of this operator responsible for non-
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TABLE I. Intrinsic radiative lifetimes (in nanoseconds) for some rota
tionallines of the D lrro state of VN. 

High-frequency Low-frequency 
J' component component 

2' 81 ±la 88±2 
3 77± 2 83±3 
4 89± 2 96±1 
5 76± I 86±3 
6 87± 2 I04±3 
7 82± 2 
8 84± 2 

(Average) 82± 5 91±4 

Average from 74± I 89±1 
Qhead 

aA 2u uncertainty. 

zero matrix elements incase (a) coupling is bIz Sz. which 
can be written as b Jz Sz (I·J/J oJ), assuming I+J=F. 
The matrix elements of Eq. (1) follow at once when I· J is 
written as t CF2_I2_J2 ) and J.J as J (J+ 1). Now, sub
stituting F=Fmax=J+ 1, it is easily shown that (I·JI 
J. J) max = 1/2 (J + 1); in other words, there is a 1/ J depen
dence of the hyperfine width. Therefore a more valid 
comparison for hyperfine structure, indicating where the 
case (b) pattern should start to emerge, is where v2 BJ 
equals AAI J, rather than AA. In the present case, this gives 
J z 13, i.e., the square root of the number given above. 

IV. LIFETIME MEASUREMENTS AND elf PARITY 
LABELING 

The fluorescence lifetimes of some rotational lines of 
the D 3no c9mponents are reported in Table I. These life
times were measured from corresponding R(J) lines of the 
D 3no-X 36,1 subbands. The lifetimes of the D 3nl and 
D 3n2 components have been determined to be 78 ±2 and 
89±2 ns, respectively, by exciting the Q heads of the 
D 3n,_x 36,2 and D 3rr2-x 36,3 subbands, respectively. For 
comparison, the lifetime of the C 3<1> system whose v=O 
level lies near 14300 cm- I has been measured to be 85±5 
ns regardless of the rotational energy content or spin-orbit 
component. The lifetimes of the C 3<1> and D 3rr states are 
therefore essentially the same. All decay traces can be fitted 
to single exponential decay functions. The data were fitted 
over three to four lifetimes. The uncertainties represent 
two standard deviations in the least-squares fit. As these 
lifetimes were measured under jet-cooled conditions at 
pressures of less than 10-5 Torr, ll1ld as the quantum yield 
for fluorescence must be unity at these energies, these 
should be taken as intrinsic radiative lifetimes. 

The data of Table I are very instructive. The lifetimes 
of the rotati6nallevels of the lower-frequency 3no A com
ponent are always somewhat longer' than those of the 
higher-frequency A component. The effect is- small, but 
appears to be genuine. We take this as an indication that 
the low-frequency A component is perturbed by nearby l: 
states whose lifetimes are very much longer than that of 
D 3rr. Since the electronic structure of VN should mirror 
that of TiO (vide infra), there are only two possible per-

FIG. 7._Calculated and observed lambda doubling as a function of the 
l'Otational quantum number J in the three spin components ,o( the_ D 3rr 
state. The calculated and observed values are indistinguishable in the 
range of J studied. See the text for details on the determination of the e/ f 
parity level. 

turbing ~'tates, which are the d ll:+ and B 3l:o states. Since 
the rotational levels of ll: + and 3l:o states are all of e 
parity, this establishes the parity of the low-frequency A 
component as 3rrOe and that lying on the high-frequency 
side as 3UO/ ' Figure 7 shows that the A doubling (v I-ve) 
in the 3rro component decreases almost linearly with JiIi 
the range 5-26. . 

The elf parity hioeling in the 3n I com-ponent was de~ 
termined by making the sum of the A doubHngs in the 
3III and 3rro components as nearly constant as possible for 
J<6. This requires that the f components lie above the e 
components for the range of J studied: The rationale for 
this assignment is that the difference between the traces of 
the two rotational matrices (vide infra), excluding the 
0+ P + q term, is just q j(J + 1). Since q is likely to be only 
of the order 10-3

, the sum of the A doublings will be 
essentially constant for small J, until the q J(J + 1) term 
becomes significant. Figure 7 shows that the lambda sepa~ 
ration in the 3n l component shows signs of approaching a 
maximum. This behavior is expected. In fact, beyond the 
maximum it should decrease, and in the limit of very high 
J should reverse its sense, i.e., the e component will lie 
above the f component. 

Since A doubling in a 3rr2 component is a high order 
effect, it never reverses, i.e., it always has· the same sign. 
Also, in the high-J limit it must be equal and' opposite" to 
the A doubling in 3rr l . Since the high-J ordering in 3rr l is 
likely to be e above J, the A doubling in the 3rr2 component 
at this limit must be f above e, and since the lambda dou
bling pattern never reverses, this must be the case for any 
value of J. 

Since the 3n state is comparatively close to case (b) 
coupling, the hyperfine widths should in, principle, be able 
to confirm the A-doubling parity assignments. The diago-
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nal elements of the contact and "hyperfine A-doubling" 
operators in a 311 (b) state are25,26 

W ( J-l ) 
[F1(J=N+l),fle] EhfS =2J b=rd 2J+l ' 

W 
[F2(J=N),fle] Ehfs=2J(J+l) (b=rd), (3) 

W ( J+2) 
[F3(J=N-l),fle] Ehfs = -2(J+l) b=rd 2J+ 1 ' 

where W=F(F+ 1)-I(I+ 1) -J(J+l). These formulas 
predict that the hyperfine widths at high J should be 
roughly 1, 0, and -1 for F 1, F 2, and F 3, respectively, in 
units of 2l(b=rdI2). Figure 6 shows how the hyperfine 
widths in the 311 state are tending towards the ratio 1 :0: - 1 
at high J, though clearly have some way to go before the 
limiting case (b) behavior is attained. The differences in 
the hyperfine widths of the A-doubling components, 
caused by the terms in =r d, are also as expected, which 
means that the limiting case (b) hyperfine trends appear to 
be reached quite rapidly. This is in contrast to the A dou
blings themselves (Fig. 7), where the curve for 3110(F,) 
shows no sign of reversing its direction, as it must eventu
ally do, in the available range of J. Possibly reflecting this, 
the difference in the hyperfine widths for the 3110 compo
nent passes through a maximum at J::::; 15, and may be 
tending towards a reversal of its sense at J values beyond 
the range of experimental data. However, in the limit of 
high J, the patterns for 311o(F,) and 3112(F3) should be 
equal and opposite though, in view of the strong perturba
tions affecting the 311 state, it is questionable whether the 
"textbook" patterns would ever be achieved in the present 
case, even at the highest J values. 

v. ENERGY MATRICES 

Initial attempts to fit the spectra to case (a{3) energy 
matrices with only the first centrifugal distortion terms to 
the parameters and· with only the normal three nuclear 
magnetic hyperfine parameters a, b, and c failed. This is 
because of (1) the significant spin-orbit distortion of the 
hyperfine structure in both electronic states and (2) the 
large global perturbations in the upper 3rr state that cause 
the large and irregular A doubling, and push the 3111 com
ponent below the mean of 3rr2 and 3110/ . These problems 
can be remedied by using for both states· hyperfine
distorted case (ap) energy matrices in which five indepen
dent magnetic hyperfine parameters are required,'4 and by 
using second centrifugal distortion terms to the rotational 
and A'::doubling parameters for the 3rr state. The five hy
perfine parameters are hI' ho, h_ 1, b+., and b_. The h~ 
parameters replaced the coefficients [aA+ (b+c)~] in Eq. 
(1) and in the (A;S~;J.o.IFIHhfsl A;S~;J-l,.o.IF) matrix 
elements, while the b+ and b _ parameters are defined as 
coefficients ofthe <~= + 11 H hfs I ~==O) and (~=O I H hfs I ~ 
= -I) matrix elements, diagonal and off diagonal in J. 

The effective Hamiltonian has been written using the 
R2 formalism (R=J -L-S) as27,28 

H eff=Hrot + Hcd +H.~o + Hcdso +Hsr+ HAd 

+HcdAd+Hhfs+Hqd, 

where 

Hcdso=~D[L,sz,R2] + +tAD[3S;-S2,R2] + 

(4) 

(5) 

(6) 

(7) 

+~H[LPz,R4] + +tAH[3S;-S2,R4] +, (8) 

Hsr=yR·S, (9) 

H AD=1(o+ p+q) (S~ +S~.J -~(p+ 2q) (J +S + +J _S_) 

HCdAD=!Do+p+q[S~ +S:"R2] + -!Dp+2q 

X [J +S++J_S_,R21+ +!Dq[J
2
+ +J~,R21 + 

+!Ho+p+q[S~ +S:"R4] + -!Hp+2q 

(10) 

X [J +S + +J _S _ ,R4] + +!Hq[ J~ +J~,R4] + ' 

(11) 

Hhfs=alzLz+bFI· S+c(I,sz-tI· S) 

+!d(e2i4>I _S_ +e-2i4>I +S+), (12) 

~Qqo(3I;-I2) ~Qq2(I~e-:-2i4>_I2.e2i4» 

Hqd 41(21 -1) + 81(21 -1) (13) 

where the symbol [x,y]~ =xy+yx is the anticommutator 
necessary to preserve the Hermitian form of the matrices. 
There are 25 coefficients in this Hamiltonian. These are the 
rotational constant B and its first and second centrifugal 
distortion corrections D and H; the first- and second-order 
spin-orbit constants A and A and their first and second 
centrifugal distortion corrections AD' A H, AD' and AH; the 
spin-rotation constant y; the lambda doubling constants 
for rr states (o+p+q), (p+2q), and q and their first and 
second centrifugal distortion corrections D(o+p+q) , 
H(o+p+q) ' D(p+2q)' H(p+2q)' Dq, and Hq; the nuclear spin
electron orbital interaction constant a; the nuclear spin
electron spin Fermi contact interaction constant b F; the 
dipolar nuclear spin-electron spin interaction constants c 
and d; and the electric quadrupole interaction constants 
e2Qqo and e2Qq2. The terms in d and e2Qq2 only apply to 
the 3n state. The matrix representation of this Hamil
tonian, written in a case (a{3) basis set (I A;S~;J.o.IF» 
and taking into account the spin-orbit distortion of the 
hyperfine structure and the fact that the A doubling in the 
X 3 Ll state is negligible, is given in Tables II, III, and IV. 
The full matrix is the sum of these three matrices, but for 
clarity and. convenience is written as three separate 
matrices. 
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TABLE II. Parity-independent matrix elements for 3A states with 1=7/2." 

AA+1A-r+ (B+Az0.+~AD) (x_A2 

-2A) - D[.x1+2x-2Ax(A+2) +2A(A 

-1) +A3(A+4)] 

+hl(A+ 1) W/2x 

e2QqO[3(A+ I)2_x] [3W( W+ 1) -63x] 
+ 168 x(4x-3) 

Symmetric 

- ~2[x-A(A+ 1) ][B-~r+~Az0. -1A-2r+ (1!-1AD) (x_A2+2) 

-!AD-2D(x-A-A2 + 1) -b+ W/4x] - D[.x1+8x-2A2(X+4) 

+A2+4] + hoA W/2x 

e2Qqo(3A2-x) [3 W( W + 1) -63x] 
+ 168 x(4x-3) 

- ~2[x-A(A-1)][B-1r-!Az0. -AA+~A.-r+ (B-AnA+jA.D) (x 

_A2+2A) - D[x(x+2) -2Ax(A-2) 

+2A(A+ I)+A3(A-4)] 

+h_I(A-llW/2x 

e2Qqo[3(A-I)2-x] [3W( W+I)-63x] 

-tAD-2D(x+A-N+ 1) 

-b_W/4x] 

+ 168 x(4x-3) 

(A,1:= I,J-ll .f -(A+l) [hi 
- 4i-I. Y 2J 

Y 2(J-A)(J-A-1) 
-b 4J 4}-1 

o 

e2. (A+l lC W+J+1)] 
+ Qqo 56 x(J-I) 

(A,1:=0,J-11 
y 2(J+A+ I)(J+A) 

b+ 4J 4J2-1 
{2_A2 rho 2· A(W+J+I)] 

- 4J2-I Y 2J+e Qqo 56xeJ-l) 
Y leJ-A-llCJ-A-2) 

-b4J 4J2_I 

(A,1:= -I,J -11 o Y 2(J+A)(J+A-I) 
b_ 4J 4J2-I 

{2_ (A_1)2 [h_ 1 

- 4i-I Y 2J 

e2Qqo(A-I)( W +J+ 1)1 
+ 56 x(J-I) -

'x=J(J+1), W=F(F+I)-I(I+1)-J(J+l), Y = ~(F+I+J+l)(F-I+J)(J+I-F)(F-J+I+1), 63=4[(1+1), and 168=81(21-1). 

VI. FITTING PROCEDURE AND LEAST-SQUARES 
RESULTS 

The structure of the total energy matrix is similar to 
the one used by Brown et al. 29 in their work on AIF. Since 
1= 7/2, the maximum dimension of the energy matrix for 
a given Fis24X24 [=3(21+1)]. This matrix was diago
nalized for each value of F covered by the experiment. The 
molecular constants were then obtained by fitting the cal
culated to the observed line positions using a standard non
linear least-squares procedure. It turned out to be impos
sible to fit the spectrum in one step. Rather, the spectrum 
needed to be fitted using the following stepwise procedure: 

(Step 1) The gtound state energy levels were deter
mined by taking all available combination differences. 
These energy levels were then fitted using the above Hamil
tonian for the 3 b. state. This produced reliable rotational 

constants (A, A, B, D, AD' and AD), but inaccurate hyper
fine parameters as a result of small calibration uncertain
ties. In all, 2800 combination differences were used in the 
fit, which yielded a standard deviation of 0.0046 cm -I. At 
this point, the rotational constants are sufficiently well de
termined to be held fixed in the other steps. These con
stants are given in Table V. Note that the spin-rotation 
constant (y) could not be determined here. This is because 
there exists an indeterminacy between y and AD' As has 
been shown by Brown et al., 30 this indeterminacy prevents 
y and A D from being determined simultaneously unless 
data for different isotopomers are available. This is not the 
case here. Since A D is expected to be larger than y, we fixed 
y to zero and let the contribution of y to the observed 
splitting be included in AD' 

(Step 2) A data set of all assigned transitions up to 
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TABLE III. Parity-dependent matrix elements for 3n states with 1=7/2 up to second order." 

{3rrl ~~ 
(3nl ~JI 

o Symmetric 

- ~2(x-2) (±~ Dr) 

± ~x(x-2) r!q+tlQq2T [
I dW I 

- ~x ± 2" (p+2q) +4:X+2 DqCx 
±[(o+p+q) + D~+p+q(x+ I) 

+ Dp+2qXl 

o o tl Y(W+J+I),gx=2) 
± Qq2 336 x(J-l) ~4ji-l {JIl27J-ll 

{3Il17J-ll 
(3Ilo7J-ll 
(3Il2~J-2' 

(3n2~J-21 

.. Y(W+J+I) xJ(J-1) 
o ±tlQq2 336 x(J-I) 4i-1 

Y 2J(J-1) 
'Fd 4J 4i-l 

~-::---

, YCW+J+I) x(J-l)(J-2) Y 2J(J+1) 
±e-Qq2 336 x(J-1) 4J2-1 'Fd4:j 4J2-1 ° 

o o 
(J-I)J(J+ 1)(J+2) tlQq2YZ 

± (2J-3)(2J+1) 6721(J-l)(2J-l) 

o 
(J-2)J(J-I)J(J+I) tlQq2YZ 

± (21-3)(2J+l) 672J(J-l)(21-l) 
o 

( 
f I (J-3)(J-2)(J-l)J tlQq2YZ 

3nze J-2 ± (21-3)(21+1) 672J(J-l)(2J+I) 
o o 

'Z = ~(F+J+1)(F-l+J-l)(J+1-F-1)(F-J+l+2), x=J(J+l), W=F(F+l)-[(I+l)-J(J+l), 
3W(W+l) -63x 

y = ~(F+1+J+l)(F-1+J)(J+[-F)(F-J+[+I), T = 336 x(4x-3) ,336=161(21-1). Both 3IT and 3A states have quadrupole 

elements with I All =2 given by eAn,J - 2IHQI3AnJ} = ([tlQqO~(J-1)2-a2~i-a2YZ]/[1l2J(J - 1)(2J - I) ~(2J-3)(2J+ I)J). 

J = 10 was assembled and fitted, using the direct approach, 
to a model that included the 3rr state rotational (To, A, A, 
B, r, AD' and AD) and A-doubling parameters [(o+p+q), 
(p+2q), q, D(o+p+q) ' D(p+2q)' and Dq), and the hyperfine 
parameters for both states, keeping the rotational constants 
of the ground state fixed to their values determined in step 
1. This second step gave good preliminary values for the 
hyperfine parameters in the two electronic stateS. 

(Step 3) A data set of all assigned transitions, up to 
J=25, was fitted to the full model by keeping the rota
tional and hyperfine parameters of the ground state and the 
hyperfine parameters of the 3rr state fixed and floating all 
the other determinable parameters of the 3rr state (rota
tional and A doubling with their first and second centrif
ugal corrections). 

(Step 4) The hyperfine parameters, excluding the h_1 
parameter of the 3rr state which was held fixed at zero, 
were refined by fixing the higher-order rotational constants 
(H, AH , and AH), derived in step 3, in another fit to the 
J<1O data set used in step 2. The improved hyperfine pa
rameters were then returned to step 3, which produced 
new 3rr rotational constants, and the iteration was carried 
out until convergence. This produced the "best set" of hy
perfine parameters. In all, 1283 data points were used in 
the J < 10 data set and the standard deviation of the fit was 
0.00295 em-I. These parameters are given in Table V. 
Note that the quadrupole constants were negligible for 
both states. 

(Step 5) The rotational and A-doubling constants of 

the 3n state and their first and second centrifugal distor
tion corrections were refined by reworking step 3 with the 
hyperfine parameters derived in step 4. The fit was carried 
out with 1995 data points. The standard deviation of the fit 
was 0.00435 em -I. The derived constants are given in Ta
ble V. Again, and for the same reason as for the X 31l state, 
the spin-rotation constant was constrained to zero. Unfor
tunately, these constants do not accurately reproduce the 
rotational and fine structure of the D 3rr state beyond 
J=27. Definite systematic trends appear in the residuals 
beyond this value because of extensive global perturbations 
by the d 1 ~ + state. The use of still higher centrifugal dis
tortion terms would obviously correct for this distortion, 
but it is hard to justify at present since little further phys
ical insight would be obtained. 

VII. DISCUSSION 

There have been no ab initio calculations on VN, but 
by analogy to its isoelectronic companion TiO for which 
extensive calculations have been reported, 19,20 the X 31l and 
D 3rr states presumably arise from the electron configura
tions .. ·8a2 31T4 

90"1 1<51 and·· ·8a2 31T4 1<51 41Tl, respec
tively. The 80" and 31T MOs are nitrogen-based orbitals 
closely resembling nitrogen 2p atomic orbitals CAOs), but 
are slightly bonding due to their small overlap with the V 
3d AO. In TiO,20 the proportion of Ti 3d character in the 
80" and 31T MOs is calculated to be approximately 15%. 
The 9(J MO is a vanadium-based, back polarized 4s-4p 
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TABLE IV. Matrix elements for the second centrifugal distortion terms for 3II states." 

.x2-3.x2+5x-7 Symmetric 

- ~2(x-2)(3x2_2x+3) xl+ 15.x2-5x+S 

~x(x-2) e6x-2) - ~(3.x2+ lOx-i) 

.x2-5x+ 7 Symmetric 

- ~2(x-2)(x-2) -2 

° -~(-x-l) -C.x2+3x+l) 

.x2-7x+ 11 Symmetric 

- ~2Cx-2) C -x-2) -(2.x2+5x+l) 

- ~x(x_2) -~(-x-l) 

A doublingb 

1
3
II 1> 

Hqxex-2) 

- ~2ex-2) 

X [!HqxC2x-l) 

I 
+ZHp+2q X] 

~xex-2) [!Hq .x2 

+Hp+2q(x+l) 

+Ho+p+q] 

"x = JCJ+ 1). 
~e f / e parity is obtained by multiplying each element by ± 1. 

hybrid. In the absence of this polarization, bonding would 
not occur because of the large spatial extent of the Y 4s AO 
(where (r4s):::; 1.92 A, while the bond length in YN is only 
about 1.56 A). The 18 MO is essentially a pure Y 3d AO 
because there is no other 8 orbital lying close in energy 
with which it could mix. Finally, the 41T MO is a 
vanadium-based slightly antibonding orbital composed of 
Y 3d-4p and N 2p AO. This MO is polarized toward the 
ligand. The D 3rr_x 3 A transition corresponds to the pro
motion of the nonbonding 9a electron to the slightly anti
bonding 41T orbital. A good zero-order picture for YN is 
therefore y+ 3N- 3, but due to covalent bonding and polar
ization, the net charges on the atoms are greatly reduced so 
that the X 3 A and D 3n states are probably better de
scribed by structures intermediate between Y+N- and 
y+2N-2• The exact charges will not be known until cal
culations are performed, but it seems clear that VN is a 
fairly ionic species.· 

The principal experimental evidence for the electron 
configurations comes· from the first-order spin-orbit con
stants, which we shall now examine. It turns out that the 
atomic parameters which can be derived are very similar to 
those for YO, indicating that the same types of orbitals are 

Symmetric 

Hqx(x-l) +Hp +2q2x(x+ 1) 

+Ho+p+q(.x2+4x+ 1) 

involved; not surprisingly, many other properties, such as 
the hyperfine parameters, are simply related in the two 
molecules: 

A. The first-order spin-orbit constants 

The separation of the highest-energy and lowest
energy spin-orbit components ina degenerate multiplet 
state is equal to 2AAS, where the spin-orbit intervals are 
given by AA in the absence of higher order effects: The 
data for the X 3 A and D3 n states ·of VN give AA= 151.0 
and 54.6 cm-!, respectively. These values can be related to 
the atomic spin-orbit parameter by applying the micro
scopic spin-orbit Hamiltonian3! 

Hso= 27 11/I"Si= t [lliliz'Siz+~lli(ltsi+list)] 
(14) 

to the Slater determinant wave functions for I}; = + 1>. 
Taking the electron configurations as 

X 3Aa18t, D 3II811T\ 

the wave functions are3
! 
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TABLE V. Rotational, fine and hyperfine constants (in em-I) for the 
X 3 A and D 3rr states of VN. 

Rotational and 
fine parameters 

X3~ DJrr 

To 0 16026.19108(23 )' 
A 75.50396(98) 54.567 66(24) 
A. 3.369883(99) . 11.72639(23) 
B 0.6253286(60) 0.6091451(52) 
107 D 9.104(102) . 3.136(248) 
103 AD -0.02546(89) -2.7823(97) 
103 A.D -0.01290(93) 3.7819(154) 
1010 H -2.996(309) 
107 

AH 3.401 (167) 
107 /..H 8.823(248) 
o+p+q 9.679906(397) 
102 (p+2q) 4.978( 114) 
103 q 2.724(99) 

10
3 

D.+p+q -1.l48t55) 
105 .Dp+2q -5.45(32) 
IOO"D 2.994(155) 

6 q 
10 H,,+p+q -1.688(87) 
lOS Hp+2q 6.916(237) 
1010 Hq -2.474(643) 

Number of data points 2400 1995 
uoffit (em-I) 0.0046 0.0043 

Hyperfine parameters 
XJA DJrr 

hI 0.06472(28) -0.00028(40) 
ho 0.02759(22) 0.01575(53) 
h_1 -0.01956(30) o (fixed) 
b+ 0.044 08 (277) -0.00944(123) 
b_ 0.04684(190) -0.00629(34) 
d 0.000273(233) 

Number of data points 1283 
uoffit (em-I) 0.0029 

nThe numbers in parentheses are the uncertainties (10") in the units ofthe 
last quoted decimal place. 

and the diagonal elements (l: = 11 Hso Il: = 1) =AA are im
mediately seen to be 

3 3 3 . 13 I" (A31 Hsol A3)=as, (IT21 Hso IT2)=aS-Za1T • 

(16) 

There are no close-lying states perturbing the X 3 A 
state strongly, so we can take as=AA= 151 cm~-l directly. 
The D 3IT state is considerably disorganized by the per
turbing d ll: + and e 1 IT states, so that the best estimate of 
the true spin-orbit .effects is obtain,ed from the O=O--an,d 
2 components; their separation gives AA=as-ta1T=49.73 
cm- 1 and therefore a

1T
=202.56 em-I. 

At this point, we can_make comparisons with the val
ues for VO (Ref. 32) and the free V+(3d34s1) iop3! 

2t2s (em-I) 
a

1T 
(em-I) 

VOVN V+ 

287 
203.4 

302.0 
202.6 

304 

The S MO must be essentially unchanged from its shape in 
the atom or ion, so that the parameter as is equivalent to 
the atomic ;3d value. It is seen that there is remarkable 
agreement between the value of 2as for VN and that for the 
free V+ ion, which confirms that the electron configuration 
of the X 3 A state is indeed ... 0.1 (3dS) 1. The atomic pa
rameter (; translates into the molecular parameter aA, so 
that a1T should equal 2a8 if the 1T MO is unchanged from its 
atomic character when the bond is formed. Obviously this 
cannot happen since the 1T MO is made up from V (3d1T) 
+N(2p1r);the observed value of 1211' therefore measures the 
amount bfV(3drr) character in the 1T MO. 

The similarity of the values for 2as and 1211' in VO and 
VN indicates that the type of bonding occurring is almost 
the same in the two molecules, though the larger value of 
as in VN probably indicates that it is more ionic. The 
dipole moment of VO has been measured recently33. as 
p,=3.35 D; it will be instructive to measure that of VN. 

Whether the exact same type of bonding occurs in 
other first-row containing vanadium compounds is an in
triguing question, but cannot be answered at present due to 
the lack of experimental data on these species. New exper
imental work on species such as VF and VC is needed. 

The essentially identical values for a1T in VO and VN 
suggest that the D3IT state of VN is well described by the 
configuration" ·8c? 31T4 lSi 41TI, but as will be 'shown 
below, this configuration alone is insufficient to describe 
the D 3IT state complete/yo 

Having now established the leading configurations giv
ing rise to the observed states, we can estimate the energy 
locations of the perturbing a 1 A, e 1 IT, and d ll; + states 
through the use of the second-order spin-orbit constants 
and the (o+p+q) lambda doubling parameter. 

B. The second-order spin-orbit constants 

Equal splittings AA between the components of a mul
tiplet state only occur in the absence of higher-order spin
orbit effects or spin-spin interaction. In triplet states, the 
latter are both represented by an operator of the form 
~A(3S;-S2), such that the coefficient A contains contripu
tions from them both. The spin-spin interaction decreases 
in importance roughly as liZ, where Z is the atomic num
ber, so that for a molecule as heavy as VN, only the spin
orbit effects are important. Now, the principal higher-order 
spin-orbit effect in VN is the singlet-triplet interaction be
tween states coming from the same electron configuration, 
in other words, the alA and X 3 A states of the configura
tion as or the e 1 IT and D 3IT states from S11". The result in 
both cases is that the central spin component of the triplet 
state, with a = A, is displaced below its expected position 
by an amount 2A; the positive sign of A indicates that. the 
singlet state lies above the triplet, as expected. The magni
tude of A,' combined with the spin-orbit matrix element 
between the singlet and triplet states, allows the singlet
triplet separation to be estimated. 

The spin-orbit matrix element between the alA and 
X 3 fl states is easily calculated to be 
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(a IA2 ;O"S+ Tz (a{3-{3a) IHsolX 3A2 ; 

O"S+ ~ (a{3+{3a) ) = -a.s= ,-151 em-I. (17) 

The interaction can then be taken as a 2 X 2 matrix prob
lem where the off-diagonal element HI2 =H21 is known, as 
is the shift in the lower energy level resulting from the 
diagonalization, i.e., H22 -E2=2A. It is straightforward to 
"undiagonalize" the 2 X 2 matrix and obtain the difference 
in the eigenvalues EI -E2, which is the expected singlet
triplet separation. The required expression iS34 

Hi2-? 
E I -E2=2s+, (18) 

s 

where s=Hn - E2 (2A in the present case). The expression 
is exact and therefore preferable to second-order perturba
tion theory methods. Taking HI2 = - 151 em -1 and U 
=6.7398 em-I, we calculate that the a IA state should lie 
3390 em -I above X 3 A2 • The calculation assumes of course 
that there are no other perturbations affecting the spin 
structure of the X 3 A state besides the a 1 A-X 3 A2 interac
tion. 

An equivalent treatment can be carried out for the 
e In_D 3n interaction. The interaction matrix element is 

( e In;1T-O+ ~ (a{3-{3a) IHsol D 3nll 

1T-S+ -1 (a{3+{3a) ) = - ( a.s+~ afT) 

= -252.3 cm- I (19) 

(which, incidently, should be equal to the spin-orbit inter
vals in the 3<1> state arising from the 1TS configuration). 
With s=l(Een2 ) =Eenoj.» -Eenl ) =28.29 em-I, we 
calculate that e In should lie.2278 cm- I above D 3n l . 

c. The (o+p+q) lambda-doubling parameter 

Lambda doubling in 3no components results from the 
interactions with electronic ~states, through the spin
orbit operator, together with a contribution from the 
(S~-S;) part of the spin-spin operator.35 The states in 
VN which are most likely to contribute to the A doubling 
of (IS) I (41T) I D 3n are the B 32 - and d I~+ states aris
ing from the configuration (115)2, though as will become 
clear, the 12 + state from the configuration (90")2 seems to 
be involved as well. 

As can be seen in Table V, the A doubling of D 3no for 
zero rotation is 2(o+p+q)=19.36 em-I. Now at 
16071.42 em-I, about 100 em-I above D 3n o, lies the 
d 12 + state, discovered in 1989 by Simard et al. 8 It was 
proposed in Ref. 8 that the d 12 + state arises from the 
configuration (90")1000")\ where the 100" MO is mainly 
vanadium 3dcr, however, it has been pointed out by Dunn36 

that the short bond length in the d 1~+ state (70= 1.5653 
A), which is marginally shorter than that of the ground 
state (where '0= 1.5666 A), is only consistent with elec-

trons occupying the 90" or IS MO rather than 100" which is 
slightly antibonding. The d 12 + state is now assigned as 
the 12 + state arising from the configuration (lS)2, which 
is one of the two states that is expected to cause large 
A-doubling effects in D 3n. Its companion, the (115)2 
32 - state, is likely to lie about 8000 em -I lower, this 
distance being twice the exchange integral 1(4) (Ref. 37) 
whose value is known in the isovalent molecule NbN to be 
about 4000 cm- 1. 

It is known that strong spin-orbit interaction occurs 
between the 12 + and 3~ - states arising from electron con
figurations such as ~ (Ref. 38) and 152

•
31 Consequently, 

any attempt to rationalize the A doubling in the D 3n state 
of VN must include both these states. The interaction ma
trix elements can be obtained in the Hartree-Fock (single 
configuration) approximation as follows: We take the elec
tronic wave functions as the Slater determinants 

IS2,d 1~+)=vl1 (IS-aS+{3I-IS-{3S+al), (20) 

IS2,B 320 )=vl1 (IS~aS+f3I + IS-{3S+al), (21) 

IS1T,D 3nOe) =vl1 (I o+{31T-{3I-1 S-a1T+a I), (22) 

and, with application of the spin-orbit operator, obtain 

(d 12 + IHsol D 3nOe) = -1 (SlaIS) ~l(l+ 1) -2= -at;, 
(23) 

(B 3~61Hsol D 3IIoe)=! (SlaS) ~/(l+1) -2=ali, (24) 

(25) 

where the fact that the S electron is a pure V 3d(l=2) was 
used. If we assume that the two A components of D 3no 
would be degenerate in the absence of these spin-orbit ef
fects, i.e., neglecting the spin-spin interaction, the level 
structure can be calculated from diagonalization of a 3 X 3 
matrix 

/12+)0 13~0)O I 3IIoe) 0 

2a.s -a.s 
S-I [ E'e:>:+) 

IfJe20 ) a, ]s 
Symmetry 

11~+) 

=[ 1607.142 

Symmetry 

15989.12 

1320) 

o 
JtJe~o) o . o ] 

15969.76 

(26) 

In this matrix, we take IfJe~-) as 8000 em-I, and a.s as 
151 em-I (from the spin...:.orbit splitting of X 3A); there is 
enough information to solve for the other unknowns. An 
iterative diagonalization procedure shows at once that· a 
sensible solution cannot be obtained unless the spin-orbit 
matrix efement (S2, 1~+ IHsoIS2, 3~-) is different from the 
other two matrix elements which involve (152

, 

1,3~ I Hso I 01T, 3n). In other words, the 41T MO cannot be in 
"pure precession" with the IS orbital, meaning that 41T is 
by no means pure V 3d1T; this is not surprising, of course, 
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since the 41T orbital has to be constructed as a linear com
bination ofV(3d1T) and N(2p1T), while the 10 is essentially 
the unchanged V 3do orbital. 

We therefore keep the value (02
, Il;+ IHso102, 3l;-> 

= 2lil) = 302 em -I since this integral involves the 10 MO 
function only, and write the integrals involving the 3rrOe 
basis level in terms of a variable parameter Ii~. Iterative 
solution then gives 

Ii';= e, Il;+ IHsol 01T, 3rroe) =41.7 em -I, 
(27) 

The surprising result is that Ii'; is only 28% of the expected 
value 151 em-I. 

Much of the discrepancy can be immediately ascribed 
to the fact that the 41T orbital is a mixture of V(3d1T) and 
N(2p1T) , principally. The experimental spin-orbit con
stants for the X 31.l and D 3rr states are consistent with the 
41T orbital being an approximately equal mixture of the two 

"if!(41T) ;::::2-1/2 ["if!(V,3d1T) -"if!(N,2p1T)], (28) 

though without ab initio calculations we cannot be more 
explicit. However, given at 41T MO wave function of this 
form, the parameter Ii'; would still be expected to be ;::::75 
em - I, so that yet another factor has to be operating. 

It seems that a configuration interaction mechanism 
". similar to what is found in NbN (Ref. 39) must be present 

in VN to explain the small value of Ii';. The energies of the 
lowest-lying states of NbN, as presently known, are 

(82 ) 3l;o(5112 cm- I), 3l;!(6504 cm- I), 

Ir(9919 em-I),. (u8) a Ill(5197 em-I), 

(cr-) b 1l;+(5863 em-I) 

(relative to u8, X 3ll l ). Assuming that the spacing of the 
electronic states from the 82 configuration 3l; - , Ir, and 

Il;+ is equal, the splitting ofthe 3l;o and 3l;! states can be 
calculated to second order given the value of lil) from the 
spin-orbit splitting of the u8 X 3ll ground state 

(21i,s)2 

(29) 

The experimental value is 492 cm -I, nearly five times 
larger; this can only be explained if the nearby c? Il; + state 
at 5863 cm- I has acquired some 821l;+ character as a 
result of configuration interaction (CI). The CI mixing 
would put some c? Il; + character into the 82 Il; + state, 
which is not known .at present, but presumably lies near 
14 000 em -I. This is borne out by Langhoff and Bauschli
cher's calculations,18 which lead them to state that "some 
5? character mixes into this state, so that it has a smaller 
4d population .... " 

Therefore if an analogous CI mixing occurs in VN to 
what is found in NbN, the value of Ii;' would be reduced yet 
further. It will be instructive to attempt to calculate Ii'; by 
ab initio methods. 

Our conclusions about the A doubling in D 3rr are also 
consistent with the intrinsic radiative lifetimes. In theab
sence bfthe d ll;+ -D 3rr perturbation the d 1l;++X 3111 os
cillator strength would be zero and the lifetimes of the 
d ll; + state would be very long C > 1 ms) because all the 
lower states differ by more than one spin orbital from 
d Il; +, so that for practical purposes, the unperturbed life
time of the d Il; + state may.be taken as infinite. When the 
perturbation is turned on, the lifetime of the d Il; + state 
decreases and that of the D 3rrOe component increases. The 
relationship between perturbed (T ±) and unperturbed (~) 
lifetimes for this particular case is29 

1 1 1 
T + Cd ll;+) + T _ CD 3rrOe) . TO(D 3rr) , (30) 

where TOC D 3rr) is equal to the lifetime of the D 3rr~ com
ponent, which is 82 ns. The lifetime of the d I I state 
[T _ (d I I + )] has been estimated by Simard et al. 8 to be 
1100 ± 200 ns, so that T _ (D 3rrOe) is calculated to be 89 ns, 
in very good agreement with the experimental value of 
91 ±4 ns. 

D. The magnetic hyperfine structure 

As mentioned before, due to spin-orbit distortion, five 
hyperfine parameters instead of the usual three are re
quired to describe the hyperfine structure in both the X 3ll 
and D 3rr states. Such a breakdown of the case (ap) for
malism has been observed and analyzed in great detail by 
Azuma et al. 14 in their high resolution work on the B 3<1>_ 
X 3ll(0,0) band ofNbN. Since VN is isovalent with NbN, 
it is not surprising that the same phenomenon is observed 
here. The analysis given below will therefore be essentially 
the same as that reported by Azuma et af. 14 

The distortion of the hyperfine structure arises from 
cross terms between the spin-orbit operator (L' S) and the 
Fermi contact operator (I· S). This is a second-order effect 
whose end result is to modify the apparent value of a, the 
coefficient of the (I 'L) operator. The reason is that the 
combination of the operators (L· S)(I· S) is equivalent to 
a multiple of (S' S)(I' L). It is important to realize here 
that only the l; =0 component is spin orbit distorted, so 
that the unperturbed a and (b+c) hyperfine parameters 
can be extracted from the l; = ± 1 components. For the 
X 3ll state of VN, we find (Table V) 

ht =2a+(b+c)=0.06472 cm- I , 

h_ I =2a-(b+c)=-0.01956 cm-I, 

which yields 

(31) 

a=O.Ol1 29 cm-I, (b+c) =0.042 14 cm- I. (32) 

The electron orbital nuclear spin interaction parameter 
for a one~fiuclear spin diatomic molecule may be written 
as25 
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(33) 

where g is the electron g fact~r, gN is the nuclear g factor, 
f.L B is the Bohr magneton, and f.LN is the nuclear magneton. 
The other symbols have their usual m~aning. The summa
tion extends over all the unpaired electrons which are lo
cated at distance ri from the nucleus. For the Sly nucleus, 
the constant factor is equal to 140.7 (MHz a.u.3).40 On 
inserting the determinantal wave function for the X 3 Ll3 
components [Eq. (15)] inEq. (33) and solving, we obtain 

a(X 3Ll ) (MHz) = 140.7 (3d I ?J jd), (34) 

where the 8 electron is assumed to be a pUJe Y 3d electron. 
The expectation value of (r- 3hd for ,Y(3d34i) has been 
determined experimentally to be 2.52 a.u. -3 by Childs and 
Goodman using an atomic beam-magnetic resonance tech
nique.41 This yields a c!ilculated value of 355 MHz 
(0.01181 cm- I ) for a(X 3Ll), in striking agreement with 
the experimental value of;339 MHz (0.011 29 cm- I

). 

We have been unable 'to track down experimental val
ues of (r- 3hd for any configurations of y+ and y+ +, but 
at the Hartree-Fock level,42 there is no significant differ':' 
ence betwee;n (r- 3hd for Y(3d34i) and {r- 3)3d for 
y+ (3d3 4s) and only a 4% increase for y+ + (3d3). There
fore, it is not possible from the a parameter alone to say 
anything specific about the ionicity of YN in its ground 
state. 

If case a{3 coupling applies, the hyperfine parameter ho 
should be equal to 2a (=0.02258 cm- I

), but the experi
ment indicates that ho=0.027 59 cm- I

. As mentioned be
fore, the difference comes from the cross term between the 
spin-orbit and Fermi contact operators which raises the 
apparent value of the a parameter in the X 3 Ll2 component. 
Since this is a second-order effect, where the spin-orbit 
part comes just from the a I Ll ~ X 3 Ll2 interaction, the in
crease in thea value can be determined from second-order 
perturbation theory (with Ii IJ = 2A) (Ref. 14) 

4A(b-e) 

(E~eLl) -E>CLl)J . 
(35) 

The problem here is to obtain the values of b and e 
since neither of them is ~etermined individually by the 
experiment. One way is to estimate the b parameter from 
the mean of the b + and b_ values, but this is a poor ap
proximation. A better appr()ach is to calculate e since the 
X 3 Ll' state is well represented -by the single configuration 
a 181• The expression for the dipolar parameter e is 

where the summation extends over all the unpaired elec
trons. Solving this equation using the determinantal wave 
functions given by Eq. (15) and using the experimental 
values of 2.52 a.u. -3 for (r- 3

)3d' we find e= -0.00507 
cm-I, where the negative sign arises because (3 cos2e 
-lhd= _4/7.43 Comparing this with the value of (b+e), 
we obtain b=0.047 21 cm- t • Now, using these values to-

gether with A =75.503 96 cm- I and [lfctM-EJeLl)] 
=3383 cm-I, we calculate ho-2a=0.00467 cm-\ in 
very good agreement with the experimental shift of 
0.00502 cm- I

. 

The 90- MO contains a large fraction of Y 48 character. 
The amount of Y 4s character can be quantified through 
the Fermi contact parameter bF , which is given by 

bF =b+1e=0.04552 cm-I, (37) 

which yields 

bF(YN,X 3Ll ) 
% Y 4s (l/2)b

F
(free Y) X 100 

0.045 52 em-I 
-----::-----.1 X 100= 87.9%, (38) 
(112)0.1036 em 

where the factor (112) in the denominator arises because 
there are two unpaired electrons, so the a electron carries 
only half of the total spin angular momentum. The value of 
bF(free Y) was obtained from the laser-rf double resonance 
measurements of Childs et al. 44 for the configuration 3~4s. 
A corresponding calculation gives the percentage 4s char
acter in the 9a MO ofYO(X 4~-) as 79.5%. This appears 
to be inconsistent witb the shorter bond length in YN com
pared to YO [ro(YN) = 1.5666 A, ro(VO) = 1.5921 A] 
(Ref. 1) because the ligand field experienced by the metal 
atom,'which is proportional to 11,.2, is larger in YN than in • 
YO, so that the 90- MO should be more hybridized in YN 
than in YO. Why the opposite is observed is not clear, but 
it is interesting to note that the % Y 4s in the 9a MO of the 
a 2~+ (8 2a) state, the low spin companion of the X 4~
state, is 89.8%, a value comparing very well with expecta
tion based on YN. Clearly there are some fundamentals 
features in the electronic structure of YO which still need 
to be clarified. This is beyond the scope of this paper. 

We now turn to the D 3rr state. The hyperfine struc
ture carries less information for the 3rr states than it does 
for 3 Ll states because h _ I is not determinable. One has 

hl(D 3rr) =a+ (b+e) = -0.000 28 cm- I , 
(39) 

ho(D 3rr) =a+LlaeII) =0.015 75 cm- I . 

Neglecting the effect of Lla for the moment, as it is likely to 
be quite small, we see that 

(40) 

The negative value of (b+e) suggests that there can be no 
unpaired electron in the 9a MO (Y 4s) in the D 3rr state, 
or in other words, that the electron configuration is likely 
to be (18) I (41T) I rather than (9a) I( 41T) I. 

Working on this assumption, we can be more precIse 
about the hyperfine parameters because it is then possible 
to estimate Lla using the analog of Eq. (35); specifically, 
we have 

2 (81Tlrr IHsoI8~rrl) (b-e) 

Lla fflcIrr) -E>cJrrl). ' 
(41) 

where the spin-orbit matrix element has been given as Eq. 
(19) and the singlet-triplet separation was previously es-
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timated to be 2278 cm- i
. To evaluatel:::.a, we must esti

mate (b-c), which we do by taking b as (b+ +h_)/2= 
- 0.0079 cm -I (Table V) and calculating cfrom Eq. (36), 
approximating that the 1T MO is a pure vanadium 3d1T. The 
results are 

(b-c) = -0.0054 cm- I , l:::.a=O.0012 cm- I . (42) 

Clearly this value of I:::.a can only be correct to within a 
factor of 2 because of the many approximations and the 
fairly large error limit on b+. Nevertheless, it is not neg
ligible and, substituting into Eq. (39), we obtain the im
proved estimate 

a~ - (b+c) ~0.014 cm- I . (43) 

Again, making the approximations that the 0 and 1T 
electrons are pure V 3d, and taking (?hd=2.52 a.u. as 
before,41 we calculate 

(44) 

using Eq. (33). The reasonably good agreement with the 
value estimated from experiment supports the conclusion 
from the negative Fermi contact parameter that the D 3n 
state comes from the configuration (10) I (41T) I. The small 
discrepancy is not unexpected because the 47r MO should 
strictly be written 

141T) =cII V3d1T) -c21 N2p1T) , (4-5) 

which implies that the a parameter should be 

a(D 3n,811TI ) calc. (cm -I) 

=0.004 69[2(r-3 )3d- (cI(3d1T1 r-313d1T) 

+~(2p1T1 r- 3 12p1T) -2CIC2(3d1T1 r312p1T»], (46) 

where integration involving the N orbitals must be per
formed with respect to the vanadium nucleus. This equa
tion shows that the calculated value of a in Eq. (44) is 
likely to be a lower limit. 

The coefficient CI in Eq. (45) can be estimated if we set 
the nitrogen integrals to zero and substitute a=0.014 cm- 1 

in Eq. (46). We find cT=0.82, a more reasonable result 
than the spin-orbit parameters seem to imply (vide supra). 

Turning to the Fermi contact and dipolar parameters, 
we can estimate c using Eq. (36) together with the coeffi
cient CI just obtained and find 

c(D 3n)calc.= -0.0030 cm- I• 

Since (b+c)~0.014 cm- I , we get 

beD 3n) ~-0.011 cm- I. 

(47) 

(48) 

This value is to be compared with the off-diagonal param
eters b+ and b_, which give b=-0.0079±0.0016 cm- I . 

The agreement is not perfect, but it must be remembered 
that if it is necessary to determine two separate parameters 
b+ and b_ in a triplet state, there must be considerable 
spin-orbit contamination of the component, so that com
plete agreement should not be expected. In fact, because of 
the strong interaction between D 311 and d I ~ +, the pa
rameter b _ should probably be treated just as a fitting 

parameter, so that a more appropriate comparison would 
be with b+ = -0.009 44±0.001 23 cm- I

; in this case, the 
agreement is· almost within the error limit. 

We have in fact done these calculations iteratively. It 
will be seen that the values of band c just given are not 
consistent with the value of (b-c) taken from Eq. (42). 
However, if we substitute (b-c) = -0.008 cm- I into Eq. 
(41), I:::.a is found to be 0.0018 cm-1 and we get 

a(D 3n) =0.0140 cm-I, 
(49) 

(b+c) (D 3n) = -0.0143 cm- I. 

The estimate given as Eq. (43) was obtained this way, so 
that the derived parameters given above are consistent. The 
"true" Fermi contact parameter for the D 311 state is 

(50) 

The small negative value of b F clearly indicates that there 
is no V 4s electron density present at the vanadium nu
cleus, thus providing further support for the leading con
figuration" '8a2 31T4 181 41TI. The residual electron density 
at the vanadium nucleus must then arise from spin polar
ization. Since the mechanism for spin polarization is con
figuration interaction, the' .. 8a2 31T4 101 41TI configuration 
alone is insufficient to describe completely and accurately 
the D 311 state. The amount of contamination, although 
not quantifiable here, must be rather small because the 
calculated values of some parameters using the single con
figuration ... sa2 31T4 181 41TI approach the experimental 
values quite closely. Further insights into this problem 
must await reliable ab initio calculations. 

E. Comparison with TiO and other first-row TM 
species 

In this last section, we compare the gross electronic 
structure of VN with that of the isoelectronic molecule 
TiO. I

•
2 The energy level diagrams are compared in Fig. S, 

which clearly shows that the electronic structures of these 
two molecules very closely mirror each other. Perhaps 
even more striking is the close similarity of the singlet
triplet separations-3448 cm -I (expt) in TiO vs 3390 
cm -1 (calc.) in VN. In fact, the energy level diagrams are 
so similar that the locations of yet unobserved states in one 
molecule can be estimated with a reasonable accuracy from 
the other. 

The bond lengths of some known states in VN and TiO 
are compared in Table VI. The bond lengths in VN are 
shorter by 0.05--0.10 A. than the corresponding ones in 
TiO. Note how the differences increase with increasing enc 
ergy. Comparisons with other species show that, apart 
from monohydrides, VN has the shortest ground state 
bond length of all known transition metal molecules. It has 
almost the same ground state bond length as LiF ere 
= 1.5639 A.). 2 Another interesting ·obseryation is the fact 
that the ground state bond length decreases in the series 
ScN (X I~+ ... '8a231T4

, re= 1.6954 A.) (Ref. 3) >TiN 
eX 2~+ .. "8a231T49al

, ro= 1.5825 A.) (Ref. 7) > VN 
(X 31:::.," 'J~a231T49alloI, ro= 1.5666 A.) which may seem 
somewhat surprising since the 9(J and 10 MOs are essen-
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FIG. 8. The energy level diagram for VN and TiO. The data for TiO were 
taken from Refs. 1,2, 19, and 20. Yet unobserved but predicted states are 
indicated by dashed lines. The singlet-triplet splitting is calculated to be 
3390 cm - t in VN and experimentally determined to be 3448 cm,·1 in 
TiO. The first excited singlet II state in TiO arises from the" '9al 41Tl 
configuration, while the second arises from the .. 'lS1 41Tt configuration. 
It is the latter that must be compared with the one predicted for VN. 

tially nonbonding orbitals. These observations may be sug
gestive of a more ionic bond in VN than in TiO, TiN, and 
ScN. A measurement of the permanent dipole moment of 
VN would be at this stage very useful. Work in this area is 
in progress in our laboratories. 

VIII. SUMMARY AND CONCLUSION 

This paper describes a detailed analysis of the rota
tional, fine, and hyperfine structures of the D 3II_ 
X 3Ll CO,0) band ofVN, a molecule exhibiting a breakdown 
of the case Cap) formalism. A set of 35 molecular param
eters, of which 10 are necessary to describe the hyperfine 
structure, has been derived. This hyperfine structure is due 
solely to the SIV riucleus. The first-order spin-orbit and the 
magnetic hyperfine constants have been interpreted in 
terms of the leading configurations giving rise to the X 3 Ll 
and D 3II states. The X 3 Ll state is very well represented by 
the single ... 8a2 31T4 90.1 181 electron configuration in 
which the 90" MO is a V 4s-4p hybrid composed of 88% of 
V 4s and the 18 orbital is a pure V 3d orbital, while the 
dominant configuration in the D 3II state is' .. 8a2 31T4 181 

41TI, in which the 41T orbital is an antibonding orbital com
posed at most of 82% of V 3d. From the second-order 
spin-orbit constants, the isoconfigurational states a III and 
e 1 II have been calculated to lie 3390 and 2200 cm -I above 
their high spin companions. This isoconfigurational spin
orbit interaction is almost entirely responsible for the dis
tortion of the magnetic hyperfine structure in both states. 

TABLE VI. A comparison between corresponding bond lengths (in Ang
strom) in some selected states of VN and TiO. 

State . VN (ro) TiO (r.) ~a 

X3~ 1.5666 1.6202 0.0536 
Clct> 1.5851 1.6643 0.0792 
j) 3rr 1.5587 1.6663 0.1076 

a~=r.(TiO) -ro(VN). 

The lambda doubling in the D 3IIo component seems to be 
due to spin-orbit interactions with the nearby d 1 ~ + and 
3~- states, both arising from the 82 configuration. The 
d 12 + state lies above the D 3no, component while the 
3~- state lies some way below. The interaction with the 
d 1 ~ + state is in fact so strong that it has been necessary to 
use very high order centrifugal distortion terms to explain 
the course of the rotational levels in D 3II. In retrospect, it 
might have been advantageous to carry out a simultaneous 
fit to the d 1 ~ + and D 3II states; this was not attempted 
because the interaction matrix element is so different from 
the value expected in single configuration approximation. 

Finally, this work has raised the need for reliable ab 
initio calculations and for an experimental determination 
of the permanent dipole moment. 
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