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The high resolution spectrum of VCI has been observed in emission in the 3000—92b@egion

using a Fourier transform spectrometer. The bands were excited in a high temperature carbon tube
furnace from the reaction of vanadium metal vapor and a trace of B@i the spectra were
recorded at a resolution of 0.05 ¢ The new bands observed in the 6000—8000 tinterval

have been attributed to VCI. The bands havitigeads near 6176, 6589, 7004, 7358, and 7710'cm

have been assigned as the 0-2, 0-1, 0-0, 1-0, and 2—0 bands, respectively7dfthe-X °A
electronic transition. A rotational analysis of th&;—°A;, A,—°A,, and®A;—°A; subbands of

the 0—1 and 0-0 vibrational bands has been obtained and molecular constants have been extracted.
The remaining two of the five subbands could not be analyzed because of severe overlapping
from neighboring subbands. The principal molecular constants forXAA state obtained

from the present analysis areAG(1/2)=415.26(113) cm!, B.=0.165885(250) cm', a,
=0.000586(84) cm!, andr,=2.21379(170) A. Our work represents the first observation of this
near infrared electronic transition of VCI. @001 American Institute of Physics.

[DOI: 10.1063/1.1349426

INTRODUCTION electronic states have been predicted. For VF the ground

tate was predicted to be eithek or °II but no definite

The study of transition metal-containing molecules has® lusi d bout which state is | . 20
attracted considerable recent attention because of their info''¢'USIOn was drawn about which state IS Iower in energy.

portance in astrophysitdand chemistry:* These molecules On the other hand %A ground state was pre<_:i|ctle9d for VH
are also of theorefical intereSt® While most of the di- N the basis of a high qualitgb initio calculation.”In gen-

atomic transition metal oxidésand hydride¥ have been eral, transition metal halides and hydrides have very similar

relatively well characterized and many of the nitrides haveStrUCture so we expect that the ground states of VF and VCl

recently been investigatdd* only a few transition metal 2'€ MOSt probablyA states.

halides have been studied so far. In the group 5 transition In the pf‘?se”t W(_)_rk we reporF on the observatlog of a
metal family only limited low resolution data on V& new electronic transition of VCI in the 6000—8000 ¢

. : . » ol
VC1,18 and TaCl” are available in literature. Some visible "€910n- We have assigned this transitio] 29]°A—X"A. A

bands of VF have been observed by Jones anéotational analysis of the 0-0 and 0-1 bands of the

5 5 5 5 5
Krishnamurty® at low resolution and electronic assignmentstA.1_dA';ithA2_h?ﬁ’ ar:dt_Ag—l As Isupba??s has been 0:/\;
of 53511 or SA—5I1 have been proposed for these bands.a"€C- Although the rotational analysis ot the remaining two

5 5 5 H
The emission spectrum of VCI has previously been observeEUbbandS :(A"i_l Ao,i ' fA“_ 3}4) :’ﬁmd n;)tt) bil okt)rtlalned ‘
by lacoccaet al® in the visible region. This spectrum con- ecause of overiapping from the other subbands, the presen

sisted of only the\y =0 sequence bands and thus no Vibra_assignment is consistent with the expectations based on the

tional constants were obtained and no electronic assignmen?? initio calculations of Bruna for VH:

were proposed. For TaCl, only a brief mention of a few
visible bands was made in a thédisshere TaN bands were EXPERIMENT
produced from a microwave excitation of a Ta@apor, N, The initial experiment was intended to observe VH
and He mixture. Again no attempts were made to obtain thg 5n4s near 1um using the high temperature reaction of V
vibrational or electronic assignments for the TaCl bands. . H,. We have previously observed VH in a hollow cath-
There is anab initio calculation for the quintet states of 4. discharg but the bands remain unanalyzed mainly be-
VF which proposes A ground state”’ Someab initio cal- 5 se of strong perturbations. In the furnace we did not ob-
culations have been performed for VH by Brifiand VF by orve the VH bands and, therefore, decided to search for
Harrisorf and the spectroscopic properties for the low-lyingpangs of VE and VCI instead. The near infrared bands of
VCI were observed from the reaction of V atoms with BCI
dElectronic mail: bernath@uwaterloo.ca in a high temperature carbon tube furnace operated at a tem-
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02 01 00 10 20 ing hydrides. For example, the structure of Fiand TiCP*
r va ’ closely resembles that of T#land the electronic structure
[TOVA-X& %9 7008 7358 70 of HfCI® is similar to that of HfH2® The VF and VCI mol-

ecules probably have 2\ ground state like VA and we
assign the observed VCI bands to&—°A transition. The
0-0 band of this transition is located near 7004 ¢mand
we have, therefore, decided to label this transition as
[7.0]°A-X5A.
The 5A states are expected to display Hund’s cése
coupling leading to five subband® . —°Aq. , A=A,
FIG. 1. A compressed portion of t§&.0]°A—X °A transition of VC1. ®A;—°A,, ®A3—°A3, andA,—>A,. Normally A doubling
is expected to be small fax states and havédependencé
given by[J(J+1)]®. However, mixing of the ground °A
perature of about 2200 °C. The emission from the furnacgtate with the nearbyll state[i.e., some Hund's case)
was focused on to the entrance aperture ef thm Fourier beha\/ioﬂ could lead to observablé doub"ng(or more cor-

transform spectrometer of the National Solar Observatory afectly () doubling. The effects ofA doubling should then be
Kitt Peak and the spectra were recorded using an InSb dempparent in the’A;—°A; and °A,—°A, subbands. In the

tector and a RG 645 filter at a resolution of 0.05 ¢miThe 5A,—5A, subband the\ doubling should increase ds(JH)

spectrum was recorded with only a single scan in about 3, similar to that found in a normail1-11 transition. The
min. In spite of this short integration time, the spectrum wasphserved rotational structure of this subband is consistent
observed with sufficient signal-to-noise ratio for high resolu-yith this expectation. In th@A,—°A, subband the\ dou-
tion analysis. _ bling, if present, should increase ¥ J+1)]? similar to a

j\ number of new bands observed in the 6000—-800C*[T,—°11, transition. The observed rotational structure of this
cm ~ region were readily attributed to VCI based on their sypband is also consistent with this expectation and a very
vibrational intervals and rotational line spacing. The spectrakmall doubling is seen at very highvalues (>63).
line positions were measured using a data reduction program The observed pattern of doubling in these two sub-
called pc-DEcompdeveloped by Brault. The peak positions pands has been very helpful in tfieassignment of different
were determined by fitting a Voigt line shape function to sybbands. Surprisingly some sm@lidoubling has also been
each experimental feature. The observed spectra also copbserved in théA;—°A; subband ford>82. This observa-
tained the vibration—rotation bands of HCI and HF as impu+jon is consistent with some Hund’s cas® behavior in the
rities in addition to the VCI bands and V atomic lines. We |ower state as discussed in the following. We have analyzed
have used the HE line positions to calibrate our spectrum. the rotational structure of only thé\;—°A, °A,—%A,, and
The molecular lines appear with a width of 0.070¢nand ~ 5A,_5A , subbands in the 0~0 and 0—1 bands. The rotational
maximum signal-to noise ratio of about 8:1; the line waveanalysis of 0—2, 1-0, and 2—0 bands could not be achieved
numbers are expected to be accurate-t007 cmt, How-  pecause they were weak. The rotational structure of each
ever, there is considerable overlapping and blending due tgupband consists & andP branchegno Q branch appear-
the rotational structure of different subbands in the same reing with similar intensity indicating aAQ=0 assignment.
gion, so the uncertainty is somewhat higher for blended anghe rotational constants for the differefitstates have been
weaker lines. obtained by fitting the observed lines to the following energy

level expression:

I
HC 2-0\\”‘1

\
T T e | | L
\Hm‘ AU ! (IR i

WU L R R
i e, " " , .

sl

T T T
6000 6750 7500 cm’

RESULTS AND DISCUSSION

— _ 2
A compressed portion of the observed spectrum is pre- F,(J)=T,+B,J(J+1)=D,[J(JI+1)]

sented in Fig. 1. The bandheads observed near 6176, 6589, +H,[J+1)13+1/2q,I(I+1)
7004, 7358, and 7710 cm can readily be identified as the ) 3
0-2, 0-1, 0-0, 1-0, and 2—0 bands of a new electronic +ap, I+ D] +ay [+ D)%} @

transition. This transition has been assigned ax\a°A

transition. As seen in Fig. 1, the spectrum of each band is The rotational lines were weighted according to resolu-
very Comp|ex because of the crowded Over|apping of théion and the extent of blending. The badly blended lines were
rotational structure of different subbands. In fact, the overheavily deweighted. The observed lines positions for the dif-
lapping is so severe that the rotational structure of all fiveferent subbands are available from EPAP& from the au-
subbands could not be unambiguously identified. The recerifiors upon request. The molecular constants for the different
theoretical predictions for VH by Bruhdwere very helpful ~bands are provided in Table I. Tteéf parity assignment in

in assigning our electronic transition. The ground state othe °A;—°A; subband was made arbitrarily to provide a
VH is predicted to be @A state and a stron§A—X5A  positive A-doubling constanty, in the X °A; spin compo-
transition has been predicted near 10 650 tnindeed, we ~ Nent. The parity assignments in tha,—°A, and®A;—°A;

find a strong complex transitior’&—°A?) of VH?® near subbands were also chosen arbitrarily. The higher order
7400 cm™. In our previous studies of transition metal ha- {2-doubling constanpp was also determined for the=0
lides we have noted the similarity between the electroniand 1 vibrational levels of th¥ °A; spin component. Like-
energy levels of transition metal halides and the correspondwise Po, and Pn, were determined for the=0 vibrational
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TABLE |. Spectroscopic constants for th&.0]°A—X 5A transition of VCI. a, b, ¢ refer to the undetermined term values ofth® vibrational levels of
X5A;, X®A,, andX 5A; spin components, respectively.

State v T, B, 10'xD, 10'2xH, 10°xq, 10°Xqp, 10X qy,
[7.01°A, 0 c+6951.4112(14) 0.156 212@3) 1.727441) 1.404382)
[7.0°A, 0 b+ 6985.9662(17) 0.154 72284) 1.227878) e
[7.0°A, 0 at7001.9264(21) 0.153 3811) 1.04913)
1 c+413.6719(21) 0.165 38563 1.168240) S
X %A, 0 c 0.165 928 62 1.163737) 6.1811)
1 b+ 416.2044(25) 0.165 09889 0.998999) —-0.56631) e e
X®A, 0 b 0.165 610 (B6) 0.954587) —1.56826) e —0.175534)
1 a+415.9116(29) 0.164 5321) 1.21113) 1.064212) —6.97925)
XA, 0 a 0.165 236L8) 1.15413) 1.113314) —7.28230)

level of the®A, and®A; spin components, respectively, of ever, predict @A ground state as does a high level calcula-
the ground state. Note that dedoubling constants could be tion on VH!® Some valuable conclusions can be drawn from
determined for the excited state so they were set to zero. the spectroscopic constants listed in Table I. As seen in
Although the visible spectrum of VCI has been known Table I, A doubling of significant magnitude has been ob-
for decades, the identity of the ground state is still an opernained in theX A, spin component while na doubling was
question. The observation of several subbands in the neabtained in th€ A, spin component of the excited state. This
infrared bands is consistent with the assignment of high mulindicates that the excitdd.0]°A state is a relatively isolated
tiplicity states. The previously suggestéH ground state state whereas th& °A; spin component is mixed with a
assignment for VRor for VCI) is not consistent with theA nearby state. This is consistent with Harrison’s theoretical
ground state of VH? although it may not be completely predictioné for VF. Averyanov and Khaif predict that the
ruled out. The observed bandhead positions have been useH state is 1700 cm* above theX °A state for VF, while the
to calculate the approximate vibrational constants for theorresponding value for VH is about 800 cfn
ground and excited states. Using the highest wave number As for other transition metal halides, useful information
bandhead positions, the following approximate vibrationalabout electronic structure can be derived from the atomic
constants have been determined for the ground and excitezhergy level® of V. The lowest term of V is a°D de-
states:wp=417cm !, wxi=1cm !, w,=356cm?, and rived from the 31* configuration. The ligand field of Cl
weX,=1cm L The rotational constants obtained for the  will split this term into°A, °I1, 3~ states in order of in-
=0 and 1 vibrational levels can be used to determine thereasing energy. This prediction is borne out by the calcula-
equilibrium rotational constants for the\;, °A,, and®A;  tions on VE®% and VH!® The next term in V is a°F at
spin components of the ground state. The valuesBpf about 3000 cm' arising from the 8°%4s' configuration.
=0.165588(21) cm!, a,=0.000704(21) cm* for the  This term correlates to thab, °A, °II, °S " cluster of states
X5A;, B,=0.165866(11) cm!, a,=0.000511(12)cm®* found in the 7000—10 000 cm range for VH. OuPA—X °A
for the X®A, and B,=0.1661995(76)cm', «, transition is thus between the tWa states derived from the
=0.000542 6(88) cmt' for the X °A; spin component have lowest energya °D anda °F terms of V'.
been obtained. The observed term values for the three spin
components provide thdG(1/2) vibrational intervals of CONCLUSION
415.911629) cm %, 416.204425) cm %, and 413.671@1)
cm ! for the X5A;, X®A,, and X5A; spin components,
respectively. The irregular variation in the vibrational inter-

vals can be attributed to the interactions with the inghtthiglhest wave number subbafdsear 6176, 6589, 7004

higher-lying °I1 state. The three subbands analyzed in this7358 and 7710 it have been assianed as the 0—2. 0—1
work involve the three middle spin components of theo_o '1_0 and 2—0 bands of thi O]5Ag—x 5A transition ’A '

ground and excited states, the average of the effecnv?otational analysis of theSA,—5A,, 5A,—5A,, and

AG(1/2), ,Be and «, values need to be computed to de_nve 5A,—5A , subbands of the 0—1 and 0-0 bands has been ob-

the Hund’s casga) constants for the ground and excited | _.

States This calculation provides AG(1/2) tgmed and molecular constants have been extracted. Most
' likely the lowerX °A state is the ground state but we do not

=415.26(113) e, B,=0.165885(250) crm, % have any direct evidence to prove this. Further experimental
=0.000856(84) cm! for the groundX °A state. The equi- y di proy : P
and theoretical work on VCI will be necessary to test our

librium rotational constant results in the equilibrium ground roposed assianment. and this work is under wa
state bond length of;=2.21379(170) A. A value of}, prop 9 ’ Y.

=2.29188(110) A has been obtained for the excited stat
using the average value &{=0.154 773(150) cm’.

The previousab initio calculation of Harrisoff on VF We thank J. Wagner, C. Plymate, and M. Dulick of the
did not lead to a definite conclusion about the identity of theNational Solar Observatory for assistance in obtaining the
ground statéeither®A or °IT). Averyanov and Khait® how-  spectra. The National Solar Observatory is operated by the

We have observed the thermal emission spectrum of VCI
in the 3000-9400 cim region using a Fourier transform
spectrometer. Five groups of bands wkhheads(for the
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