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Infrared emission spectroscopy of the [10.5]°A—X°A system of VF
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The emission spectrum of VF has been investigated in the 3400—17 000-egion using a Fourier
transform spectrometer. The bands were excited in a high temperature carbon tube furnace from the
reaction of vanadium metal vapor with ¢Fas well as in a microwave discharge through a flowing
mixture of VF, vapor and helium. Several bands observed in the 9000—12 008 ragion have

been attributed to VF. The bands with high wave nunmRdreads near 9156.8, 9816.4, 10 481.4,

11 035.8, and 11587.2 cm have been assigned as the 0-2, 0-1, 0-0, 1-0, and 2-O bands,
respectively, of the neW10.5°A—X°A system of VF. A rotational analysis of the\;—°A,,
SA,—°A,, °A3—°A5, and®A,—°A, subbands of the 0-1, 0-0, 1-0, and 2-0 bands has been carried
out and spectroscopic parameters for VF have been obtained for the first time. The following
equilibrium constants have been determined for the ground state of VF by averaging the constants
of the different spin components:AG(1/2)=665.10 cm?, B,=0.3863 cm?, a,
=0.0028 cm'!, andr,=1.7758 A. © 2002 American Institute of Physics.

[DOI: 10.1063/1.1464831

INTRODUCTION a °A ground state. In anotheab initio study, the spectro-
Spectroscopic studies of transition metal-contamlngSCOpIC properties for the IOV\.’ lying el_ectromc states of VF
T T . e have been predicted by Harrisbhin this study, the ground
molecules provide insight into chemical bonding in simple . . 5
: ; state of VF was predicted to be eithet or a°Il state but
metal system$.Because of the high cosmic abundance of . . 5
no definite conclusion was drawh However, a®A ground

transition metal elements in stars, transition m_etal—contamln%tate has been predicted for VH by Br 114 on the basis
molecules are of astrophysical importaiéa/Vhile many of . . S ; .
of a high qualityab initio calculation. Transition metal ha-

the diatomic transition metal oxidesnd hydrided have _— :
. ! .. _lides are expected to have a similar electronic structure as the
been relatively well characterized, and many of the nitrides ; .
. ) i, corresponding hydrides, so thaA ground states are ex-
have recently been investigat®d,only a few transition

metal halides have been studied so far. In the group V trar{—)/zcaad for VF and VCI based on the available results for

sition metal family only limited spectroscopic data are avail- =~ .
able for TaCE VClI,® and VF? from previous low resolution In the present work we report on the observation of a
! ' new AQ=0 transition of VF in the 9000—12 000 crhre-

studies. The TaCl bands were observed from the microwave. : Z .
excitation of a mixture of TaGlvapor, N, and He during a gion. The 0-0 band is located near 10 481 ¢pso this tran-

g 5 _ 5 .
search for TaN bands, and were left unassigh€he visible rscl;[tlgtri]orr:zls :r?;nsﬁbi:‘e?hgio'—sg’ AA )é AA—%Z the5§ai'§' AOf a
bands of VCI are also knowrbut their rotational analysis is nonal_analy 1 men 22 TS =S
. ) : and>A,—>A, subbands of the 0-1, 0-0, 1-0, and 2-0 bands.
still lacking. However, in a recent study of VCI we have

5 L . The °Aq.—°Ay- subband could not be identified in our
observed a compleA—°A transition in the near infrared spectra because of extensive overlapping from the other sub-
which has been labeled as fi20]°A—X5A transitiodand P PPINg

we have determined the spectroscopic constants from the r(l))_a nds.

tational analysis of a few bands. A number of low resolution
emission bands of VF have also been observed in the visibIEXPERIMENT
region by Jones and Krishnamuftyand the electronic as- The near infrared spectra of VF were recorded in two
signments oS —°I1 or >A—°I1 have been proposed. No experiments. In the first experiment the bands were observed
rotational analysis of any VF bands has been reported tm the reaction of vanadium atoms with £k the presence
date. of ~100 Torr of He in a high temperature carbon tube fur-
Several theoretical studies of the spectroscopic propemace operated at a temperature of about 2200 °C. The emis-
ties of VF*2and the related molecule \iiihave been car- sion from the furnace was focused on to the entrance aper-
ried out in recent years. Averyanov and Khaihave per- ture of the 1-m Fourier transform spectrometer of the
formed an ab initio calculation of the spectroscopic National Solar Observatory at Kitt Peak, equipped with a UV
properties of the low-lying quintet states of VF and proposedbeam splitter. The 3000—9400 chregion was recorded us-
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ing InSb detectors and a RG 645 filter, at a resolution of 0.0
cm L Six scans were coadded in about 18 min of integra-
tion. The 9000—17 000 cnt region was recorded using
midrange photodiode detectors by coadding two scans ir
about 6 min of integration. In spite of the short integration
time, the spectrum was observed with sufficient signal-to-
noise ratio to be suitable for rotational analysis.

In the second experiment the bands were excited in ¢ ' s
microwave discharge lamp with a flowing mixture of Y¥F 9000 10000 11000
vapor and He. The spectra in the 8500—12 500 tnegion
were recorded at a resolution of 0.02 chby coadding 25 FIG. 1. A compressed portion of tfd0.5]°A—X5A transition of VF.
scans in 2.5 h of integration. This time the spectrometer was
equipped with a CafFbeam splitter and the spectra were
recorded using Si photodiode detectors and a RG850 filter. IRémbles that of TiH? the electronic structure of Hf€l is
th|s experiment the 1-0 band of VF was Observed Wlth Sufsimilar to that of Hﬂ'fo and the electronic structure of
ficient intensity for a rotational analysis and the lines wereSCF#i

-1

cm

is very similar to that of ScH>?*This suggests that

re|ative|y well resolved. This cooler Spectrum was Very he'p_the electronic structure of VF is I|ke|y to be similar to that of
ful in the rotational analysis of the other bands recorded usVH and VCI. In a recent theoretical predictions for VH,
ing the high temperature carbon tube furnace. Brund” has predicted &A ground state and a strong
The new near infrared emission bands were readily at”A—X°A transition near 10 650 cfil. Indeed, we have ob-
tributed to VF based on their vibrational intervals and rota-Served a strongout perturbegitransition €A—-°A?) of VH*
tional line spacing. The spectral line positions were meahear 7400 cm'. For VCI, we have recently observed a near
Sured using a data reduction program Ca"EId-DECOMP infrared eleCtroniC transition near 7004 Ei‘TWhICh haS been

developed by J. Brault. The peak positions were determine@ssigned as thg7.0]°A—X°A transition. The new transition
by fitting a Voigt line shape function to each experimentalof VF observed near 10 481 crhis analogous to the near
feature. The furnace spectrum also contained the vibratiorinfrared transitions of VCl and VH?®

rotation bands of HCI and HF as impurities in addition to the ~ The two®A states of VF are expected to display Hund's
VF bands and V atomic lines. We have used théHipe  case(@ coupling leading to five subband8Aq.—°Aq.,
positions to calibrate our spectra. The molecular lines appeal1—"A1, *A,=°A;, °A3—°A3, and®A,—°A,. Because of
with approximate widths of 0.075 cm (furnace and 0.040 severe overlapping from different subbands, the rotational
cm ! (microwave dischargeand a maximum signal-to-noise Structure of only the’A;—°A;, ®A,—°A,, *A;—°A;, and
ratio of about 13:1. The line positions are expected to béA4—"A4 subbands could be identified in our spectra. A por-
accurate t0+0.007 cm’. However, there is considerable tion of the 0-0 band near tHeheads is provided in Fig. 2, in
overlapping and blending due to the rotational structure ofvhich the heads of the four assigned subbands have been
different subbands in the same region, so the uncertainty iarked. The’Ao..—°A,. subband still remains to be iden-

somewhat higher for blended and weaker lines. tified. Our analysis indicates the presenceAstioubling in
the®A;—°A; and®A,—°A, subbands. The subband with the

largestA-doubling has been assigned as tidg —°A; sub-
RESULTS AND DISCUSSION band. The observed pattern of rotational constants and rela-

, tive magnitude of theA-doubling in the°A;—°A; and

A number of new VF bands were observed in the 9000'5A2—5A2 subbands has been very helpful in the

15000 cm* interyal in the furnace sp_ectrum, of which the Q-assignment. NormallW\-doubling is expected to be very
bands_ observed in Fhe 9000-12 0_00 cmegion were the small forA states and should havelalependend@ given by
most intense. Prominent bands withheads near 9156.8, [J(J+1)]Q_ However, mixing of the groundl 5A state with
9816.4, 10 481.4, 11 035.8, and 11 587.2 ¢man readily the nearby®Il state[i.e., some Hund's cas&) behavioi

be ident!fied as .the 0-2,0-1, 00 1-0, ar‘d, 2-0 bgnds of a N®\Y5uld lead to observabla-doubling in the transition. In the
electronic transition on the basis of their intensity and vibra-

tional spacing. The bands present in the 12 000-15 000

cm ! region are very weak and their heads could not be

measured precisely. Much improved spectra of this region Acths Bl AAT A
are necessary before any interpretation of the visible bands

can be offered. A compressed portion of the near infrared

transition of VF is presented in Fig. 1. As seen in Fig. 1, each

band appears to be very complex because of the overlapping ‘. ‘
|
L

|
of the rotational structure of different subbands of a high | 1\\} k I ‘I JLU vM |
: . -~ . v"“‘|”|“JnW"JM}]“’f"n'*ﬂh\ﬂwxh»IJWLW‘W W"HWWWMUMWwwm
In our previous studies of transition metal halides we | . T —

e I« - Ll
multiplicity transition. LFMIWW
i
have noted a similarity between the electronic energy levels 10450 10470 em’
of transition metal halides and the corresponding hydridesgig 2 A portion of the 0-0 band of thel0.5]5A—X5A transition of VF
For example, the structure of TiFand TiCl closely re-  with the R heads marked.
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TABLE |. Rotational constantén cm™2) for the XA and[10.5]°A states of VF(Note: Numbers in parenthesis are one standard deviation in the lastdigits.

X %A, X 5A,

Constants v=0 v=1 v=0 v=1

Too 0.0 664.83064) 0.0 664.909638)

B, 0.381 78%20) 0.378 96428) 0.384 89718) 0.381 91219)

10°xD, 2.43919 2.31628) 0.903972) 0.885376)

10°XH, 0.83912) 0.73515) 0.0187281) 0.0169%87)

108 L, —1.41028) —1.14331)

10°%q, 1.313@43) 1.325946) 0.107423) 0.101223)

1P X qp, —8.02838) —7.79349) 0.717884) 0.74510)

10°X qy, 2.38623 2.17129) —0.165224) —0.171633)

10%xq, —3.25955) —2.71762) 0.112924) 0.120736)

X %A, X %A,

Constants v=0 v=1 v=0 v=1

Too 0.0 665.101078) 0.0 665.558812)

B, 0.385 36133 0.383 18236) 0.387 40917 0.384 19017

1PXD, 5.82641) 6.01544) 0.807641) 0.778140)

10°xH, 1.49523) 1.51624)

108X L, —1.82345) —1.80144)

[10.5)°A, [10.5)°A,
Constants v=0 v=1 v=2 v=0 v=1 v=2
Too 10 473.191234) 11 027.189426) 11 579.995660) 10 464.793726) 11 019.174R24) 11 570.712134)
B, 0.340 32122 0.338 11116) 0.334 84125) 0.347 04819 0.344 30420 0.341 29%22)
10°xD, 0.281(15) 0.469556) 0.40321) 0.837272) 0.83910) 0.79412)
10" H, —0.28837) “e 1.06962) 0.146482) 0.06919) 0.56823)
10°xq, 1.94043) 1.38839) 2.671(42) 0.96521) 0.97623 1.14424)
10X qp, —1.21431) —0.79420) —1.391(30) —0.065432) —0.119468) —0.21113)
10X gy, 2.29692) 0.94733) 1.97087) “ee ‘e 0.45833)
1014><qu —1.78499)
[10.5°A4 [10.5°A,

Constants v=0 v=1 v=2 v=0 v=1 v=2
Too 10 478.70485) 11 033.26383) 11 584.890(44) 10 447.986246) 11 002.811641) 11 551.363134)
B, 0.335 51419 0.332 90022 0.330 33244) 0.355 00722 0.351 84924) 0.349 99120)
10°xD, 0.367159) 0.380484) —0.26463) 1.81117) 1.72820) 1.92310)
10" H, S e —4.0038) 1.42069) 1.37384) 1.47122)
108 L, 1.12579) —0.086396) —0.09712) e

5A;—5A; subband theA-doubling should increase aXJ

+1) similar to that found in a normall-II transition
while in the ®>A,—%A, subband theA-doubling, if present,

The rotational lines were given weights according to the
resolution, line intensity, and the extent of blending. The
badly blended lines were heavily deweighted. The observed

should increase a$J(J+1)]2.. The presence of large lines positions for the different sub-bands are available from
A-doubling in the’A; and®A, spin components is the result EPAPS? or from the authors upon request. The molecular

of strong interactions with the nearByl state.

SA—°Aq, °A,-%A,, PA3—°A4, and®A,—°A, subbands in

constants for the different bands are provided in Table I. The
We have analyzed the rotational structure of only theg/f parity assignment in théA,;—°A; and °A,—5A, sub-

bands was made arbitrarily to provide a positivaloubling

the 0-1, 0-0, 1-0, and 2-0 bands. The rotational analysis Oéonstantq in lower state. The constan®,, B,, D, , H
v . ’ v v v

the 0-2 band could not be achieved because of its weak ingnq | are required for most of the vibrational levels of the
tensity(Fig. 1). The rotational structure of each subband CONjitferent spin components. In addition thedoubling con-

sists ofR andP branchegno Q branch appearing with simi-
lar intensity consistent with aAQ)=0 assignment. The
rotational constants for the differefX states have been ob-
tained by fitting the observed lines to the following energy

level expression:

F,()=T,+B,J(J+1)—D,[J(J+1)]>+H,[IJI+1)]3
+L,[II+D)*+1/2q,I(I+1)+qp,[I(I+1)]?

+au[I3+ 1P+ I3+ 1]

@

stantsq, , dp, , du, . andq,, are required for théA, and
°A, spin components to minimize the standard deviation of
the fits. The determination of the higher order constants is a
reflection of the strong interaction with nearby states.
Although the visible spectrum of VF has been known for
decades, the identity of the ground state has been an open
question. The present work provides the first high resolution
data for VF and sheds some light on the nature of the ground
electronic state. The observation of several subbands for
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each vibrational band is consistent with the assignment of the-0.3849 cm®, and B7j=0.3821 cm?! vyielding By
high multiplicity transition. Our assignment of tha ground  =0.3863 cm ¢, a2=0.0028 cm?, and ri=1.7758 A. A
state is consistent with available results for ¥Hnd our calculation for the excited state results in the values
recent observation of an infrared electronic transition ofof AG(1/2)=554.44 cm?, AG(3/2)=551.13 cm?, B,
VCL.* In a more recent study of VCI, aab initio calculation ~ =0.3445 cm?, B,=0.3418 cm ¢, and B,=0.3393 cm .
has been performed on the low-lying electronic states, antthe excited state equilibrium constants using these values
the analysis of thg 7.0]°A—X°A transition has been ex- are w,=557.75 cm?, wex,=1.66cm’, B.=0.3458
tended by analyzing many more barféist was also possible cm™1, @,=0.0026 cm'?, andr/,=1.8769 A.
to identify an additional subband in spite of severe  The lowest energy term of theVatom isa °D, which
blending®® This study supports outA assignment for the arises from the 84 configuratior?® The a °D term is split
ground state of VCI and suggests that VF should also haveby the ligand field of F and correlates to th&A, 5TI, and
a A ground state. Note, however, that the previouslys,~ molecular states in order of increasing energy. The first
suggestetf °TI ground state assignment for VF cannot beexcited term in V is a 5F at ~3000 cm* arising from the
completely ruled out. 3d%4s? configuratior?® The molecular states correlating to
An irregular variation in the rotational and distortion thea °F term are®®, °A, °II, and®3 * states which form a
constants of the different spin components of both thecluster of states in the 7000—10 000 cthrange as calcu-
ground and excited states is the result of strong interactiotated for VH* Our near infrared transition of VF is, there-
with close-lying states. The large-doubling in the’A; and  fore, between the twBA states derived from tha °D and
A, spin components is most probably the result of stronga 5F terms of V. A °A ground state for VF has been pre-
interactions with close-lyingII states. The effects of these dicted by Averyanov and Khaftas does a high level calcu-
interactions are also apparent in the observed local and gldation by Brunaet al. on VH,* although theab initio calcu-
bal perturbations. In the 0-0 and 1-0 bands of tAg—°A;  lation of Harriso® on VF did not lead to a definite
subband, the lines witk-parity are affected fod”>45. The  conclusion about the identity of the ground stégéher°A
high J e-parity lines could not be identified with certainty or °II).
while the f-parity levels are unaffected. THe\,—%A, sub- Some useful conclusions can be drawn from the spectro-
band is free from local perturbations. In tha;—°A; sub-  scopic constants listed in Table I. The significAntioubling
band the observed minus calculated difference in the linén the®A; and®A, spin components of both states indicates
positions of the 0-1 and 0-0 bands suggests#fat0 and 1  that they are strongly mixed with the spin components of
levels are affected fod”=50. Similarly, the negative value nearby states. Averyanov and KHaipredict a°II state at
of the distortion constant of the’ =2 vibrational level of 1700 cm* above thex °A state for VF, while for VH &1l
the 5A 5 spin component of the excited state is the result ofstate is predicted at about 800 chabove the ground state.
interactions in the excited state. TRA,—°A, subband is This is also consistent with the Harrison’s theoretical
also free from local perturbations, although in the 0-0 bandpredictions® for VF which suggests very close-lyirfgs and
of the 5A,—5A, subband the lines seem to split into two SII states. The largd-doubling in the ground state is there-
components after approximately=52. The split lines in the fore due to strong interaction with thi1 state. Similar
Q=4 subband were not included in the fit because of theiinteractions are also possible for the excifeil state, al-
poor intensity. though anab initio calculation predicting all the low-lying
We have used the observed band head positions to ca$tates of VF is still lacking.
culate approximate vibrational constants for VF. The location
of the highest wave numbé&t head of the 0-2, 0-1, 0-0, 1-0,
and 2-0 bands near 9156.8, 9816.4, 10 481.4, 11 035.8, ard>  C-USION
11 587.2 cm’?, respectively, provides the following approxi- We have observed the thermal emission spectrum of VF
mate vibrational constants for the ground and excitedn the 3400—17 000 cit region using a Fourier transform
states of VF: wi=670.4cm?’, wxl=27cm?!, o, spectrometer. Five groups of bands wkhheads(highest
=557.4 cm?, and wex,=1.5 cm 1. The ground state vi- wave number subbahdnear 9156.8, 9816.4, 10 481.4,
brational constants from this transition are, however, considi1 035.8, and 11 587.2 c¢rh have been assigned as the 0-2,
erably different from those reported by Jones and0-1,0-0, 1-0, and 2-0 bands of th#0.5]°A—X°A transition.
Krishnamurthy® from the low resolution emission spectrum The 1-0 band of this transition has also been observed using
of the visible bands. a microwave discharge lamp. A rotational analysis of the
The spectroscopic constants for the different vibrationaPA,—°A,, °A,—°A,, °A;—°A5, and®A,—°A,, subbands of
levels of the ground and excited states provided in Table the 0-1, 0-0, 1-0, and 2-0 bands has been obtained and mo-
have been used to determine approximate Hund’s ¢a@se lecular constants have been extracted. The largkubling
constants. Because the constants of the different spiobserved in th€A; and®A, spin components is probably a
components of the ground and excited states vary in areflection of a strong interaction with nearByl states. The
irregular manner, a simple average of these constants hémwer °A state is most likely the ground state of VF as
been taken to obtain approximate Hund’s cé@econstants. predictedt?!® and observed for V&2 but we do not have
The average of the ground state vibrational intervalsany direct evidence to prove this. Further experimental and
from Table | providesAG”(1/2)=665.10 cm®. The aver- theoretical work on VF will be necessary to confirm our
age of the B values listed in Table | providesB] assignments.
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