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The pure rotational spectrum and hyperfine structure of CF
studied by laser magnetic resonance

Richard J. Saykally and Karen G. Lubic

Department of Chemistry, University of California, Berkeley, California 94720

Artemio Scalabrin® and Kenneth M. Evenson

Time and Frequency Division, National Bureau of Standards, Boulder, Colorado 80302

(Received 21 July 1981; accepted 2 March 1982)

Laser magnetic resonance spectra have been measured for four rotational transitions and one spin-changing
transition in the 2/7 ground state of CF, generated in an intracavity methane—fluorine flame. From a detailed
analysis of the Zeeman hyperfine structure of the J = 9/2—11/2 transition in the £2 = 3/2 spin component
the hyperfine constants 4, b, and d as well as B, and ¢, have been determined. Using these fitted parameters
in conjunction with ab initio results, the values of <(1/r), {(3 cos’@ — 1)/r®>, |%(0)|, and {(sin’0)/r>),

averaged over the unpaired electron distribution, have been determined. Comparison of these integrals with
those of the fluorine atom indicates that the unpaired electron has approximately 18% F character, implying

a substantial degree of double bonding.

INTRODUCTION

The carbon-containing diatomics CH,! CN, 2 CO,?
CS,* and CCl, 5 recently have been studied by pure rota-
tional spectroscopic techniques. Such experiments have
provided precise information on the electronic structure
and bonding in these simple molecules. Notably missing
from the list is CF, the simplest fluorocarbon. In or-
der to understand more generally the electronic proper-
ties of carbon-containing diatomics, we have studied
the pure rotational spectrum of CF by the technique of
far-infrared laser magnetic resonance.

Since the discovery of the CF B-X and A-X electronic
transitions by Andrews and Barrow® in 1950, electronic
spectra of CF have been studied by several techniques,
including flash photolysis, shock tube excitation, ther-
mal decomposition, electrical discharges, | and flame
techniques. This work has revealed a complex struc-
ture of excited electronic states dominated by avoided
crossings and heterogeneous perturbations., Recent
theoretical efforts have succeeded fairly well in produc-
ing a qualitative understanding of the excited state struc-
ture, but the agreement with experimental measure-
ments is far from precise. Aside from electronic spec-
troscopy, four experiments have been carried out on
the ground X ’11 state of CF. Jacox and Milligan® de-
tected the infrared spectrum in cryogenic matrices in
1969. Carrington and Howard® observed the EPR spec-
trum of J=3/2 and J=5/2 levels of the Q =3/2 spin
component in a fluorine atom-hydrocarbon flame.
Saykally and Evenson'’ reported measurement of several
pure rotational transitions of CF in a fluorine atom~
methane flame for both @ =3/2 and @ =1/2 states, as
well as transitions thought to occur between spin states.
Most recently, Kawaguchi et al.!! have reported observ-
ing CF vibrational and rotational spectra in ac dis-
charges of C,F, and CF, using diode lasers and micro-

3 Present address: Instituto de Fisica, UNICAMP, Universi-
dade Estaval de Campinas, 13100 Campinas, San Paulo,
Brazil.
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wave spectroscopy. In this paper, we discuss the de-~
tection of the far-infrared laser magnetic resonance
spectra and report a detailed analysis of the J=9/2

- 11/2 pure rotational Zeeman spectrum.

Analysis of the EPR spectra yielded experimental
values for the effective g factors of the J=3/2 and
J =5/2 states, the axial magnetic hyperfine interaction
h=a+(1/2)(b+¢), and the isotropic hyperfine contribu-
tion b, where a, b, and ¢ are the traditional Frosch
and Foley!? parameters. These constants were calcu-
lated by fixing the spin-orbit and rotational constants at
values given by optical spectra. Carrington and Howard
were also able to determine the permanent molecular
dipole moment by applying static electric fields across
the microwave cavity.® Atomic orbital approximations
were invoked to obtain estimates for the separate val-
ues of a, b, and ¢, which do not agree very well with
the recent calculations of Hall and Richards'® made in
the RHF approximation. Kawaguchi ef al.!! were able
to extract B,, a,, D,, the lambda doubling constants
po and py, and the band center from a combined fit of
the infrared and microwave data. The observation of
hyperfine structure in the microwave spectra was re-
ported but no analysis of hyperfine effects was given.
We present here the values for By, gy %k, b, and d, the
hyperfine doubling interaction, obtained from a com-
bined nonlinear least-squares analysis of 52 LMR and
12 EPR transitions.

EXPERIMENTAL

An energy level diagram for the X1 state of CF is
given in Fig. 1. Pure rotational transitions were pre-
dicted from the optical data of Porter, Mann, and
Acquista’ with a simplified X 1 Hamiltonian. A search
for several transitions predicted to be coincident with
known FIR lasing transitions was carried out. A fluo-
rine atom-methane flame was used as a source of CF
radicals, ° having previously produced LMR spectra of
CH,' CH,, '*'* CCH, !® and CH,F.'" A total of five LMR
transitions in CF was detected.

© 1982 American Institute of Physics
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FIG. 1. Energy level diagram for x%n CF, showing the ob-
served transitions. The rotational constants are those of Por-
ter, Mann, and Acquista (Ref. 7).

The LMR spectrometer used in this work at NBS-
Boulder is diagrammed in Fig. 2. It consists of a far-
infrared gain cell pumped transversely by a cw grating
and piezoelectrically tuned CO, laser with a power out-
put near 30 W on a single line, and an intracavity sam-
ple region, which is located between the pole faces of a
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FIG. 2. Diagram of the laser magnetic resonance spectrome-
ter.
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FIG. 3. The laser magnetic resonance spectrum of XM, CF,
J=11/2-~13/2 using the 556.9 um laser line of CD;l pumped
by the 10 P(36) line of CO;. The fluorine atom—methane flame
composition was 0.1% CH,/1,8% F,/98.3% He.

37.5 cm electromagnet capable of reaching fields of 2.0
T. The gain cell and sample region are separated by a
rotatable polypropylene beam splitter, which also de-
termines the polarization (o or 7) of the laser electric
field relative to the static magnetic field. Fluorine
atoms, produced in a 2450 MHz discharge through a
dilute (< 1%) mixture of F, in He, flow down the inner
tube of a concentric flow reactor extending to the perim-~
eter of the laser cavity and mix with CH,, added through
the outer tube, producing a bright, white flame in the
homogeneous field region of the sample cavity. As a
transition in CF is tuned into resonance with the FIR
laser frequency, the total power oscillating inside the
cavity changes and is modulated at 5 kHz by a set of
Helmholtz coils. The output of the laser is coupled into
a helium-cooled germanium bolometer by a 45° cylin-
drical mirror 6 mm in diameter, which is inserted
optimum distance into the mode pattern. The output of
the detector is preamplified and fed into a lock-in am-
plifier. The demodulated output signal, observed on an
xy plotter, approximates the first-derivative of the ab-
sorption spectrum as a function of magnetic flux density.

The optimum fluorine atom-~methane flame composi-
tion for the production of CF radicals was determined
to be about 0.1% CH,/1.6% F,/98.3% He at total pres-
sures near 133 Pa (133 Pa=1 Torr). This is consid-
erably richer in fluorine atoms than the optimum flames
used to generate CH! or CH, 15 spectra, and is slightly
richer than that used for production of carbon atoms!®
in the same system,

The transitions obsgerved in this study and the FIR
laser lines used to detect them are listed in Table I.
Frequencies of the lager lines were taken from the
tables of Knight'® and are considered accurate to +5
%1077, Magnetic flux densities were measured with an
NMR gaussmeter. Most lines below 1.5 T were mea-
sured with an accuracy of 3x10™ T, while those at
higher flux densities were accurate to +5x107 T. The
signs of the tunabilities (8H/3v) of observed transitions
were determined by either red- or blue-shifting the FIR
laser frequency by changing the cavity length and ob-
serving the corresponding change in the flux density.

The observed spectra are shown in Figs. 3-7. These

J. Chem. Phys., Vol. 77, No. 1, 1 July 1982
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TABLE I. Observed LMR transitions aud FIR laser lines used,
Laser Laser Laser
Trangition medium A(um) v (GHz)
J=11/2-13/2, ®=1/2 CDylI 556.9  538.3470
J=17/2—19/2 Q=1,2 DCOOD  380.6 787. 7555
J=9/2—11/2, Q=3/2 CH,CHBr 635.4* 471.8505
J=21/2—23/2, 2=3/2 DCOOD 304.1 985. 8897
J=5/2—17/2, Q=1/2—38/2 CH,F, 117.6% 2447.9685
556, 9 um spectrum (All flux densities given in Gauss,
1T=10%G)
g o
2526.9 2128.0 3072.0 3540.4
2574.7 2557.2 3123.0 3609.3
2593.2 2619.1 3169.1 3712.1
2789.2 2724.4 3214.4 3897.6
8767.1 2812.8 3251.3 4949.2
8883.3 2888.5 3322.3 5160.1
8904.1 2889.0 3455.5 5308.9
12223.7 2955. 9 3491, 2 6721.1
380,6 pm spectrum
7 No lines observed
[
13430 15650 16 761 19206
134640 15687 17313 19242
13852 15814 17651 19429
14068 15861 17984 19531
14277 15955 18258 19656
14493 16 052 18312 19811
14700 16109 18476 19871
14901 16 230 18630 20083
15078 16377 18703 20315
15312 16 560 18936 20500
155086 16 574 158965
304,1 um spectrum
T 3 [ o o
2317.5 9949.1 1317.0 3500.0 15988.0
2563.2 10216.0 1418.6 3599,5 17367.¢
2603.2 10676.0 1515,9 3760,2 17745,0
2864.5 13436.0 1663.3 3804.1
3114.7 14037.0 1789.0 4009.0
3177.0 17453.0 1856.3 4321.0
3262.0 17999.0 1929.6 4484.3
3325.4 1986.3 4542.4
3427.8 2107.0  4702.7
3586.8 2145.8 499.0
3678.0 2246.,0 5223.3
3781.3 2308.6 5530.0
3846.2 2315.9 5694.8
4105.9 2319.56 5896.9
4151.0 2367.2 6129,0
1352.0 2385.4 7143.6
4481.0 2404.4 7237.8
4660.2 2428.4 7448.7
4 866.0 2540,7 9231.2
5028.1 2593,8 9359.7
5375.6 2618.0 9429.4
5514.9 2749.0 9507.4
5925.2 2825.1 9964.0
6344.2 2902,8 10133.0
7165.0 2979.8 10829.0
7304.0 3082,9 11918.0
7608.5 3258.5 13296.0
9517.5 3412,3 14781.0

8Fhx densities given in Table II.
bprecise flux densities not yet available,

Rotational spectrum of CF

0-+20kG

CF x2n gq-=1/2
J=17/2+19/2 380.6um
o DCOOD

FIG. 4. The J=17/2~ 19/2 spectrum of X %l ;, CF using the
380.6 pum line of DCOOD pumped by the 10 R{12) CO, line.
This spectrum was taken under the same flame conditions as
Fig. 3.

are low-resolution survey scans over the entire range
of accegsible magnetic flux densities 0.0-2.0 T. Fig-
ure 5 gives both the o and 7 polarizations of the J =9/2
—~11/2 transition in the Q =3/2 state observed with the
635.4 um laser line of CH,CHBr. This is the only
“well-behaved” spectrum that was observed in this
study, as is evident from the spectra in Figs. 3, 4, 6,
and 7. The rest are rather badly overlapped or con-
sist of large numbers of lines in irregular patterns.
These latter transitions correspond to those predicted
to lie in high-J levels (Figs. 3, 4, and 6) or to occur
between the two spin states (Fig. 7) with AQ # 0 selec~
tion rules that are weakly allowed because of the rota-
tional distortion perturbation. In this particular case,
three different transitions could possibly be observed
with the same laser line. The intensities of all the

spectral lines peaked under the same flame conditions
given above and posgessed high absolute intensities rela-
tive to other species known to be present under these
conditions, viz., CH!, CH,, CCH, CH,F, carbon atoms,
and OH, Only the 635.4 pm spectrum was easily as-
signable, consisting of nicely resolved sequences of

J=21/2+23/2 304.lum
o DCOO0

i i
FIG. 5. The J=21/2—~23/2 spectrum of Xy, CF. This
spectrum was observed with the 304.1 #m line of DCOOD,
pumped by the 10 R(24) CO, laser line, Flame conditions are
given in Fig. 3.
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X% CF
Q=372 J=972-11/2
635.4 um CH,CHBr

00— 20kG

— i

FIG. 6. Both o and 7 spectra of J=9/2—11/2, X’ly;; CF.
These spectra were taken with the 635.4 pm line of CHyCHBr
pumped by 10 R(26) CO, line. Conditions were the same as
Fig. 3.

doublets. By obtaining a detailed analysis of this tran-
sition, we sought to make some progress with the
others.

THEORY

In order to predict, analyze, and interpret laser
magnetic resonance rotational spectra of 21 states with
a precision equal to that of experimental measurements,
we have written a computer program based on the ef-
fective Hamiltonian approach of Brown et al., which is
discussed in detail in Eq. (19). Briefly, the total effec-
tive Hamiltonian has the form

Hyyy =Hgo + Hpor T Hep HHyp + Hyps +Hy © 1)

Here, Hgy, is the spin-orbit term; Hyyp gives the nu-
clear rotational energy; H., is the cenirifugal distor-
tion terms; H,, represents the Lambda-doubling; and
H; is the Zeeman term. Hund’s case (a) notation is
used for the explicit forms of these various contribu-
tions. The spin-orbit Hamiltonian is simply:

Hso =ATL (L)TL.o(S) , ()

where A is the spin-orbit constant. The rotational con~

tribution is
Hgor =BTYR)- T'(R)=BR?, (3)

where R=J - L ~S and B is the rotational constant.
Centrifugal distortion is given by

Hep = ~-D(RY?, (4)

where only the quartic centrifugal distortion constant is
used. The lambda-doubling term is

Hyp,= Z exp(~ 2ig’ ¢)

a' =l

X[_ngq’(J’ J) +(‘b+2q)T%¢:(J, S)] ’ (5)

where p and ¢ are the lambda-doubling parameters and
¢ is the electron orbital azimuthal coordinate. The nu-
clear hyperfine contribution is

Hygy = aT} ((DTL(L) + b, T (D) TY(8)
+ §J€ T2,(1,8) +d D, exp(-2iq¢)T3,(L, S) . (6)
qa¢l

Here a, ¢, and d are the traditional Frosch and Foley!?
hyperfine constants while b, includes only the Fermi
contact contribution to the Frosch and Foley b constant
[bp=b+3%c]. The Zeeman Hamiltonian has the explicit
form

Hy=gsh 5B Tpao(8) + g1t 5BoTpup(L) ~ g, sBoTpagld — L = 8)
+g,pBBoZ:lD(§:’(w)*T:(S) _gN“'NBOTliﬂO(I) s (7
q=t

where g is the electron spin g factor, corrected for
relativistic effects; g; is the electron orbital g factor,
also corrected for relativistic effects; g, is the rota-
tional g factor; g, represents the anisotropic correc-
tions to the electron spin g factor; and gy is the nuclear
spin g factor. Also, ujy is the Bohr magneton; u is
the nuclear magneton; and B, is the magnetic flux
density.

The matrix elements, resulting from this Hamiltonian
operating on a Hund’s case (a) decoupled basis set, are
given explicitly by Brown et al.!® for OH and are not
listed here. By adopting Brown’s use of parity as a
good quantum number, the following expression, which
was used in the actual computer programming of the
matrix elements, is produced:

(J'M5Q" + |H|JIM ;Q £) =(ASZ'J' M5Q' | H|ASTIM ,Q)
+(~1)7"SS(ASZ'I'MQ' |H| =AS -ZdM,; -Q) . (8)

Here, s refers to T states and is even or odd depending
on whether the state is " or £°. The second term in
the above expression will be nonzero only for terms in
the effective Hamiltonian, where g has the values =1,
This includes the lambda-doubling term and the part of
the hyperfine term which involves the constant d (hyper-
fine doubling).

The molecular constants used in the matrix elements

N

0~ 20 kG | ‘

{ ‘

CF x*nm Q=1/2->372 |
J=5/2->7/2 g pm
o CH,F,

FIG. 7. The J=5/2~-7/2, cross-spin spectrum of CF, This
spectrum was observed with the 117 um line of CHyF, pumped
by the 9 R(20) CO, line. Flame conditions are given in Fig. 3.
Stro/ng lines marked with an asterisk are due to CH (J=5/2
—-7/2).

J. Chem. Phys., Vol. 77, No. 1, 1 July 1982
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have retained their traditional definitions, except for
the lambda-doubling parameters and some of the g fac-
tors. The lambda-doubling parameters p and g are the
sum of second and third order perturbation contribu-
tions, with the second order terms being the same as
those of Mulliken and Christy, ?° viz.

pP==49 (Eu—E, g (~1)
X(n, A =1]|ATHL) |/, A =0)n’, A =0| BT} (L) |n, A =1),
q¥ =42 (Eg~Epp)'(=1y

X |(n, A=1|BT}L)|n", A=0)|? . (9)
The g factors have the following definitions:
g}, =g +t4gL,

where the second term is the anisotropic orbital cor-
rection factor;

(10)

ag =2(g; +g£) E Z q(Enﬂ _En'A’)—i

a=t1 n’A’
X(mA | TAL) [n'AY'A" | BT (L) [nA)/A 5 (11)

g=g%-g%, (12)

where g? is the electronic contribution to the rotational
g factor;

gizz(gL+g1:)Z Z (EnA —En'A’)n1

q=x1 n* A’

x(nA | THL) |n'A"Yn' A’ | BT (L) [nA) . (13)
Finally, we have
g1== (gL +gIrV) E Z (EnA _En'A’)-1
q=t1 o A*
x{nh | THL) |0/ A%y’ A |ATE (L) |nA) . (14)

ASSIGNMENT AND ANALYSIS OF THE 635.4 um
SPECTRUM

As we have noted before, 2 most of the general fea-
tures of an LMR pure rotational spectrum can be pre-
dicted from simple first-order expressions for the
Zeeman and hyperfine perturbations. This situation,
however, does not apply to transitions between states
with very small g factors or to transitions which de-
couple easily in a magnetic field. In these cases, more
sophisticated techniques must be applied. In the case
of the 635.4 um spectrum, such a simple treatment led
to the assignments given in Table II.

1

A nonlinear least-squares fit of the 64 LMR and EPR
transition frequencies at the observed flux densities
was performed. The transition frequencies were deter-
mined by diagonalizing a 12Xx12 matrix for each M, and
parity at every magnetic flux density observed, includ-
ing terms off-diagonal in J by one unit. The EPR and
LMR transitions were weighted equally, but transitions
occurring at flux densities exceeding 1.8 T were
weighted by 1/400 since these could not be measured
accurately. Three iterations resulted in convergence of
nearly all transitions to within experimental error of

the observed frequencies, as shown in Table II, The
values of the parameters determined in the analysis and
their correlation matrix are given in Table III, com-
pared with results from previous studies,

From the combination of LMR and EPR data, the set
of constants By, gy, hy, by, and d, was determined. Ini-
tial values for these constants, as well as for others
held fixed in the fit, were obtained from EPR data, op-
tical and infrared spectra, or were calculated. Car-
rington and Howard’s® hyperfine constants were used
while the spin-orbit and rotational constants were taken
from Porter, Mann, and Acquista’s optical results. ’
The centrifugal distortion term and lambda-doubling
parameter p, were taken from Kawaguchi et al.!! The
g factors used in the Zeeman term of the Hamiltonian
and given in Table IV, were calculated in the following
ways. The orbital g factor (g}) is given by Abragam
and van Vleck? as

g;, =1'0+<6g1>av+<6g1>av+AgL ’ (15)

where

1 2
(6g1)ay=— —2—-2-2(%) I;, (relativistic correction)

2m c” 7y z
(16)
and
<6gl>av: - 2mel ; [(ri xp!)r;}]z
z

+[r73(r; <1, )(ry, « p,)], (orbit-orbit correction).
amn
The calculation of {6g;),, may be done simply by assum-
ing that the largest contribution comes from motion of
7* electrons of the fluorine atom near the fluorine nu-
cleus. The equation for (5g;),, may be rewritten as?

<6g1>av: <%i%y'[?nl + %ms(g - zm% ] (18)

summed over the valence electrons. For a fluorine

atom this reduces to
<6g1>av: - <T>av/7nc2 .

To calculate the kinetic energy of a 7* electron for CF,
it was assumed to be the same as that of a p electron
in a fluorine atom. Then?

(19)

2
(D g [ 720,07 (20)
where Slater’s hydrogenlike wave functions for the
fluorine atom have been used. The final result is
(6., =—1.8x10", A value for {0g,),, has not been
calculated, since it is immeasurably small for most
molecules. For O,('a), Miller® estimated it to be — 4
x10°¢ and Abragam and van Vleck?? calculate (5g,),, for
atomic oxygen to be —3.1x107%, The value of Ag, was
also determined to be about 107 and therefore was not
included in g7.

In determining g,, both nuclear and electronic con-
tributions must be calculated. The nuclear part is?

(n|g’,"|n’)=mg:<n n'>

summed over the number of nuclei ¢ .

Z,1l
I

(21)

J. Chem. Phys., Vol. 77, No. 1, 1 July 1982
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TABLE II. Frequencies and flux densities for CF in X *II ground state.

63

Parity of Flux Vobs — Vaale
J J! My’ My Mgt My lower state  density (G) Vons (MHZ)  vg1.(MH2) {MHz) Weight
9/2 11/2 9/2 9/2 1/2 1/2 + 3028.3 471850.50 471850.09 0.41 1
9/2 11/2 9/2 9/2 1/2 1/2 - 3066.5 471 850. 34 0.16 1
9/2 11/2 9/2 9/2 -1/2 -1/2 + 3345.0 471 850,60 -0.10 1
9/2 11/2 9/2 9/2 -1/2 -1/2 - 3393.4 471850, 99 -0.49 1
9/2 11/2 7/2 7/2 1/2 1/2 + 3962.9 471 850, 28 0.22 1
9/2 11/2 7/2 7/2 1/2 1/2 - 4015.8 471 850,53 -0.03 1
9/2 11/2 7/2 7/2 -1/2  ~-1/2 + 4242.4 471 850.46 0.04 1
9/2 11/2 7/2 7/2 -1/2  -1/2 - 4303.1 471850,75 -0.25 1
9/2  11/2 5/2 5/2 1/2 1/2 + 5598.4 471 850,31 0.19 1
9/2 11/2 5/2 5/2 1/2 1/2 - 5673.8 471 850.65 -0,15 1
9/2 11/2 5/2 5/2 -1/2 -1/2 + 5859.5 471 850,47 0.03 1
9/2 11/2 5/2 5/2 -1/2 -1/2 - 5942,0 471850.75 -0.25 1
9/2  11/2 3/2 3/2 1/2 1/2 + 9309.0 471850.35 0.15 1
9/2 11/2 3/2 3/2 1/2 1/2 - 9434,3 471 850.71 -0,21 1
9/2 11/2 3/2 3/2 -1/2 -=1/2 + 9561,1 471 850.39 0.11 1
9/2 11/2 3/2 3/2 -1/2 -1/2 - 96910 471850.74 -0.24 1
9/2  11/2 9/2 7/2 1/2 1/2 + 2281,7 471 850,50 471850, 90 ~0.40 1
9/2 11/2 9/2 7/2 1/2 1/2 -~ 2302.8 471851,19 ~0.69 1
9/2 11/2 9/2 7/2 ~-1/2  -1/2 + 2664.3 471 851,55 -1.05 1
9/2 11/2 9/2 7/2 -1/2 -1/2 - 2707.2 471851. 90 ~1.40 1
9/2 11/2 7/2 5/2 1/2 1/2 + 2850,5 471 851.24 -0,74 1
9/2 11/2 7/2 5/2 1/2 1/2 - 2883,4 471 851,51 ~1.01 1
8/2  11/2 7/2 5/2 -1/2 -1/2 + 3172.2 471851.62 -1.12 1
9/1 11/2 7/2 5/2 -1/2  -1/2 - 3222,1 471 851. 97 -1.47 1
9/2 11/2 5/2 3/2 1/2 1/2 + 3663.0 471 851,57 -1,06 1
9/2 11/2 5/2 3/2 1/2 1/2 - 3707.3 471 851, 90 -1,40 1
9/2 11/2 5/2 3/2 -1/2 -1/2 + 3962,8 471 851. 94 —1.44 1
9/2 11/2 5/2 3/2 -1/2 -1/2 - NA NA NA 1
9/2 11/2 9/2 11/2 1/2 1/2 + 4331.5 471 848,83 1.67 1
9/2 11/2 9/2 11/2 1/2 1/2 - 4399.4 471849,19 1.31 1
9/2 11/2 9/2 11/2 -1/2 -=1/2 + 4531,9 471 848,75 1,75 1
9/2 11/2 9/2 11/2 -1/2  -1/2 - 4586, 9 471 849,14 1.36 1
9/2 11/2 3/2 1/2 1/2 1/2 + 5029,7 471850,50 471852,18 -1.68 1
9/2  11/2 3/2 1/2 1/2 1/2 - 5093.0 471 852,43 -1,93 1
9/2 11/2 3/2 1/2 -1/2 -1/2 + 5325.7 471852,42 -1.92 1
9/2 11/2 3/2 1/2 -1/2  -1/2 - 5408,1 471852,72 -2,22 1
9/2 11/2 7/2 9/2 1/2 1/2 + 6280,0 471 848,05 2.45 1
9/2 11/2 /2 9/2 1/2 1/2 ~ 6373.0 471 848.32 2.18 1
9/2 11/2 7/2 9/2 -1/2 -1/2 + 6461,6 471 849, 87 2.63 1
9/2 11/2 7/2 9/2 -1/2 -1/2 -~ 6538,9 471 848. 36 2,14 1
9/2 11/2 1/2 -1/2 1/2 1/2 + 7873.4 471 853,17 -2,67 1
9/2 11/2 1/2  =1/2 1/2 1/2 - 7974.3 471853.43 -2.93 1
9/2 11/2 1/2  -1/2 ~-1/2 -=1/2 + 8148,0 471 853.47 ~2,97 1
9/2 11/2 1/2 -1/2 -1/2 -1/2 ~ 8310,1 471 853.74 -3.24 1
9/2 11/2 5/2 7/2 1/2 1/2 + 11137.9 471 846,33 4,18 1
9/2 11/2 5/2 7/2 1/2 1/2 - 11284,6 471847.15 3.35 1
9/2 11/2 5/2 7/2 -1/2  -<1/2 + 11284.6 471 845,72 4,78 1
9/2 11/2 5/2 7/2 -1/2 -1/2 - 11404.0 471 846.79 3.71 1
9/2 11/2 -1/2  -3/2 1/2 1/2 + 18004.0 471814.75 35.75 1/400
/2  11/2 -1/2 -=3/2 1/2 1/2 - 18202,0 471815,85 34.66 1/400
9/2 11/2 -1/2 =3/2 -1/2  -1/2 + 18338.0 471 817,17 33.33 1/400
9/2 11/2 -1/2 -3/2 -1/2 =1/2 -~ 18604,0 471817.06 33.44 1/400
3/2 3/2 -3/2 -1/2 1/2 1/2 + 8623,4 9270, 22 9268, 97 1.25 1
3/2 3/2 -38/2 =1/2 -1/2 -1/2 + 8859.8 9268,52 1.70 1
3/2 3/2 ~-1/2 1/2 1/2 1/2 + 8496.8 9268.51 1.71 1
3/2 3/2 -1/2 1/2 -1/2 -1/2 + 8740.2 9269.00 1.22 1
3/2 3/2 1/2 3/2 1/2 1/2 + 8367.6 9268.36 1,86 1
3/2 3/2 1/2 3/2 -1/2 -1/2 + 8617.5 9268.24 1.98 1
5/2 5/2 -1/2 1/2 1/2 1/2 + 21129,.2 9269,09 1.13 1
5/2 5/2 ~1/2 1/2 -1/2 -=1/2 + 21382.4 9267.74 2.48 1
5/2 5/2 -3/2 -~1/2 1/2 1/2 + 20330.6 9263. 99 6.23 1
5/2 5/2 -3/2 -1/2 -1/2 ~1/2 + 20581.8 9264, 20 6.02 1
5/2 5/2 -5/2 -3/2 1/2 1/2 + 19794.9 9269.65 0.57 1
5/2 5/2 -5/2 -=3/2 -1/2 -=1/2 + 20042, 2 9271.11 ~0.89 1
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TABLE III. Molecular parameters for the X%l CF ground state of CF.

Standard Carrington Kawaguchi
Parameter This work error® and Howard® et al.?
A 2.31x10%2 F
B, 42196,35 2.80% 1072 42 218, 88 42196.45 (0.63)
D 0,199 F 0.199 (0,004)
Py 267.22 F 257,22 (0.63)
o 0.83 0,19
Ap -6.36 F ~6.36 (0.60)
b 253 22,0 190.0 (50)
d 782 309.0
h 665,7 8.3 662.9 (3.0)
All values given in MHz
Correlation matrix
B, h b d q

B, 1,00 0.11 -0,09 0.02 0.03

h 1,00 - 0,92 -0,04 0.02

b 1.00 0.05 -0,02

d 1.00 0,11

q 1.00

Standard deviation of fit =2.17 MHz

2Value determined by Porter, Mann, and Acquista (Ref. 7).
PF implies parameter fixed at appropriate value in table.

Here, m is the mass of electron; I is the moment of in-
ertia; Z, is the nuclear charge; r, is the distance from
center of mass to nucleus a; and » denotes an electronic
state. Assuming only diagonal matrix elements, g¥
=2.7x10™, In order to calculate g¢, we used Eq. (13)
and assumed van Vleck’s hypothesis of pure precession.
Since, for a ’[] state an adjacent 2T state will give the
largest interaction,

gi=2B(g, +g})Ey B, )"
x| THL) |22)¢z | Ty (L) | M) .«

This gives g¢=6.6x10" which then yields g,=2.0
x10™, To calculate g;,, Eq. (14) was used and again
pure precession was invoked. This gave g;=-1.81
x107%, Finally for g,, only a relativistic correction
was made to the free electron value according to g,
=g, (free electron) + g,{free electron){6g),,. This gave
g, =2.001 96,

(22)

RESULTS AND DISCUSSION

From Table III we see that By, h;, and b, are deter-
mined rather well in this analysis, while the values ob-
tained for g and d are considerably less precise. The
fitted value of B, is about 0.10 MHz less than that de-
termined by Kawaguchi et al.!! and is roughly five times
as precise. The axial hyperfine interaction # is in
excellent agreement (within 0,3%) with Carrington and
Howard’s® determination, but the value we obtain for
the isotropic contribution b is just outside of their

®Reference 9.
dReference 11.

quoted error limits. In their experiment they were
limited by sampling only the J =3/2 and J =5/2 rota-
tional states, which couple approximately according to
case (a). In a pure case (a) state only the axial hyper-
fine interaction a+1/2 (b + ¢) can be measured in an
EPR experiment. In the case of CF the nonaxial hyper-
fine component (b) was sampled indirectly through the
rotational mixing of @ =1/2 wave functions with the

© =3/2 levels, which is rather small for the low-J
states observed. Consequently, the value of b derived
from EPR measurements was not well determined.
Since our analysis includes the J=9/2 and J =11/2
states, as well as Carrington and Howard’s EPR mea-
surements, we determine this interaction more pre-
cisely.

Carrington and Howard® were able to make some in-
teresting qualitative deductions from their data regard-
ing the hybridization in CF and the s and p character of
the molecular orbitals containing the unpaired electron,
but these arguments were based on necessarily crude

TABLE IV, g Factors for CF in the
XMy, ground state.

gl 0.99989
PA 2.001 96

£ —-1.81x10%
g 2,0x 10
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assumptions and cannot be expected to be precise. Hall
and Richards'® have since carried out ab initio calcula-
tions on the ground state of CF in the RHF approxima-
tion. We compare our results in Table V. Their quoted
value of 522 MHz for % is 22% lower than ours, while
their given value for b is 58% smaller. The large dis-
erepancy in the isotropic term is rather predictable
gince in the RHF approximation the unpaired electron in
the antibonding %7 orbital cannot have any s character
and, hence, can have no Fermi contact interaction.

Hall and Richards!® calculate a value of — 318 MHz for
the spin—spin dipolar term ¢, compared with the esti-
mate of —~ 486 MHz from Carrington and Howard.® Since
h and b are directly determined in our analysis, we need
only employ the RHF calculation of ¢, which we could
not determine from our data, in order to check the con-
sistency of the RHF results. If we use for c¢ the value
~318 MHz, we obtain for a=h-1/2 (b+¢) and by =b
+1/3 ¢ the results 698 and 147 MHz, respectively.

The agreement between our calculated value of a and
the theoretical result indicates that the RHF calculation
of a and ¢ are reliable to about 10%. Therefore, we ob-
tain as the present best estimates of the individual hy-
perfine terms our values in Table V. We return our ex-
perimental value of d even though it is not determined
well. If one assumes that value of (1/7%) is the same
for both the spin and orbital parts of the hyperfine inter-
action, then the following relation holds:

c=3(a-a). (22)

With Eq. (22) we obtain a RHF value of d=804 MHz,
which agrees well within the estimated precision of
these calculations. Using our constants from Table V
in Eq. (22) we calculate ¢ = -252 MHz, whereas the
RHF result is —318 MHz. For the isoelectronic mole~
cule ¥NO, this formula predicts c = - 84,8 MHz, while
the true value is ~ 58,13 MHz, ** which is about the same
level of agreement.

Kawaguchi’s value of 257.2 MHz for p can be combined
with results calculated in the pure precession approxi-
mation to yield some insights into the electronic struc-
ture of CF. From the definition of p given in Eq. (14)

and the pure precession results
(A=1]AT{L)|A=0)=~4,
(A=1|BT}{(L)|[A=0)=~B, (@3)

we obtain the simple expression

TABLE V. Individual hyperfine parameters for CF.
All values in MHz,

Carrington and Hall and
This work Howard Richards®

a 698 812 628
b 253 190 106
c - 318 — 486 - 318
b 147 28 0
d 782

h 665.7 662,9 522

2Reference 9. bReference 13.

TABLE VI. Magnetic hyperfine structure parameters for CF,
NO, and F-atom. All values in cm™. The conversion factor
used is popp="T.0689% 10 cm® MHz.

CF NO? Fé
<l> x10724 9.40 14,76 51.15
3
¥
$2(0) x 10°24 0.236 0.46 0.49
2
<.3&)5_L-_1 < 10°2¢ _a8s —6.79
’,3
sin’ 0>x10‘“ 7.02 13.16
5 . .
p= 4AB(-1)° (24)
|AEqg ! :

Inserting the values of A and B from Table IIl, we cal-
culate a value for the separation of the X *II and perturb-
ing ’T state of 6.3 eV. Furthermore, the positive sign
of p implies that the perturbing state has =" symmetry.
Dunning et al. 28 have calenlated the potential energy
curves for the low-lying repulsive 2T states of CF. For
the lowest 2z~ state, |Epg! at the »-centroid point for
the two “precessing” electronic states is even greater
than that for A’S*, Therefore, for pure precession,
the A state would be expected to be the perturbing =
state, except that it has incorrect Krdnig symmetry.

This leads to the conclusion that pure precession does
not hold for CF. This is not surprising since Mulliken
and Christy?®’ pointed out and Hinkley ef al.?" calculated
that pure precession will only work well for molecules
which approach the united atom limit; that is, A is de-
termined by a single electron or a single hole. For ex-
ample, in OH pure precession describes the A doubling
quite well. For a molecule such ag NO, this is not at
all true. Pure precession fails to describe the A
doubling correctly and the contributions from all =
states must be included. In order to calculate p for CF
correctly, then, all ¥ states must be included, which
is not practical since they are not all well character-
ized.

Finally, we shall discuss the information on the elec-
tronic structure of CF provided by the hyperfine analy-
sis. The set of hyperfine constants in Table V was used
to calculate the respective integrals over the unpaired
electron density. In Table VI these integrals are com-
pared with those in NO.?® Generally, there is a de-
crease of 30%~-70% in all of the CF averages relative to
the NO values. In NO the 2p7 molecular orbital of the
unpaired electron is approximately 65% N in character,
indicating that in CF both the contact interaction and the
value of (1/#°) for the fluorine nucleus should be smaller
than for N in NO on the basis of the electron distribu-
tion.

Indeed, ¢*(0) for fluorine in CF has a value which is
lower than that for nitrogen in NO and is a factor of two
smaller than that in the fluorine atom.?® This implies
a significant amount of configuration mixing in the 2#
antibonding orbital and indicates that a substantial re-
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TABLE VII. Rotational energy levels of CF,

ﬂ:% ﬂ:%

J  Parity F Energy (MHz) Parity F Energy (MHz)
21 - 1 -1071217.54
+ 1 —1071724.04
+ 0 -1071739.35
- 0 -1072247.60
% + 2 ~ 946 910,39 + 2 1285173,44
- 2 ~947534.42 - 2 1285172,36
+ 1 —947535.91  + 1 1284648.77
- 1 —947741.57 - 1 1284648.58
3 - 3 -1739786.80  ~ 3 1500051,17
- 2 -1740330.88  + 3 1500047.25
+ 3 -740636.74 - 2 1499721,96
+ 2 -1740895.33  + 2 1499720.34
zl + 4 ~449849.12 + 4 1800888.59
+ 3 -450358.29  — 4  1800879.39
- 4 —450 994.57 3 1800652.33
- 3 —-451225.11 - 3 1800647.33
79 - 5 -77096,33  ~ 5 2187631,30
4 -77588,19  + 5 2187613.75
+ 5 ~78434.90 4 2187450.61
+ 4 —78727.60  + 4 2187439,68
‘2_‘ + 6 378485,22  + 6 2660222,66
+ 5 378005,17 - 6 2660193.01
- 6 376 894,12  + 5  2660079.43
- 5 376596,97 - 5  2660059.28
‘;’ - 7 916 894,32  — 7  3218598.49
- 6 916420.03  + 7  3218552.68
+ 7 915067.09  — 6 3218482.40
+ 6 914766.35  + 6 3218449.46
‘2_5 + 8 1538153.98  + 8 3862686.49
+ 7 1537685.72 - 8 3862619.56!
- 8 1536074.88  + 7 3862591,11
- 7 1535775.65  — 7  3862540,73
g - 9 2242253.29 - 9  4592405,41
- 8 2241786.96  — 8  4592326,28
+ 9 2239951.76  + 9 4592312,78
+ 8 2239651.84  + 8  4592254,39
17?? + 10 3029224.38  + 10 5407667.12
+ 9 3028762,04  + 9 5407601.19
- 10 3026673.43 - 10 5407542.63
- 9 3026378.04  — 9  5407501.76
€ - 11 3899040.41 - 11 6308374.60
10 3898578.51  — 10  6308319.40
+ 11 3896 284,67  + 11  6308213.99
+ 10 3895989.40  + 10  6308188.49

arrangement of the fluorine electron density has oc-
curred. The value of {1/%°) for the fluorine atom is
51,2%10% em™, 28 whereas for CF it is 9.40x10%* ¢m™,
If we represent the 2p7* orbital as

P= aczpz,,(C) + ap ¢291(F) s (25)

we find that a2 =0.18 and thus ap =0.43 and ac = 0.91.
Therefore, the unpaired electron can be viewed as
spending about 18% of the time on fluorine. This is
consistent with the Lewis structures :C”="F and ¢"—*F:
being admixed with the principal {—¥: configuration,

It is interesting to note that the CF dipole moment mea~-
sured by Carrington and Howard® (0. 65 + 0, 05) has been

shown theoretically to correspond to the polarity C"F*, %
in gpite of the fact that the CF single bond is considered
to be the most polar of any bond of carbon with a non-
metal having 44% ionic character on the basis of elec-
tronegativity arguments, 29 with C*F" polarity. Both the
bond length (1.2718 A) and bond energy (130. 4 kcal)®®

in the CF radical are indicative of substantial double
bond character, compared to the average CF single bond
length (1.38 A) and energy (105. 4 kecal).’! Furthermore,
the hyperfine structure reflects the delocalization of the
antibonding 27 orbital over both atoms. All of these
features can be qualitatively rationalized from the gen-
eralized valence bond molecular orbital calculations of
Dunning et al.” They show that the carbon 2p7 bonding
orbital is almost equally distributed between carbon and
fluorine; the fluorine 2p7 (17) orbitals have delocalized
onto carbon, and the carbon 2pn (27) orbital has
acquired substantial antibonding character. The carbon
25 (30) lobe functions, which contain the nonbonding
electron pair, have rotated away from the fluorine atom.
The combination of the 30 carbon electrons being highly
polarized and the back donation of electron density to
the fluorine atom through the pi bonding overcomes the
intrinsic C-F bond polarity and causes the observed di-
pole moment. A similar mechanism operates in the
ground state of CO, in which the 50 electrons localized
on carbon cancel the CO bond polarity causing the very
small dipole moment, %

SUMMARY

From a detailed analysis of the Zeeman hyperfine
structure of the J=9/2~ 11/2 transition in the Q =3/2
spin component of the n ground state of CF, we have
determined the hyperfine constants , b, and d as well
as B, and ¢,. Using these fitted hyperfine constants and
an ab initio calculation of ¢ the spin-spin dipolar inter-
action we have determined the other hyperfine parame-
ters a and br. From these we have determined the val-

ues of
3cos’a -1 sin® 6
<1/73> Y <_T—> ’ \1/2(0)7 and <—;3__> 3

averaged over the unpaired electron distribution. By
comparing these integrals with those of the fluorine
atom, we find that the unpaired electron has approxi-
mately 18% F character, indicating a substantial degree
of double bonding, in agreement with the measured bond
length and bond energy and the previous work of Car-
rington and Howard.? In future work, we will use the
results presented here to help assign the observed
cross-spin LMR transitions and to predict additional
similar transitions, which will then yield a precise
measurement of the spin—orbit coupling constant, as
well as a more complete determination of the ground-
state molecular parameters,
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