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The pure rotational spectrum of TiF  (X*®,): 3d transition metal
fluorides revisited

P. M. Sheridan, S. K. McLamarrah, and L. M. Ziurys®
Department of Chemistry, Department of Astronomy, and Steward Observatory, University of Arizona,
Tucson, Arizona 85721

(Received 29 April 2003; accepted 13 August 2003

The pure rotational spectrum of TiF in i%*®, (v=0) ground state has been measured using
millimeter/sub-millimeter wave direct absorption techniques in the range 140-530 GHz. In ten out
of the twelve rotational transitions recorded, all four spin—orbit components were observed,
confirming the*®, ground state assignment. Additional small splittings were resolved in several of
the spin components in lowel transitions, which appear to arise from magnetic hyperfine
interactions of thé°F nucleus. In contrast, no evidence frdoubling was seen in the data. The
rotational transitions of TiF were analyzed using a c&ae Hamiltonian, resulting in the
determination of rotational and fine structure constants, as well as hyperfine parameters for the
fluorine nucleus. The data were readily fit in a cémebasis, indicating strong first order spin—orbit
coupling and minimal second-order effects, as also evidenced by the small valughefspin—spin
parameter. Moreover, only one higher order tesmthe spin—orbit/spin—spin interaction term, was
needed in the analysis, again suggesting limited perturbations in the ground state. The relative
values of thea, b, andc hyperfine constants indicate that the three unpaired electrons in this radical
lie in orbitals primarily located on the titanium atom and support the molecular orbital picture of TiF
with a o*8* 7! single electron configuration. The bond length of TIE8342 A is significantly

longer than that of TiO, suggesting that there are differences in the bonding betai¢em8ition

metal fluorides and oxides. @003 American Institute of Physic§DOI: 10.1063/1.1615753

I. INTRODUCTION Furthermore, high values of electron orbital and spin angular
S _ _ _ momenta often occur in such species. Despite these com-
Titanium is encountered in a wide variety of researchyeyities, several titanium radicals have been studied to date

areas. For example, because of its low density and exceRsa near-infrared and optical spectroscopy. For example, the
tional corrosion resistance, the metal and its alloys are usegll—[_x 3A transition of TiS. théT —X *® band of TiH. and

i\r)ltheI cop;truction Qf.aircraft f':md rr1narinehvehiclr$ ehqléi_pr’ren't. the 3A—X 3® system of TiF have been investigaté:*2

eO'Taf oxl (Ias i:(.)ntalnlngtytanlurg thave shown t|gb e e(f:trlquiF(G 4p_X 4(1)) and TiCH (21'[—X 22) have been studied
and Terroelectric properties and thus appear 1o be Uselul 10 011314 jijlimeter-wave and PPMODR work have also
the design of microelectronic devic&s. Titanium com-

ounds are also employed as Ziegler—Natta type catal Stb_een conducted, but thus far have been limited to
P aiso employ ~leg yp YS'HO (X 2A), TiN(X2S), and TiCl (X *®).1516 Hyperfine
cyclopentadienyl titanium species, for example, are used to - p LT
polymerize olefins such as styrene and ethyfenehile strucﬁure_wa}s observed in TiN, giving some insight into the
bis(phenoxyiming-titanium based molecules are currently bonding n t|te_1n|um cgmpouqu. o

being investigated for their unique regioselectivity in poly- . One tlta_nlum radical of mtere_sj[ Is TIF, partly_ beca_use
merization insertion reactiofis'rom an astronomical aspect, Nigh resolution data on thed3transition metal fluorides, in
gas-phase titanium bearing species such as TiO and TiH ha@eneral, are limited. VYQNIe electronic s_pectra of these species
been identified in the spectra of cool M-type stifsyhile have.been recor(-jéa,‘. they are certainly not as well char-
titanium carbide crystals have been found in metedriesl ~ acterized as their oxide counterpditsFor example, pure
perhaps even in circumstellar gas. rotational spectra exist only for ScF, CrF, FeF, NiF, and

Small titanium containing molecules are additionally of CuF?*7?°in fact, only in the past year has the first high-

interest for gas phase spectroscopy. From their spectra, eleg@solution optical study of VF been conductédVhile these
tronic and geometric properties of these species can be elipolecules are expected to exhibit highly ionic bonds, some,
cidated, leading to a better understanding of the macroscopiuch as FeF show signs of covalent character.
characteristics of larger Ti-bearing compounds. Titanium has  TiF has been the subject of relatively few spectroscopic
a 4s°3d? valence electron configuration, however, such thainvestigations. It was first observed in absorption using flash
Ti-bearing molecules usually have an extensive manifold oheating techniques by Diebner and Kay in 1969, who as-
closely spaced electronic states which can perturb each othaigned the ground state 4% ~.2® Additional studies con-
ducted by Chantalic, Deschamps, and Panrfétagrain indi-
dTelephone: 1-520-621-6525; Fax: 1-520-621-1532; Electronic maiI:Cated O ground state. Shenyavskaya and Dubov in 1985
Iziurys@as.arizona.edu conducted further optical work, resulting in the reas-
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signment of the electronic ground term 48.28 Very re-  adequate signal-to-noise ratios. In order to obtain the center
cently, Ramet al. have observed the spectrum of TiF in frequency of each transition, Gaussian curves were fit to the
emission by Fourier transform techniques and by laser exciine profiles. Typical linewidths ranged from 360 kHz at 142
tation spectroscopy, performing the first rotational analysis. GHz to 1230 kHz at 523 GHz.
In their work, the ground state of TiF was once again reas-
signed, this time aé®d. Their assignment was partly based
on theoretical work by Harrisoff, and in analogy to !ll. RESULTS
TiH (X *®).** Subsequent calculations by Boldyrev and
Simons? for TiF again suggested &P ground state. Con-
clusive experimental evidence for this assignment, howeve
has not been obtained to date.

Here we present the first measurement of the pure rot
tional spectrum of the TiF radical using millimeter/sub-mm

direct abszrpélcf)n traethods.t.tMulltlplg r?tatlon@al';ransn;]onsecules with high orbital angular momentum, lambda-
were recorded Tor the main tianium 1Sotopormietie, eac . doubling has been observed in pure rotational spectra of

consisting of four fine structure components, which definl-CoH (X3®)) and in the ground state of CoF, as deduced
tively establish the ground state of the molecul&Xds, . In from studies of thé® —X 3 transition®2%® Also. magnetic

addition, magnetic hyperfine splittings, resulting fromtfe erfine coupling due to thiF nucleus [=1/2) may be
nucleus, have been observed. These data have been mode gr/é)sent as observed in FeF in ¥$A. state?3
) ] .

using a Hund's cas@) effective Hamiltonian, leading to the Searches for the rotational spectrum of TiF were aided
determination of rotational, fine structure, and hyperfine Papy the optical work of Ranet al,* in which effective rota-

rameters. In this_paper we .pr?se’?t these results, ir_1terpret ﬂ?l nal constants of each fine structure component had been
constants and discuss their implications for bonding éh 3 determined. Individual spin components were therefore

transition metal flourides. readily located by scanning only a few hundred MHz, con-
firming the ground state assignment. Initially, the higler
transitions were studied. Here the two higliedadders(€)

The pure rotational spectrum of TiF was measured using=7/2 and 9/2 were found to consist of closely-spaced dou-
one of the quasi-optical millimeter/sub-millimeter wave di- blets; their separation varied from approximately 2 MHz in
rect absorption spectrometers of the Ziurys group. The majothe (1=7/2 ladder to 3 MHz in th&€)=9/2 component. Fur-
features of this instrument are outlined in Ziurgsal,’®  thermore, this splitting decreased in magnitude with increas-
except that offset ellipsoidal mirrors are used as the focusining J, ruling out lambda-doubling interactions as their origin.
elements in this case, resulting in a different optics pathin addition, transitions in the)=5/2 sub-level appeared
Also, a pathlength modulator is employed to improve basesomewhat broader than expected, although®ke3/2 sig-
line stability. The reaction chamber has a robust doublednals had typical line widths. The closely-spaced doublets
walled construction, which enables the melting of transitionwere attributed to hyperfine interactions of tH€ nucleus,
metals in a Broida-type oven attached to the cell. which would be expected to decrease with increading

The synthesis of TiF was particularly difficult because of =~ The pure rotational data recorded for TiF are presented
the high melting point and reactivity of titanium. Several in Table I. As the table shows, twelve rotational transitions
modifications to the oven were necessary in order to success«ere measured in the frequency range 140-530 GHz. For
fully vaporize this metal: First of all, crucibles constructed of ten of these transitions, all four fine structure components
boron nitride had to be used instead of the usual aluminavere observed with the relative intensities decreasing as the
type; liquid titanium was found to react destructively with Q value increased, definitively establishing the ground state
alumina. Second, the oven electrodes, normally made of steef TiF as “®,. The spin components also appeared to be
or a steel alloy, had to be constructed out of molybdenum iregularly spaced as well, suggesting that spin—orbit coupling
order to withstand the oven temperatures. Also, zirconia felttlominates the fine structure. In the higletransitions, the
had to be placed around the top of the crucible in order tdluorine hyperfine splittings were only observable in the
prevent liquid titanium from boiling over and onto the heat- 0=9/2 and 7/2 ladders, although tlie=5/2 lines were un-
ing element. To create TiF, titanium vapor was first producedisually broad. As] decreased, the splitting increased such
by the oven from heating a solid metal rod. It was thenthat it was eventually resolved in tHe@=5/2 ladder at the
reacted with 3—5 mTorr of SF which was introduced into J=18.5-17.5 transition and in th€)=3/2 ladder at theJ
the reaction chamber from underneath the oven. Neither & 13.5-12.5 transition.
carrier gas nor a dc discharge was necessary for molecular Representative spectra of TiF are shown in Figs. 1 and 2.
synthesis. Although titanium has several isotopes, only datln Fig. 1, a spectrum of th€=3/2 spin component of the
for the main isotope?Ti, were recorded. J=21.5—20.5transition near 469.7 GHz is presented. The

Final measurements of the rotational transitions werespectrum consists of a single feature, as the hf structure is
made from an average of one scan in increasing frequencgpllapsed in this ladder at this highvalue. In Fig. 2, the
and the other in decreasing frequency, covering the same @=9/2 spin—orbit component of thé=20.5-19.5 transi-
MHz range. For the lowest frequency measurements, an avion near 456.5 GHz is shown. Here the hf doublet is clearly
erage of two such scan pairs was found necessary to achievesible, indicated by the respectiie quantum numbers. In

The ground state of TiF was initially assumed to*de
for the purpose of our initial spectroscopic search. In this
%tate, spin—orbit coupling results in four fine structure levels
er rotational transition, labeled by quantum num@efur-
hermore, these levels may be split again dud tdoubling.
Although this interaction is thought to be negligible for mol-

Il. EXPERIMENT
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TABLE I. Measured rotational transitions for T{X *®,): (v=0).2

J+1—J F+1—F Q Vobs Vobs—calc J+1-J F+l1—F Q Vobs Vobs—calc
6.5-5.5 6— 5 15 142 130.638 —0.101 1817 15 382 422.304 0.161
7— 6 15 142 125.283 0.093 1716 2.5 384 829.420 0.222
6+ 5 2.5 143 034.798 —0.101 1817 2.5 384 827.632 —0.206
7— 6 2.5 143 023.571 —0.039 1716 4.5 389 852.043 —0.164
9.5—8.5 9— 8 15 207 703.507 —0.025 1817 4.5 389 848.279 0.123
10— 9 1.5 207 701.270 0.003 18.5—17.5 18-17 15 404 241.985 -0.077
9— 8 25 209 019.847 0.007 1918 15 404 241.985 0.114
10— 9 2.5 209 014.655 —0.074 1817 25 406 783.622 0.070
9— 8 35 210 369.579 —0.082 1918 2.5 406 782.206 —0.149
10— 9 3.5 210 361.072 —0.082 1817 3.5 409 388.332 0.035
9~ 8 4.5 211 769.550 0.073 1918 35 409 385.767 —0.176
10— 9 45 211 757.027 0.065 1817 4.5 412 087.036 —0.070
10.5-9.5 10— 9 15 229556.230 -0.012 1918 4.5 412 083.552 0.127
1110 15 229 554.452 —0.041 20.5-19.5 20-19 15 447 864.621 0.099
10— 9 2.5 231 009.810 0.004 2120 1.5 447 864.621 0.157
1110 2.5 231 005.651 —0.015 2019 2.5 450 673.700 —0.381
10— 9 3.5 232 500.158 —0.095 2120 2.5 450 673.700 0.559
1110 3.5 232 493.213 —0.058 2019 35 453 553.392 0.183
10— 9 4.5 234 045.720 —0.014 2120 3.5 453 551.256 —0.005
1110 4.5 234 035.453 0.045 2019 4.5 456 535.547 —0.088
12.5-11.5 12-11 15 273 252.290 0.074 2120 4.5 456 532.474 —0.064
1312 15 273 251.054 —0.094 21.5-20.5 21-20 15 469 666.659 —0.075
1211 25 274 979.759 0.095 2221 15 469 666.659 —0.070
1312 2.5 274 976.791 —0.017 2120 2.5 472 609.283 —-0.321
1211 3.5 276 750.771 0.058 2221 25 472 609.283 0.517
1312 3.5 276 745.647 —0.101 2120 3.5 475 625.367 0.221
1211 4.5 278 586.761 —0.043 2221 35 475 623.369 0.009
1312 4.5 278 579.477 0.104 2120 4.5 478 748.469 —0.036
13.5-125 13-12 15 295 094.922 0.080 2221 4.5 478 745.702 0.061
1413 15 295 093.981 —0.025 22.5-21.5 22-21 15 491 462.521 —0.009
1312 2.5 296 958.889 0.054 2322 15 491 462.521 —0.050
1413 25 296 956.403 —0.013 2221 25 494 537.916 —0.282
1312 3.5 298 869.789 0.024 2322 2.5 494 537.91%6 0.468
1413 3.5 298 865.325 —0.162 2221 35 497 689.716 0.114
1312 4.5 300 850.750 0.060 2322 3.5 497 687.828 —0.129
1413 4.5 300 844.138 —0.107 2221 4.5 500 953.309 0.032
16.5-15.5 16-15 15 360 597.403 -0.171 2322 4.5 500 950.642 0.026
1716 15 360 597.403 0.208 23.5-225 23-22 15 513 251.593 —0.014
1615 25 362 869.367 0.146 2423 15 513 251.593 —0.095
1716 25 362 867.599 —0.068 2322 25 516 459.256 —0.281
1615 3.5 365 197.688 0.010 2423 25 516 459.256 0.391
1716 3.5 365 194.829 0.068 2322 3.5 519 746.260 0.030
1615 4.5 367 610.742 0.014 2423 3.5 519 744.630 —0.078
1716 4.5 367 606.330 0.093 2322 4.5 523 149.537 —0.038
17.5-16.5 17-16 15 382 422.304 —0.116 2423 4.5 523 147.015 —0.078
4n MHz.

bBlended lines, not included in the fit.

both figures there are a few unidentified features marked biV. ANALYSIS
asterisks.

The regularity of the spacing of the fine structure lines in
TiF is illustrated in Fig. 3, which shows a stick figure of
three widely separated transitiond=9.5—8.5, J=16.5 N " " . N3

: g _ Herr=Hyort Heot HesT HS) + Hyye.
—15.5, andJ=23.5—22.5. Approximate experimental in- et = Hroct Ho Hast Hso ™ Hi @

tensities are displayed. Hyperfine structure is too small to behe first three terms describe molecular rotation, first order
visible on this scale and thus is not shown. In all three specspin—orbit coupling, and spin—spin coupling, respectively.
tra, the spin—orbit components are fairly evenly spaced, inThe fourth expression in Eql) contains the interaction
dicating that TiF closely follows a caga) coupling scheme. characterized by the parameterThis constant concerns the
The overall splitting of the fine structure components in-coupling of the spin—orbit and spin—spin interactidns:
creases with], as expected. The relative intensities of the
spin components are consistent with the regular designation
of the ground state.

The pure rotational data for TiF were analyzed using a
Hund’s casga) effective Hamiltonian of the fori?343°

38°-1
) . 2

HE = WLZSZ( S——%—
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Spectrum of TiF (X*®,): Q=3/2 TiF (XD ~
=9.5«—8.5
( r)Q=3/2 Q=52 =95 8
J=21.5<«—205
Q=172
Q=9/2
* *
T T 1 T T T
205 207 209 211 213 215
= =16.5=<=—155
Q=32 q-sp I
T 1 I T )
469.657  469.677  469.697  469.717  469.737 Q=77
Frequency (GHz) Q=92
FIG. 1. Spectrum of thd=21.5-20.5 rotational transition of TiP{ *®,) T T ] T T I T
in its lowest spin componenf)=3/2, observed near 469.7 GHz. The weaker 359 361 363 365 367 369
lines marked by an asterisk are unidentified. Hyperfine splittings, which
arise from interactions with th€F nuclear spin, are not apparent in these Q=372 =57 J=235=—225
data and only appear at much lowktransitions. This spectrum is a single,
100 MHz scan obtained in approximately one minute.
Q=172
Q=972
The fifth term,H;, includes the Frosch and Foley hyperfine T T T T T T
constantsa, b andc, which take into account bothL and 518 815 ST 519 52 823
~2 Frequency (GHz)

[-S interactions.
The TiF data were fit using this Hamiltonian in a least FIG. 3. A stick diagram illustrating the progression of the four spin compo-
squares analysis in two stages. Initially, the centroids of eachents in TiF, over a wide range of frequency. The approximate relative

hyperfine doublet in all four Spin—orbit components of theintensities are shown, and each plot covefil GHz. The separation of spin
components increases with increasikg-almost a factor of two from the

higher frequency tranSiti0n§ were a_nalyze(_:I to eStab_"Sh Pr€r=9.58.5 to theJ=23.5-22.5 transitions. However, all four spin com-
liminary values of the rotational, spin—orbit, and spin—spinponents are evenly spaced, even at higimdicating strong spin—orbit cou-

constants. In the process, it was found necessary to fix thling in TiF.
spin—orbit constant4, in order to achieve a satisfactory fit.
(The value found by Raret al**for the spacing between the
0=3/2 and 5/2 components was ugethe inability to fitA
is not surprising since TiF closely follows a cdsecoupling

equately by the Hamiltonian in Eq1). In the process of the
analysis, various higher order terms suchas the third

scheme. Once these constants were established, hyperfine fider spin—rotation terr?% and b, the third order Fermi
teractions were then included in the analysis. Large residuafe®ntact hyperfine constantwere included, but found not to
were obtained for rotational transitions higher then19.5  ImProve the fit. Centrifugal distortion corrections 19 7,

< 18.5 in theQ2=5/2 spin—orbit component, because these?d P were also not required. Hence, a limited number of
lines had unresolved hyperfine splittings. In the final fit, SPECtroscopic parameters were needed for the final fit, in

these data were not included, as indicated in Table . particular for the fine structure, wherg Ap, Ay, A and 7

The spectroscopic parameters determined for TiF ard/€ré only used.

presented in Table II. The value of the rms of the millimeter-  AlSO presented in Table Ii are the constants derived from

wave fit is 102 kHz, indicating the data were modeled adhe optical study of TiE2 The two sets of constants are in

fairly good agreement, although the valuesAgf differ by

'SF Hyperfine Interactions in TiF (X*®)): Q =972

TABLE Il. Spectroscopic parameters for TiR (®,):0=0.2

J=205<—195 F=20="19
F = 21— 20 & Parameter Millimeter-wave Optidal
T B 11 040.097€29) 11 037.52.4)
D 0.014 032 239 0.012120)
A 1018 000 1018 000
Ap —3.456 6384) 22.9
Ay 3.22(10)x 10°°
y B 104001200
N 3681.27.0
45;46 45!:‘:.48 45&50 456T.52 456'.54 K —240.044.0
Frequency (GHz) a 67.41.1)
b 50(13)
FIG. 2. Spectrum of thd=20.5—19.5 rotational transition of TiP{ *®,) b+c 21.75.0
in the Q=9/2 spin component recorded near 456 GHz. Here ‘tRehf rms 0.102

interactions are clearly visible, splitting the transition into closely-spaced

doublets, which are labeled by quantum number F. The weak feature marketh MHz; errors are 3 and apply to the last quoted decimal places.
by an asterisk is unidentified. This spectra is a single 100 MHz scan, lastin§From Ref. 13. Values originally quoted in ¢th

one minute in duration.

“Held fixed (see the texjt
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about an order of magnitude. This discrepancy is expectegdssumed to be th€ *A state, which lies 3300 cnt in en-

because the optical study utilized, and the spin—rotation ergy above thex *® state.(The A and B states arés and

constant,y,. wh_ereasAD , N andrgwere used in the millime- 4I1.) It has the electron configurations®15100. It is

ter wave fit with no spin—rotation parametéf, andy are jjely that aA state also exists in the manifold of TiF. The

usually highly correlated parametefithus the value ofp energy of the?A state in titanium flouride in fact can be

will vary with that of y. estimated from the spin—spin constant, under the assumption
thatA ~\°, using perturbation theori.If the A state is the

V. DISCUSSION dominant perturber, then

4 :
A. A *® ground state for TiF So_|<47T|a|+|100'>|2

The measurement of the millimeter-wave spectrum of A _—72(EA_E<I>) ' ©)
TiF has confirmed thé®, ground electronic state, as sug-

13 ; _
ggsted by Raret al.* and Boldyrgv aqq Simori¥.No ad . wherea is the one electron spin—orbit constant for the anti-
ditional features beyond the four identified were observed 'rbonding 4 orbital. An evaluation of the matrix element

this study, supporting the quartet spin multiplicity. Addition- | _ ) .
: . eads to(4r|al . |100) = y6¢(Ti), assuming that the# or-
ally, the half-integer values of the rotational quantum numbe'bital i (():<hiefly 3+j| in t>:ha\r/;§t(er)and the JDgrbitaI is prima-

ﬁgr;'?:\;zst?le iﬂostzlrbé:lt);cfoijzingrtc:)utr;]iga?(fl,l :{gﬁ? Itss ;r:e rily 3d,,, centered on the titanium atofsee Ref. 2 Alter-
ying ! 9 P natively, the Ti spin—orbit constant may be a more

i 4 Lo
fl'_trt]'nglthi d?ti_tg ablz' Ha.mt'lton'?n were ;Jhnsucctest_sml.l appropriate choice, as suggested by recent calculdtfons.
€ lack 0 oubling interactions -n the rotational: ¢\ 446 in Tt is (=117 cm'}, which hardly varies from

spectrum alsq suggests a h|gh yalue /of The primary that of neutral titanium, which is 123 ¢m Using Eq.(3),
electron configuration for TiF is consequentiicorg £(Ti™) and the\ value from Table Il, the energy separation

29, 4q 11 sl 1
80 3m 90 15 dm. between theX *® ground state and th&A state in TiF is
This study is only the second measurement of the pure _.. 1 . .
. - éstimated to bAE~9300 cm . This value is considerably
rotational spectrum of a molecule in*& ground statdand

. ; o . larger than theC *A—X #® separation in TiCl, which is 3300
the thlr(i in any® statg. The first such species !nvest|gated, cm- 116 Because TiF is a lighter molecule, t@*A—X d
TiICI(X*®,), was also observed by millimeter-wave

. . ..~ separation will be larger than that in TiCl, but probably not
speqtroscopﬂr‘? Intergstmgly, both these radicals were fit with by a factor of three. Other excited electronic states are per-
relatively few (and identical parameters, excluding hyper-

fine terms, despite the high values of angular momenta Conr]aps contributing ta.%° to decrease its value. One such state
’ . . is the isoconfigurationald® level, for which

cerned. The only higher order constant needed in both cases
was 7, the spin—orbit/spin—spin interaction, which has a 5
similar value for both TiCI(—332 MH2 and TiF (—240 \ 0= 3A _ (4)
MHz). The relatively simple analysis in both cases results 16(Ez2q— E4g)
from the presence of strong first order spin—orbit coupling
and the lack of second-order spin—orbit effects. Seconddsing theA value for theX *® state, this equation suggests
order interactions, isoconfigurational or otherwise, resulthat the’® state lies~1760 cm ! higher in energy above the
from the perturbations of neartiyp, 2T, ?A, *T", “®, and  ground state. Hence, tifeb state is probably a major per-
4A excited states. According to Boldyrev and Simdhghe  turber as well.
lowest lying excited state in both Tifand TiC) is 43~ Although lambda-doubling is thought to be negligible
which would not participate in these types of perturbationsfor ® states, this interaction has in fact been observed in
The only other state in the energy manifold calculated forCoH (°®;) and CoF £®;).3233 In CoH, lambda-doubling
TiF is 2A, which is predicted to be-=2000 cm* above the  splittings on the order of~70 MHz were observed in LMR
ground*® state®® and hence may be sufficiently far away in rotational spectra for th€=3 spin—orbit component. This
energy to have little effect. effect was unexpected, because the lambda-doubling matrix

Additional evidence for minimal second-order spin— elements fo)=3 are diagonal only iitjq , Which is usually
orbit effects is the relatively small value of the spin—spina small numbet?*!(Thed,, constant is largest in magnitude
parameter in TiF(\=3681 MH2. This constant has been of the doubling parameters for triplet stajeEhe presence of
shown to consist of two contributions: pure spin—spin inter-significant lambda-doubling in th@=3 ladder suggests the
actions and second-order spin—orbit coupling, namely presence of a nearbi® state in CoH. Théj, parameter
=A%+ )% The second-order term is thought to dominate inderived from the analysis of the CoH spectra G
heavier molecule¥ Contributions toA%® in TiF can occur =0.01667(24) MHZ? Becaus€l, scales approximately as
via perturbations from doublet and quartétf ®, and A B®,*! diatomic hydrides may be the extreme case.
states, as mentioned. With the exception of the high lying  The effects ofA-doubling have also been reported for
G*d state, there is little definitive spectroscopic data pro-CoF, from Fourier transform spectroscopy of the
viding the energies of these other states, except for thgl10.3°®,—X 3®; transition!® Splittings attributable to this
theoretically-predictedA term3° Therefore, it is difficult to  interaction were found in th®=2 and 3 sub-bands for both
establish which terms actually contribute X&. electronic states. They were analyzed with a casélamil-

The primary second-order spin—orbit perturber in TiCl istonian, involving the effectivé\-doubling constant. In the
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TABLE IIl. Hyperfine parameters for TiF and related speéies.

Molecule a b c be $2(0)° S (L3P
TiF (X ®,) 67.41.1)  50(13) —28(14) 41(14) 0.0101 0.134
TiN (X 23 7)¢ 18.53514) 0.16621) 18.48@9) 0.057261
FeF (X 5A;)¢ —0.45 74.53.5) 51.73.5 91.73.7) 0.0218 0.00090

3n MHz. YReference 23.
PIn units ofa, °. ®Fixed value.

‘Reference 42.

final fit, interestingly, only centrifugal distortion corrections The hf constant is proportional to the inverse, cubed,
to this parameter were used for the ground state, namqgly of the distance r between the orbiting electrons and the
andgy . nucleus possessing the sgdinHence, this constant can be

In contrast to these cobalt radicals, there was no eviused to determine the expectation valueq{1/r3). For the
dence of lambda-doubling in any spin component in TiF, afluorine atom,{1/r3)=5.9x10**m™3 or 8.77 in units of
least up toJ=23.5. In analogy ta\ states' the sub-level ag3,* which primarily represents the electron—nuclear sepa-
that should exhibit the largest effect is tfie=3/2 ladder, ration for a 2 electron. The value for TiF is 9.0710%°
whereNg would be the major contributing term. Unfortu- m~2 or 0.134353—over an order of magnitude smalleree
nately, the theory ofA-doubling for @ states has not been Table Ill), indicating that the unpaired electrons contributing
examined in any detail. However, using a Van Vlecktoain this radical are located, on average, much further from
transformatiorf; the i, parameter can be approximated as the F atom than a simplep2orbital. The two contributing
53A3 electrons are thought to residenand § molecular orbitals,

o located primarily on the titanium atom. The small value de-
(AE)® rived for =,(1/r3) supports this assumption.

Another comparison of interest are the respective Fermi
contact terms. This parameter is directly proportional to the
electron density at the nucleus with the spin, i.bg
«[?(0)]; thus, o molecular orbitals are thought to make
the principal contribution to this parameter. For Tib}
~41 MHz, while the value for FeF is 91.7 MHzsee Table
III'). This factor of two increase occurs because FeF has two
unpaired o electrons, while TiF has one. TiN also has a
single o electron, but the smaller value for the nitride com-

In this study, the'F hyperfine splitting was modeled pound pr=18.5 MHz) versus the fluoride in this case arises
with a, b, and ©+c) Frosh and Foley parameters. From from the smaller magnetic moment of nitrogen relative to
these constants, the Fermi contact tdsmand spin dipolar  fluorine (0.404 versus 2.63 Bohr magnet8hsin fact, nor-
constantc were calculated. These values are given in Tablanalizing the Fermi contact terms by these moments, the
l1l. For comparison, hyperfine parameters for similar radicalsy?(0) value in TiN is actually larger than in Tifsee Table
are also listed; the sample is unfortunately limited to #eF I11). This result can be attributed to the shorter bond length in
and TiN*? FeF and TiN have&X °A andX 23" ground states, TiN relative to TiF. Consequently, the singeelectron, lo-
respectively. cated in the nonbondingo9orbital in both cases, can pen-

The nuclear spin orbital constart, exhibits the greatest etrate the nitrogen nucleus more effectively than that of fluo-
variations between these molecules. For examplis,~67  rine.

MHz for TiF but virtually zero for FeF. FeF has a Because of configuration interaction, elemental fluorine
90'18%47?100* electron configuration as opposed to has an atomic Fermi contact terfyg, (F)=52 870 MHz*®
901164 7! for TiF, and thus has one additional electron in In contrastbg in TiF is substantially smaller. The percent of
an orbital with angular momentuntThe o orbitals do not fluorine character retained on the formation of TiF is
contribute toa.) At first glance, one might expect ttepa-  ~0.08%. This result is not surprising; tleeelectron in TiF is
rameter to be larger in FeF than TiF. However, the two located in a nonbonding orbital primarily composed of the
electrons in FeF have their spins aligned and theretitanium 4s orbital, in analogy to TikP The electron density
fore must have equal but oppositd. matrix elements so at the fluorine nucleus must be minimal.

as to not violate the Pauli principle{\; |ajl li,|\;") The final parameter of interest ¢s the dipolar constant,
=—(\; |aliI\;). Theirl-L contributions therefore effec- which is an anisotropic term. It is defined*as
tively cancel, in analogy to Mn# The single electron in the

m orbital in TiF, in contrast, can contribute fully to the 3#0;/42 <3CO§ ¢9n—1>

Ng

whereB and A are the rotational and spin—orbit constants,
and (AE)® are the energy differences between &b state
and excited*A, “II, and %S states. The obviously small
value ofng must arise from significant energy differences
between the ground arfdl and“A states(Theory predicts
the*S state to be relatively close in enerdy.

B. Interpretation of hyperfine parameters

6

nuclear spin—orbital interactiorfThe single unpaired elec- [ = 3
tron in the nonbondingd orbital in both radicals is far 3
enough away from the fluorine nucleus such that it has &or TiF, the value ofc is small and negative ¢(

negligible effect) =—28MHz), while the constant is positive and larger for

r
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FeF c=51.7 MHz), and virtually zero for TiN, as shown in 1.86

Table 1ll. Because TiN has only one unpairedelectron, 1.834

there is little to contribute to the anisotropy of the electron 1.80

distribution around the nitrogen nucleus. Hence dparam- & 1.77

eter for TiN is very small. The differences in the magnitude ‘_E 1,74

of ¢ for TiF and FeF can be interpreted in terms of their © 474

proposed electron configurations. For TiF the configuration E; 168 Oxides
is 9016"4"; the O orbital must be nonbonding and com- 8 ' | ,

posed principally of the titanium<atomic orbital, in anal- 8 ' > A

ogy with TiN.*® The only contributors te in TiF are the 5 1.627

orbital (3ds orbital from the titanium atomand the 4r an- 1.594

tibonding orbital, composed principally of Td3 and F 2, 1.56

atomic orbitals. In the case of FeF, where the principal con- Sc TI V G Mn Fe Go NI Cu

figuration is ©'18%472100?, there is an additional #
electron as well as one in the &Gantibonding orbital(a FIG. 4. A graph showing the periodic trends in bond lengths for the 3

combination of the F@, and Ti3d,). These two electrons transition metal oxides vs the fluorides. The oxides exhibit the characteristic

. a Jo . . “double hump” structure in this plot, i.e., the bond lengths increase from V
Sh_OU|d increase the value ofrelative .to that in TiF. Inde_ed, to Mn and from Fe to Cu, indicating the competition between the addition of
c in FeF is a factor of two larger in absolute magnitude.antibonding electrons vs core contraction. The fluorides show a similar
Single electron configurations consequently can explain th&end, but with variations at titanium and copper. The increase in bond
- . - ength at TiF likely results from the addition of an electron to theahti-
relative hf parameters for TiF, FeF and TiN, and lend Soméoonding orbital, which does not start to fill in the oxides until chromium.

credence to the molecular orbital picture of these species.

increase in bond length at titanium and the lack of an in-
crease at copper. These trends diverge because the fluorides

The bonding in alkali and alkaline-earth fluorides, in have an extra electron relative to the oxides; at the same
general, is thought to be largely iofit.Transition metal time, with increasing atomic number, thel Drbitals drop
fluorides might be expected to behave similarly. Theoreticatapidly in energy relative to thes4 while the energies of the
calculations of TiF predict a 0.82 charge on the titanium 2p orbitals (O or F) rise?° From ScO to TiO, the electron
atom and a dipole moment of 3 Deb3feA large amount of ~ configuration changes from to o, i.e., the additional elec-
ionic bonding character, however, may not apply to all of thetron fills a nonbonding orbital; the increase in nuclear charge
3d transition metals. As one moves to the right of titanium incauses the orbitals to contract and the bond length decreases.
the periodic table, the covalent character of the metal fluoFrom ScF to TiF, the configuration changes fram to
ride bond may be expected to increase, using simple elear5'#?, and therr antibonding orbital acquires an electron,
tronegativity arguments. In fact, this increased covalency isvhich subsequently increases the bond length. #hé' !
predicted for FeF, where only 65% of the structure is pre<configuration in TiF is generated because tha &bitals
dicted to be ioni¢® A general comparison of the bonding in have dropped sufficiently in energy at titanium such that the
3d transition metal fluorides would therefore be of great in-4 orbital is accessible. In addition, the 2rbitals in fluo-
terest. Unfortunately, no comprehensive review on the tranrine are lower in energy relative to oxygen, which in turn
sition metal fluorides exists, althoughl dxides and sulfides decreases themenergy faster in the fluorides. In the oxides
have been studied extensivéffe4° this orbital does not become occupied until Ced §?71);

One metric by which 8 oxides(and sulfideshave been VO, unlike TiF, exhibits ar$® configuration.
compared is via their experimentally-measured bond lengths The difference in the trend at copper, on the other hand,
as a function of the metal atofd.A so-called “double is more problematic. Presumably the increase in bond dis-
hump” structure is apparent in such a plot for the oxides, agance for CuO results from the addition of another electron
shown in Fig. 4. There is an increase in bond length from Vinto the antibonding # orbital; core contraction apparently
to Mn, and then another increase from Fe to Cu. This behawannot overcome this effect. The creation of CuF also adds
ior is thought to occur because ther 4ntibonding orbital another electron to this antibonding orbital, but in this case
does not start to fill until chromium and manganese. Thehe shell is completed to create'3 state. The filling of the
M-0 bond thus lengthens despite the orbital contraction thad shell, perhaps coupled with stronger orbital contraction in
comes with increased nuclear chafg@his trend is repeated the more electronegative fluorides, results only in a slight
in the second half of theBrow. increase in bond distance.

A plot of the bond lengths for the & fluorides, also
presented in Fig. 4, does not quite show the same trends. Thd- CONCLUSION
most notable difference occurs in the bond lengths, which are  Studies of radicals in high spin states serve as tests of
0.2 A larger in the fluorides relative to the correspondingtheory and angular momentum coupling. This investigation
oxides, with the exception of copper. This behavior suggestef TiF by pure rotational spectroscopy and subsequent spec-
that the oxides have a more multiple bond character than thigal analysis has demonstrated that thib tBansition metal
fluorides, which routinely shortens the bond distances. Otheradical can readily be modeled with a simple cémeHamil-
deviations from the oxide trend for the fluorides include thetonian with very few higher order terms. The regularity of

C. Trends in 3 d fluoride species
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