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Abstract

The emission spectrum of VCl has been investigated at high resolution in the 3000–19 400 cm�1 region using a Fourier transform

spectrometer. The bands were excited in a high temperature carbon tube furnace by the reaction of vanadium metal vapor and a

trace of BCl3 as well as in a microwave discharge lamp by the reaction of VOCl3 vapor with active nitrogen. The spectra were

recorded using the Fourier transform spectrometer associated with the McMath–Pierce telescope of the National Solar Observatory

at Kitt Peak. The analysis of the E5D–X 5D system of VCl (previously labeled as ½7:0�5D–X 5D) has been extended by analyzing the

rotational structure of some additional bands. A rotational analysis of the 5D1–
5D1,

5D3–
5D3, and

5D4–
5D4 subbands of the 0–2, 0–1,

0–0, and 1–0 bands, and the 5D2 � 5D2 subband of the 0–1 and 0–0 bands has been obtained and molecular constants have been

extracted. The 5D0� � 5D0� subband was not identified in any of the assigned bands. The spectroscopic properties of the low-lying

electronic states of VCl have been predicted by CASSCF/CMRCI ab initio calculations and the experimental assignments are

supported by the ab initio results.

� 2003 Elsevier Science (USA). All rights reserved.

1. Introduction

Transition metal-containing molecules are species of
importance in organic and organometallic chemistry [1–

3]. Diatomic molecules such as VCl provide ideal models

for the understanding of bonding and reactivity in

transition metal systems [4]. Spectroscopic studies of

these simple molecules are also of astrophysical impor-

tance. Because of the high abundance of transition metal

elements on the surfaces of cool stars, several transition

metal-containing diatomic oxides and hydrides have
been identified [5–7] and there is strong possibility that

the transition metal halide molecules may also be found.

Precise spectroscopic data are necessary for a search for

these species in complex stellar spectra. We have,

therefore, initiated a program to study transition metal

monohalides by analyzing their high resolution spectra

in the near infrared and visible regions.

The emission spectrum of VCl was previously ob-

served by Iacocca et al. [8] in the visible region. This

spectrum consisted of only Dv ¼ 0 sequence bands and
no vibrational or rotational constants were obtained,

and no conclusive electronic assignment was possible

due to the lack of a rotational analysis. In a recent study

of VCl, we have observed a complex 5D–5D transition in

the near infrared which we labeled as the [7.0]5D–X 5D
transition [9]. We also determined the spectroscopic

constants from a rotational analysis of the 0–1 and 0–0

vibrational bands of this transition.
A number of visible bands of VF were observed at low

resolution by Jones and Krishnamurty [10] and the elec-

tronic assignments of 5R–5P or 5D–5P were proposed,

although no rotational analysis was obtained. Recently a
5D–5D transition of VF has also been observed in the near

infrared near 10 481 cm�1 and it has been labeled as

[10.5]5D–X 5D on the basis of the rotational analysis of a

few bands [11]. This transition is analogous to the
[7.0]5D–X 5D system of VCl near 7000 cm�1.

There is an ab initio calculation for the spectroscopic

properties of the low-lying quintet states of VF which

proposes a 5D ground state [12]. Recently ab initio cal-
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culations have also been performed for VH by Bruna

[13] and for VF by Harrison [14], and the spectroscopic

properties for the low-lying electronic states have been

predicted. The ground state of VF was predicted to be

either the 5D or 5P state but no definite conclusion was

drawn about which one was the lowest in energy [12].

On the other hand a 5D ground state was predicted for

VH [13] on the basis of a high quality ab initio calcu-
lation by Bruna [13]. In general, transition metal halides

and hydrides have very similar electronic structure

suggesting that VF and VCl also probably have 5D
ground states like VH [13].

In the present work we have extended the analysis of

the near infrared transition of VCl by analyzing some

additional bands primarily from a relatively cool mi-

crowave discharge source. A rotational analysis of the
0–2, 0–1, 0–0, and 1–0 bands has been obtained in the

present work. Lines belonging to the 5D1–
5D1,

5D2–
5D2,

5D3–
5D3, and 5D4–

5D4 subbands have been measured.

The rotational lines belonging to the 5D0�–
5D0� sub-

band could not be identified because of strong over-

lapping. The spectroscopic properties of the low-lying

electronic states of VCl have also been predicted using

ab initio calculations and our experimental assignments

are consistent with our ab initio results. Guided by the

ab initio results we have decided to label the low-lying

quintet states of VCl using the customary letter notation

and the near infrared transition will, therefore, be la-

beled as E5D–X 5D in this paper.

2. Ab initio calculations

The low-lying electronic states of VCl (4 triplets and 7

quintets) have been characterized by means of large

scale configuration interaction ab initio calculations.

Their potential curves and the corresponding spectro-

scopic properties have been determined. All possible

spin and spatial symmetries were investigated in order to

characterize all the states lying below about 12 000 cm�1

with respect to the ground electronic state. The energy

positions of the electronic states lying just above this

limit were also located. In particular, the lowest states in

the singlet and septet manifolds were investigated.

We refer to our previous work on transition metal-

containing diatomic molecules [15–20] for details about

the computational procedure adopted here and for an

estimation of the accuracy of the calculated properties.

Table 1

Rotational constants (in cm�1) for the X 5D and E5D states of VCl

Constants X 5D1 X 5D2

v ¼ 0 v ¼ 1 v ¼ 2 v ¼ 0 v ¼ 1 v ¼ 2

Tvv 0.0 415.9120(36) 828.3174(29) 0.0 409.8683(26) –

Bv 0.1652346(72) 0.1645294(75) 0.1637370(77) 0.165157(16) 0.164492(17) –

107 � Dv 1.151(11) 1.207(11) 1.282(15) 1.454(67) 1.811(68) –

103 � qv 1.309(14) 1.262(14) 1.293(15) 0.7830(37) 0.8343(78) –

107 � qDv )0.906(21) )0.879(21) )1.024(29) )0.807(27) )1.55(13) –

1011 � qHv – – – – 3.11(49) –

Constants X 5D3 X 5D4

v ¼ 0 v ¼ 1 v ¼ 2 v ¼ 0 v ¼ 1 v ¼ 2

Tvv 0.0 416.2039(26) 828.6948(27) 0.0 413.6719(20) 824.0845(18)

Bv 0.1656279(57) 0.1651175(60) 0.1644731(67) 0.1659329(39)9 0. 1653903(40) 0.1647921(42)

107 � Dv 0.9694(74) 1.0168(88) 1.110(21) 1.1659(28) 1.1704(31) 1.1701(48)

1012 � Hv )1.573(27) )0.551(32) )0.53(29) – – –

109 � qDv )1.754(35) – – – – –

1014 � qHv – – – )6.17(11) – –

Constants E5D1 E5D2

v ¼ 0 v ¼ 1 v ¼ 0 v ¼ 1

Tvv 7001.9281(26) 7356.3330(13) 6941.7717(18) –

Bv 0.1533811(72) 0.1525339(74) 0.150852(16) –

107 � Dv 1.044(11) 0.837(13) )0.178(65) –

104 � qv 1.96(14) 2.92(14) – –

108 � qDv )1.78(21) 0.43(23) – –

Constants E5D3 E5D4

v ¼ 0 v ¼ 1 v ¼ 0 v ¼ 1

Tvv 6985.9660(17) 7340.1025(10) 6951.4111(14) 7305.1401(28)

Bv 0.1547412(54) 0.1538611(56) 0.1562173(39) 0.1553695(69)

107 � Dv 1.2437(65) 1.0749(71) 1.7296(32) 1.798(34)

1012 � Hv – – 1.4047(79) 3.03(58)

Note. Numbers in parenthesis are one standard deviation in the last digits.
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In brief, the procedure consists of a preliminary opti-
mization of the molecular orbitals by state-averaged

full-valence CASSCF calculations [21] followed by an

internally contracted multireference configuration

interaction (CMRCI) calculation [22] correlating all

valence electrons. Davidson�s correction [23] for four-

particle unlinked clusters is added to the CMRCI en-

ergies. Both atoms are described by 10-core electron

relativistic pseudopotentials and by the corresponding
valence basis sets from the work of the Stuttgart group

[24,25]. The molecular orbital (MO) space contains six

r, three p, and one d MOs correlating with the 3s, 3p, 3d,
and 4s orbitals of vanadium and the 3s and 3p orbitals

of chlorine. Three of these inner shell MOs (two r and

one p) were kept doubly occupied in all configurations.

The number of active electrons involved in the correla-

tion energy treatment is thus 12. The sizes of the
CASSCF (CMRCI) wavefunctions range from 2100 to

5200 (350 000–700 000) configuration state functions

(C2v symmetry) depending on the space and spin sym-

metries. All calculations were performed with the

MOLPRO package [26] running on the Compaq alpha

servers of the ULB/VUB computer center.

3. Experimental

The VCl molecules were produced in two experi-

ments. In the first experiment the molecules were

observed by the reaction of V atoms with BCl3 in a

high temperature carbon tube furnace operated at a

temperature of about 2200 �C. The details of the

experimental setup used was provided in our previous
VCl paper [9].

In the second experiment the VCl molecules were

excited in an electrodeless microwave discharge in a

flowing mixture of VOCl3 vapor and active nitrogen, the

details of which are provided in our recent publications

on VO [27] and VN [28]. The spectra were recorded with

the 1-m Fourier transform spectrometer associated with

the McMath–Pierce telescope of the National Solar
Observatory at Kitt Peak. The spectra in the 3400–

19 400 cm�1 interval were recorded in two parts. For the

3400–14 700 cm�1 region the spectrometer was equipped

with a CaF2 beamsplitter, RG715 red pass filters and

liquid nitrogen-cooled InSb detectors. The spectra were

recorded by coadding four scans in about 1 h of inte-

gration at a resolution of 0.0156 cm�1. For the 8700–

19 400 cm�1 region, the spectrometer was equipped with
a CaF2 beamsplitter, OG530 filters, and midrange sili-

con diode detectors. The spectra in this region were re-

corded by coadding four scans in about 45min of

integration at a resolution of 0.025 cm�1.

The spectral line positions were determined using a

data reduction program called PC-DECOMP developed

by J. Brault. The peak positions were determined by

fitting a Voigt line shape function to each line. The
furnace spectrum contained the vibration–rotation

bands of HCl and HF as impurities in addition to the

VF bands and V atomic lines. We have used the HF [29]

line positions to calibrate our furnace spectra. The mi-

crowave discharge spectrum also contained VO and VN

bands as well as V and He atomic lines. The CO Dv ¼ 2

overtone sequence was present as impurity. The near

infrared VCl spectrum from the microwave discharge
source was calibrated using the measurements of the 2–0

overtone lines of CO provided by Maki [30]. The mea-

surements of bands common to the spectra from the

furnace and the microwave source were consistent

within experimental error. The VCl rotational lines in

the microwave discharge experiment appeared with a

typical signal-to-noise ratio of 6:1 and have an

approximate line width of 0.047 cm�1. The expected
absolute accuracy is about �0:003cm�1. The corre-

sponding accuracy of measurements of strong and un-

blended lines from the furnace spectrum is expected to

be of the order of �0:007cm�1.

4. Experimental results

In a previous publication we have reported on the

rotational analysis of three subbands of the 0–1 and 0–0

bands of a near infrared transition of VCl [9]. These

subbands were labeled as 5D1–
5D1;

5D2–
5D2, and

5D3–
5D3

and the transition was labeled as [7.0]5D–X 5D. This as-
signment was based on the available theoretical results

on VH [13] and VF [12]. At that time the remaining two

subbands could not be identified because of strong
overlapping in the furnace spectrum. In an attempt to

better understand the electronic structure of VCl, a

spectrum with higher resolution and a lower molecular

temperature was analyzed. The bands in the new spec-

trum are still very complex because of overlapping from

different subbands, but our Loomis–Wood program was

very helpful in identifying the lines in the weaker bands.

Using the new spectrum we were able to identify the
rotational lines of a new subband (fourth subband). The

structure of this subband consists of two R and two P

branches. The rotational analysis of this subband indi-

cates that the upper and lower states have X-doubling

parameters smaller than those in the 5D1–
5D1 suband

but larger than the values determined from the previ-

ously assigned 5D2–
5D2 subband. This has led us to re-

vise the X assignments in two of the subbands analyzed
previously [9]. From the analysis of the new subband we

conclude that it is in fact the 5D2–
5D2 subband and the

previous 5D2–
5D2 and

5D3–
5D3 subbands are the

5D3–
5D3

and 5D4–
5D4 subbands, respectively, of a 5D–5D transi-

tion. This electronic assignment is consistent with the

results of our ab initio calculations discussed in the

following section.
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We have measured the rotational lines of the 5D1–
5D1,

5D2–
5D2,

5D3–
5D3, and

5D4–
5D4 subbands in the 0–2, 0–

1, 0–0, and 1–0 bands, although the 5D2–
5D2 subband

was identified only for the 0–1 and 0–0 bands and the
5D0�–

5D0� subband was not identified at all. A com-

pressed portion of the 0–1 band near the heads is pre-

sented in Fig. 1, where the R heads of the assigned

subbands have been marked with arrows. As shown in

Fig. 1, the subband positions do not follow any pattern
based on increasing or decreasing X values, suggesting

that the VCl states probably have case (c) characteris-

tics. An expanded portion of 5D3–
5D3 subband of the

0–1 band is presented in Fig. 2, and some low-J, R, and
P lines have been marked.

The rotational structure of each subband consists ofR

and P branches appearing with similar intensity indi-

cating a DX ¼ 0 assignment. The rotational constants for

the different X states have been obtained by fitting the

observed lines to the following energy level expression:

FvðJÞ ¼ Tv þ BvJðJ þ 1Þ � Dv½JðJ þ 1Þ�2

þ Hv½JðJ þ 1Þ�3 � 1=2fqvJðJ þ 1Þ

þ qDv½JðJ þ 1Þ�2 þ qHv½JðJ þ 1Þ�3g: ð1Þ

Fig. 1. A compressed portion of the 0–1 band of the E5D–X 5D transition of VCl with the assigned subband heads marked.

Fig. 2. An expanded portion of the 5D3–
5D3 subband of the 0–1 band.
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The rotational lines were weighted according to resolu-

tion and the extent of blending. The badly blended lines

were heavily deweighted. The observed lines positions in

the different bands can be obtained from the supple-

mentary data available on-line [31] or from the authors

upon request. The e=f parity assignment in the 5D1–
5D1

and 5D2–
5D2 subbands was made arbitrarily to provide a

positive X-doubling constant qv in the X 5D1 and X 5D2

spin components. The higher order X-doubling con-

stants qDv and qHv were also determined for some vi-

brational levels of the ground state spin components and

the 5D1 spin component of the X 5D state. The molecular

constants for the different bands are provided in Table 5.

Note that the X-doubling constants were not determined

for the 5D2,
5D3, and

5D4 spin components of the excited

state and were set to zero.

5. Electronic structure of VCl from ab initio calculations

The ab initio potential energy curves of the 11 low-

lying electronic states of VCl are presented in Fig. 3,

with the triplet and quintet states represented in two

different panels. They have been obtained from CMRCI

calculations performed at a set of internuclear distances

ranging between 2.1 and 2.7�AA and separated by 0.1�AA.

The energy scale is relative to the minimum energy of
the ground electronic state. The spectroscopic properties

calculated for all these states are given in Table 2. The

following properties are reported: the equilibrium in-

ternuclear distances Re; the harmonic frequencies at

equilibrium xe and the term energies T0, corrected for

the zero point energy contribution calculated within the

harmonic approximation.

The last column of Table 2 provides an analysis of the
corresponding CMRCI wavefunctions in terms of a set

of configurations, labeled from (A) to (J) and listed in

Table 3. These configurations are those having a weight

greater than or equal to 2% in the CMRCI wavefunc-

tions, the weights being calculated as the sum of the

squares of the CI coefficients of CSFs belonging to the

corresponding electronic configurations. Configurations

(A)–(F) can be considered as the leading configurations
with weights greater than 70% in at least one of the

calculated states, while configurations (G)–(J) are sec-

ondary configurations with weights below 20%. Also

note that the numbering of the MOs in Table 3 refers to

the valence orbitals only f1r; 2r; 1p; 3r; 1d; 2p; 4rg, oc-
cupied by the 12 so-called active electrons. The low

energy structure of VCl thus arises, as shown in Table 3,

from the distribution of the four ‘‘external’’ electrons in
the MOs 3r, 1d, 2p, and 4r. The total degeneracy of the

resulting configurations is high, but the electrostatic

splitting is large enough to limit the number of electronic

Fig. 3. The low-lying potential energy curves of VCl in the triplet and

quintet spin systems from CMRCI calculations.

Table 2

Spectroscopic properties of the low-lying electronic states of VCl (from CMRCI calculations)

State T0 (cm�1) R (�AA) xe (cm
�1) Configuration weightsa

X 5D 0 2.325 373 76% (A) + 17 % (F)

(2.2145) (417.4)

A5P 517 2.326 366 62% (B) + 32% (D)

B5R� 1587 2.355 354 84% (C) + 10% (H)

C5U 3141 2.374 346 94% (D)

D5Rþ 4097 2.376 322 92% (E)

13R� 6169 2.293 371 69% (C) + 14% (I) + 7 % (H)

13P 6418 2.311 374 43% (B) + 20% (G) + 17% (D) + 5% (J)

13D 7362 2.340 372 94% (A)

13U 7470 2.293 362 48% (B) + 35% (D)

E5D 8494 2.430 321 17% (A) + 76 % (F)

(7001.928)b (2.2952) (354.1)c

F 5P 10 356 2.332 369 29% (B) + 60% (D) + 4% (J)

Experimental values from this work are given in parentheses.
aWeights (in percentage) are obtained from the square of the corresponding configuration interaction coefficients; weights lower than 2% are not

reported. See Table 3 for configuration labeling.
b T00 for the E5D1–X 5D1 subband.
cDG1=2 value.
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states to only 11 below 12 000 cm�1. As expected, the

highest spin states are more stable and the low-lying

states of VCl belong to the quintet spin system, followed

by the triplet system starting at about 6000 cm�1 (see

Fig. 3). The singlet and septet systems were also inves-

tigated by CMRCI calculations, but are found to be out

of the low-energy region. Both of these systems are lo-

cated above 16 000 and 40 000 cm�1, respectively. The
vertical term energies of a few states in these systems

were calculated at an internuclear distance of 2.3�AA,

close to the equilibrium positions in VCl. The vertical

energies of some quintet and triplet states above

12 000 cm�1 were also calculated. These results are re-

ported in Table 4, together with the CMRCI configu-

ration compositions. One sees that most of these states

arise from the same set of leading configurations as

those occurring below 12 000 cm�1 (see Table 2), but
with some additional secondary configurations, (K)–(L).

The septet states require, however, the opening of the 2r
inner orbital, which explains the high values of the

corresponding term energies.

The ground electronic state of VCl is thus predicted

to be a X 5D state arising from configuration (A),

1r22r21p43r11d12p2, followed by a close-lying A5P
state from configuration (B), 1r22r21p43r11d22p1, and a
B5R� state from configuration (C), 1r22r21p43r11d24r1.

The next states in the quintet system (C5U and D5Rþ)
are not far away from the three low-lying ones. The two

next states in this spin system are the second states of D
and P symmetry (25D and 25P). These two states which

fall in the energy region of the observed spectrum are

thus of particular interest. Referring to Table 4, one sees

that no other quintet states have been characterized
between 12 000 and 15 000 cm�1, with the next quintet

state being a 25R� state at about 15 000 cm�1.

The triplet manifold presents a set of four close-lying

states (13R�, 13P, 13U, and 13D) between 6000 and

7500 cm�1 and a second block (13C, 23P, 23R�, and

13Rþ) above 14 000 cm�1 (see Table 4). No other triplet

state has been characterized within the gap separating

the two triplet blocks.
It follows from the above ab initio survey of the low-

lying electronic structure of VCl that the best candidates

for the observed transition around 7000 cm�1 are from

the pairs of close-lying states: ðE5D, F 5PÞ ! ðX 5D;
A5PÞ. The transition dipole moments between these

electronic states have been calculated at the CMRCI

level of theory in order to assist in the assignment. We

give in Table 5 the results obtained at an internuclear
distance of 2.3�AA. Note that the signs of the transition

moments are given as provided by MOLPRO. They are

consistent with the phase choice of the CMRCI wave-

functions, which are build on a unique state-averaged

orbital optimization. One finds that the E5D ! X 5D
ð25D ! 15DÞ transition is the most probable, with a

Table 3

Electronic configurationsa describing the electronic states of VCl below

15 000 cm�1

Labels Configurationsa

(A) 3r11d12p2

(B) 3r11d22p1

(C) 3r11d24r1

(D) 3r11d12p1 4r1

(E) 1d22p2

(F) 1d12p24r1

(G) 3r21d12p1

(H) 3r12p24r1

(I) 3r21d2

(J) 1d22p14r1

(K) 1d24r2

(L) 3r12p3

(M) 3r12p14r2

(N) 3r21p2

(O) 3r11d3

(P) 3r11d14r2

aAll configurations have the same closed shell structure 1r22r21p4.

Configurations (K)–(P) contribute to states above 12 000 cm�1 only.

Table 4

Vertical term energies of some selected electronic states of VCl above 12 000 cm�1, from CMRCI calculations (R ¼ 2:3�AA)

2S+1 State T0 (cm�1) Configuration weights a

1 11Rþ 16 860 74% (I) + 15% (K)

11D 17 400 70% (I) + 13% (K) + 7% (N)

11P 18 270 75% (B) + 9% (D) + 4% (L) + 4% (M)

11U 18 135 51% (B) + 41% (D)

3 13C 14 090 71% (A) + 12% (O) + 9% (P)

23P 14 160 52% (B) + 39% (D)

23R� 14 780 66% (C) + 22%(A) + 4% (F)

13Rþ 14 960 85% (A) + 6% (C)

5 25R� 15 300 83% (H) + 10% (C)

7 17D 45 720 94% (Q)

17P 46 730 94 % (R)
aWeights (in percentage) are obtained from the square of the corresponding configuration interaction coefficients; weights lower than 2% are not

reported.
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large value of the transition dipole moment (2D). The

transition scheme is illustrated in Fig. 4, where the rel-
ative values of the square of the transition moments,

with respect to the most intense transition, are indicated

on the transition arrows. The final assignment of the

observed transition can now be firmly made as the

E5D ! X 5D transition.

The diagonal values of the electric dipole moment

operator are also given in Table 5. The magnitude of

these expectation values can be explained by the ionic
character of VCl bond, which can be roughly depicted as

VdþCld�, in which d is the degree of molecular ionicity.

One can evaluate the value of d from a Mulliken atomic

population analysis of the CASSCF wavefunctions. The

values of d obtained in this way are close to 0.65 for the
5D and 5P states, which is also close to the values cal-

culated for the chlorides of the transition metals of the

neighboring group IV B [19,20]. For instance the value
of D ¼ 0:68 was obtained for the ground X 4U state of

TiCl.

Electron populations on s, p, and d-type atomic or-

bitals centered on both atomic centers can also be de-

rived from the Mulliken population analysis, making

possible a correlation of the VCl states to those of the

Vþ ion in the ligand field of Cl�. Our ab initio results

assign the X, A, B, and C states as arising from (Vþ; 4s1

3d3), but the D and E states come from (Vþ; 3d4). As for

the F 5P state, the predicted configuration on Vþ is close

to 4s0:53d3:5, which indicates a strong configuration

mixing. These results suggest the following correlation

between the low-lying quintet states of VCl and those of

isolated Vþ [32]:

X 5D;A5P;B5R�;C5U ! a5F ðVþ; 4s13d3Þ;

D5Rþ;E5D; ðF 5P=35PÞ ! a5DðVþ; 3d4Þ;

in which ðF 5P=35PÞ means that the 5P state involved in

this correlation should mix with an upper 5P state

bringing in some 4s13d3 character. However, from an

energetic point of view, the ground state of Vþ is the a5D
term, predicted [33] to be about 2800 cm�1 more stable

than the a 5F term. This inversion could mean that the

effect of the ligand is to stabilize the 4s orbital, thus
contributing more to the bonding than 3d. Although

there is some configuration mixing and shifting, the

correspondence between the electronic states of VCl and

those of Vþ is excellent.

One final comment on the electronic structure of VCl

concerns the importance of electron correlation effects,

and in particular the core-valence contributions. As

pointed out above, three inner shell MOs (2r and 1p)
have been excluded from the CASSCF active space and

were kept doubly occupied in all considered configura-

tions. According to the CASSCF algorithm implemented

in the MOLPRO package, there is no a priori constraint

on the nature of the three molecular orbitals that will

constitute this outer core (the only restriction being their

symmetry). It is thus the variational procedure which will

find the most stable solutions. In such transition metal-
containing diatomic molecules, one would guess that

these core MOs will directly correlate to the ns and np
orbitals of the penultimate shell of the transition metal

(i.e., the 3s and 3p orbitals on V in this case). This is in-

deed what we observed in our previous work on nitrides

[15–17] and oxides [18]. The flexibility of the MCSCF

procedure allows some degree of mixing between the

orbitals of both atoms and in the case of VCl, there is a
large contribution to these three orbitals from the chlo-

rine atom. This means that the vanadium inner shells

participate indirectly in the active space and introduce

stabilizing correlation effects. Note that such core-va-

lence correlation effects are well known in atomic calcu-

lations involving transition metals and their ions [32].

Table 5

Matrix elements of the electric dipole moment operator (in debye)

within the 15D; 15P; 25D; 25P set of states of VCl calculated from the

CMRCI wavefunctions

States 15D 15P 25D 25P

15D 5.78

15P 0.14 3.93

25D 2.01 0.38 5.24

25P 0.33 )0.84 0.64 4.10

Fig. 4. Electronic transitions within the X 5D, A5P, E5D, and F 5P states

of VCl, from CMRCI calculations. The relative squares of the tran-

sition dipole moment with respect to the most intense transition are

indicated on the arrows.
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6. Discussion

The observation of several subbands in each band of

the near infrared transition is consistent with the in-

volvement of the high multiplicity states in the observed

transition. The previously suggested 5P ground state

assignment [12] for VF (or for VCl) is not consistent

with the 5D ground state of VH [13] considering strong

similarity between the transition metal halides and hy-
drides, although it may not be completely ruled out on

this basis. Our 5D assignment for the ground state of

VCl is on the other hand consistent with our own ab

initio calculations and is also consistent with the high

quality ab initio results for VH [13].

Although the rotational constants for the five

spin components of the ground and excited states are

not available because of severe overlapping, approxi-
mate Hund�s case (a) equilibrium constants can be

determined by simply averaging the rotational constants

for the assigned spin components. These calculations

provide B0 ¼ 0:1655cm�1, B1 ¼ 0:1649cm�1, and

B2 ¼ 0:1643cm�1 for the X 5D state. Using these values,

the case (a) equilibrium constants of Be ¼ 0:1658cm�1,

ae ¼ 0:0006cm�1 have been determined for the X 5D
state. Similarly the values of B0 ¼ 0:1539cm�1 and
B1 ¼ 0:1530cm�1 have been obtained for the E5D state,

providing the equilibrium constants of Be ¼ 0:1544cm�1

and ae ¼ 0:0009cm�1. These equilibrium rotational

constants result in equilibrium bond lengths of

R00
e ¼ 2:2145�AA and R0

e ¼ 2:2952�AA for the ground and

excited states. These values can be compared with the ab

initio bond lengths of R00
e ¼ 2:325�AA and R0

e ¼ 2:430�AA.

The constants of Table 5 have also been used to deter-
mine (by averaging) the approximate equilibrium vi-

brational constants of xe ¼ 417:4cm�1, xexe ¼ 3:5cm�1

for the ground state and DG0ð1=2Þ ¼ 354:1cm�1 for the

excited state.

An inspection of the spectroscopic constants listed in

Table 1 shows that the constants of the different spin

components of the X 5D and E5D states vary in an ir-

regular manner. This is likely due to strong interaction
with the close-lying A5P and D5P states. Although no

local perturbations were observed over the range of

observed J values, the highly unusual X-doubling seen in

all four subbands indicates that the states are strongly

mixed with the corresponding spin components of

nearby 5P states. This argument is well supported by

our ab initio calculations (Table 2). Our calculations

show that the A5P state lies at about 517 cm�1 above the
ground X 5D state. Similarly our ab initio calculations

shows that the F 5P state lies about 1800 cm�1 above the

E5D state. The microscopic form of the spin–orbit cou-

pling operator has DX ¼ 0 matrix elements between the

two ð5D; 5PÞ pairs of states so that all of the observed

spin components (particularly for the lower state) have

mixed D=P character. Similar conclusions can be drawn

from the available theoretical studies on VF [12] and VH
[13]. Averyanov and Khait [12] predict a 5P state at

1700 cm�1 above the X 5D state for VF, while for VH [13]

a 5P state is predicted at about 800 cm�1 above the

ground state. This is also consistent with the Harrison�s
theoretical predictions [14] for VF, which suggest very

close-lying 5D and 5P lowest states.

7. Conclusions

The VCl molecules were excited in emission in a

carbon tube furnace as well as in an electrodeless mi-

crowave discharge lamp, and the spectra have been re-

corded at high resolution using a Fourier transform

spectrometer. Five groups of bands with R heads (for

the highest wavenumber subband) near 6176, 6589,

7004, 7358, and 7710 cm�1 have been assigned as the 0–

2, 0–1, 0–0, 1–0, and 2–0 bands of the E5D–X 5D tran-
sition. A rotational analysis of the 5D1–

5D1,
5D2–

5D2,
5D3–

5D3, and
5D4–

5D4 subbands of various vibrational

bands has been obtained and molecular constants have

been extracted. The lower X 5D state of this transition

has been assigned as the ground state of VCl. The ex-

perimental assignments of the observed states have been

supported by our ab initio calculations of the spectro-

scopic properties of the low-lying electronic states of
VCl.
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