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The routtonal spectrum of CF m IIS ground cfectronic slate was shrdged around 1000 GHz, usmg ,I tunable hr-infrared 
source. Seven txmsmons were observed ongmtting from the *II t,? and *flI12 substates. The hyperilne and A-type spht- 
tmgs were resolved. The results were combmed wllh gas-phase electron rcsonancc and Infrared &ode laser spectra to dcter- 

mme nil perunent molecular constants 

1. introduction 

The spectrum of the CF radical has been studied m 
the past by electromc [I,?] and infrared diode laser 
spectroscopy [31, by gas-phase electron-paramagnetic 
(EPR) [4J, and laser magnetic resonance (LMR) [S], 
and by microwave spectroscopy [6]. However, since 
the hdoubfing parameter q was stiff undetermined 
and of the magnetic hypertine constants only a fmear 
combination was known 141, it was felt necessary to 
investigate in more detail the rotationaf spectra of CF 
in the ground vibronic state. Several rotational transi- 
tionsJ + I +J for I ranging from 1712 to 23/2 in 
both the ‘-fl,,, and “H3,2 sublevels faff within the 
range of our FIR side-band spectrometer. These spcc- 
tra have been studied with hi& resolution in zero 
magnetic field. Both the A-doubling and hyperfine 
st~cture was resolved. Besides the normaf rotations 
constants B and D, we determined the two A-doubling 
constantsp and 4 and the four magnetic hyperfine 
parameters II, b, c and d of Frosh and Foley, 

2. Experiment and results 

The FIR side-band spectrometer has been de- 

scribed in detaif elsewhere [7,8]. The radiation of a 

futed-frequency HCN laser and that of a tunable mil- 
limeter wave Mystron were mixed on a diode. The 
diode generated two beams of tunable far-infrared 

radlatfon wit11 a frequency equaf to the sum and dif- 
ference of the fundatnentaf frequenctes of laser and 
klystron (laser side-bands). The drodc whxfl was of 
the Schottky barrier type was mounted in a mixer 
with semi-open structure, i.e. the microwave radia- 
tion was transmltted to the dlodc via B normal closed 
rectangular waveguide penetrated by the diode stud, 
whereas far-tnfrarcd radiation was transported to- 
wards and from the diode via a tiisker antenna 
mounted tn free space. A Micf~efson-type interferome- 
ter [9] separated the side-bands from fundament~ 
laser radiation and a srmple monochromator was used 

to select the stde-band beam correspondmg to either 
the sum or difference frequency. The tunable side- 
band radiation then passed through a I m long absorp 
tion cell and was detected by a helium-cooled bofome- 
tcr. 

For each required side-band frequency the HCN 
laser was free runntng at one of its strongest lines at 
890.7603 and 964.3 I27 GHz [81. During the mcasure- 

mcnts the laser was set manually at the top of the 
gain profile. It was found that by this procedure the 
accuracy of the laser frequency setting was +0.8 MHz. 

The CF radicals were produced by a dc glow dis- 
charge in a gas mature rapidly tlowmg through the 
absorption cell_ Several combinations OC gases have 

been investtgated. The best signals were obtained 
with a mixture of either argon and CF4 or argon, CF4 

and methyl fluonde. The totaf pressure was in the re- 
gton below 75 mbar and tie discharge current be- 
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Table l 
Observed and calculated rotational transition (I+ 1. F) +- (J, F’) &I MHz) ofCF in its sound vibrational state 

n J+t Fa) F Label Observed frequency Obr - caic. 
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112 

112 

312 

312 

312 
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1912 
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iOf 91 v3 

9f 8f u4 

We 
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9e 
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9fJ 
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“3 - “2 

“5 

@6 

u7 
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l2e 
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12f 

f2e 
13e 
12r 
13f 
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12e 
Ilf 
12f3 013 

1Oe 9e 
9e 8e 

1Of 9r 
9f 8f 

Ile 
10e 
llf 
10f 

1Oe 
9e 

1Of 
9f 

13e 
12e 
13f 
12f 

12e 
lle 
12f 
Ilf 

PI2 - VI1 4.8(3) 

“13 - “II 210.9(8) 

“14 815 230.5(S) 

“15 815 248.4(8) b) 

U16 815 261.0(8)b) 

“17 815 274.3(8) b, 

VI5 - “14 17.9(2) 

“16 - VI.5 12.7(2) 

v17 - V16 13.3(2) 

Vl8 900 671.8(S) 

pa9 900 687.3(8) b) 

v2cJ 900 708.2(8) b) 

“21 900 719.1~ b) 

“19 - “1B 15.512) 

“20 - “19 20.9(8) 

“zt - “20 l&9(2) 

v22 1071 239.7(8) 

v23 1071 252,2(S) b) 

v24 1071 287.9(8) b) 

v2s 1071 294,9(S) b) 

“23 - v22 12.6(6) 

v24 - V23 35.0(31 

vZS - v24 7.7(3) 

186 142.1(8) 
186 745.8(8) 
186 974.1(a) b) 
786 976.6(8) 

228.3(S) 
869 612.7(S) 
869 616.7(8) b) 

869 840.0(8) b) 

4.0{4) 
223.3(S) 

9f2 484.6(S) 
952 488.?(81 b) 

952 705.8(8) b) 

4.lf4) 
217.1(8) 

IO35 354.2(8) 
1035 3s9.oo.x) W 

103s 569.9(8) bf 

-0.3 
-0.6 

0.3 
-0.2 

0.5 

0.1 
0.2 
0.7 

-0.2 
-0.1 

0.4 

0.3 
-0.2 
-0.0 

0.2 
-0.2 
-0.0 

0.1 

-0.1 
0.4 

-0.0 
-0.1 

-0.2 
0.2 
0.1 

a) The elf convention for labeiing the Ievels suggested by Brown et al. [IO] has been folIowed. 
b) This tine was left out of the ftt; as indicated below, the dxfferena of this Line web another of the ~~me rotational txamition has 

been included. 
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tween 50 and 200 mA. Under these conditions it was 
possible to observe spectra of CF for several hours 

before cleaning of the cell became necessary. 
To facditate phase-sensitive detection Zeeman modu- 

lation has been applied. The modulation field was gen- 
erated by a coil wrapped around the absorption cell, 
which produced a sine wave magnetic field alternating 
between 0 and ~7.5 mT. The signal-tenoise ratio un- 
der optimum conditions varied between 10 and 50 at 
an ~tegration time of 1 s. The full I~ewid~ of the 
observed absorption lines was 2-3 MHz which is the 

Doppler limit at these frequencies. A list of the ob- 
served transition frequencies is given in table 1. The 
I’Iy2, J = 23/Z +21/Z transition is missing from this 
list, because it was unobservable due to strong ab- 
sorption by atmospheric water vapour at 986 GHz. 
The accuracy in the absolute frequency of each line 
was limited by the uncertainty to which the HCN 
laser frequency could be set (0.8 MHz). The drift in 
the frequency of the free running laser was negligible 
during the short time interval of measurement of a 
singIe rotationai transition. ConsequentIy small split- 
tings between the hyperfiie A-doubling components 
of a rotational transition could be measured more ac- 
curately. The uncertainties in the splittings were 
dominated by the accuracy to which the peak fre- 
quencies of the individual components could be de- 
termined. Table 1 also lists these splittings. 

3. Ax&y& and discussion 

In order to obtarn an accurate and as complete as 
possible set of the molecular parameters of CF we 
combined the present FIR spectra with most of the 
data available in the literature. The hamiltonian dis 
cussed in ref. [8] provides an adequate description 
of the fine structure contributions to the energy of a 
molecule m a 2fI electronic state *. This hamiltonian 
is based on a power-series expansion in R2, where R 

is the angular momentum of the nuclei. However, it 
was shown [ II] on theoreticaf grounds that a hamil- 
tonian expanded as a power series in fi is to be 

* Esr (l)and (2) of the hmiltonh presented in ref. [S] con- 
tain two unfortunate mkprints. In both equations the 
diagonal element for n = l/2 of ADshould read -(X + l), 
whde the off-diagonal matrix element of the parity depen- 
dent A-doubling should read $qX’I’- 

Table 2 
The moiecuk constants of CF(X *SI) m the u = 0 and u = 1 
viirational states. AU values are in MHz, except Aeffand uo, 
which are m cm-’ 

u=o u= I 

AeSf a) 77.1 l(1) 76.46(l) 
A D,eff -7.94(22) -7.98(30) 

BeSS 42197.031(59) 41651.42(17) 
D 0.19870(23) 0.19629(56) 
P 255.60(35) 253.6(U) 
4 0.760(14) 
a 633(29) 

;+I, 

261(6) 

d 3 
195(18) 
772(27) 

c(cW -200(61) 
h(calC ) a) 663.5(3.0) 
“0 I286.14639(24) 

8) AeSS(u = 0) and II were restrained to 77.1 l(1) cm-’ 1 i 1 
and 662.9(30) MHz 141. respectively (see text). 

preferred; here N= R t t, with L being the elec- 
tronic orbital momentum. We decided to follow tIus 
recommendation and the resulting molecular con- 
stants for CF given in table 2 are from a fit to the 
#-type hamiltonian. Explicit expressions for matrix 
elements of the iV2-type hamdtonian were recently 
published by Amiot et al. (ref. [ 121, table 2). The ex- 
pansion in powers of the quantum numberJ of the 
total angular momentum is only slightly different 
for the Rz- and N2-type ham~tonian and the only 
two major changes involve the rotational constant B 
and the vibrational energy spacing po: 

Ben,&@) - Ber,JR2) = mv s 0) 

2 uOW ) - vO(R2) = BeSS,iW2) - BeSf,(JW2k (2) 

The hyperfine structure in CF can properly be de- 
scribed by the four parameters o, b, c and d of Fresh 
and Foley (for matrix elements see e.g. ref. f 131). 

RecentIy Kawa~chi et al. [3] ~~yzed their diode 
laser spectra of the u = 0 + 1 vibrational tr~sition in 
CF using the R2-type hamiltonian. The parameter 
A:ff they use to describe the centrifugal distortion ef- 
fect in the spin-orbit differs sIightIy from ourAg,,p 
It can eanly be shown chat 

AD,~~ = 2A5K + Bp/(A - 28) . (3) 

As a check we reanalysed the data of Kawaguchi et aI. 
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and found perfect agreement taking into account the 
relations (l)-(3). In the next step we added the pres- 
ent FIR data from table 2. For each rotational transi- 
tion (except ntj2,J = 19/Z + 17/Z) we included m 
the fit the absolute frequency of one of the hyperfine 
A-doubhng components and the frequency distances 
of the others, as indicated in table 1. In the cases of 
unresolved transitions the calculated average of these 
transitions was fitted to the observed frequency. This 
allowed us to reduce the uncertainty in some of the 
fine structure constants, and in addition to determine 
the h-doubling conslant q and all the hypcrfine struc- 
ture parameters. 

Two further steps were undertaken to improve the 
accuracy of tfte parameters of CF. Since the correla- 
tion between A,,,o and AeK,t has been removed in 
the combmed set of FIR and IR data botft parame- 
ters could be obtained. The results were in excellent 
agreement wth those of Porter et af. i I]. However, 
the accuracy for A,E,~ of Porter et al. was still about 
a factor of five higher. We therefore restricted Aerr, 
to the vafue 77.1 l(1) cm-t of Porter et al. and al- 
lowed this constant to vary within the given accuracy. 

A stmilar situation occurred with the hyperfie 
parameters. The present FIR data allow an indepen- 
dent determination of 311 four hyperfine parameters. 
Carrington and Howard [41 obtained from their EPR 
studies of CF b = 190(50) MHz and a linear combina- 
tion bet~veen II, b and c. 

it = a + :(!I + c) = 662.9(3.0) MHz . (4) 

The value fork we denved purely from the FIR spec- 
tra was in agreement with that of Carrington and 
Howard. However, their uncertainty in this constant 
was about a factor of IO smaller than ours. We there- 
fore restrained A to 662.9(3.0) MHz. again free to 
vary within its error limits. This procedure consider- 
ably improved the accuracy of the four tndependcnt 
hype~ne sl~cture parameters. The constants ob- 
tained from the final least-squares fit are in table 2. 
The agreement between the results of the best fit caf- 
cufation and the experimental frequencies is excellent 
as can be seen from table 2. 

Since all four hyperfiie structure parameters for 
the ground vibrational state are now known, an inde- 
pendcnt determmation of the expectation values 
associated wtth the unpaired electron is made possible. 
Using relations given before [ 141 we fmd (Ijr31u = 
8.50@0), ((3 co&? - 1)/j3)~ = -f.78(57), 

62 

(sin2B/r3)U = 6.94(24) and 01!2(0))U = O-313(29), 
aff m units of 1O24 cmm3. It follows that the ratios 
between the first three quantities is not equal to that 
of a pure p-orbital centered at the fluorine atom 
(4/5) : (-Z/Is) : 1. It also follows that the assumption 
of Carrmgton and Howard [4] that the cont~bution 
to the Fermr contact term (~~(0))~ arises mainly 
from the fluorine s atomic orbitaf is too simple. 

The prediction from SCF calculations by Hall and 
Richards [ 151 is: tlfr3) = 8.5 and ((3 co&? - l)]r3) = 
-2.9, in units of fOz4 cm-3. Although the authors 
claim that their method of calculation predicts the 
spm distributions poorly, their results are in quite 
good agreement with the present experimental values. 
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