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The avoided-crossing molecular-beam method for studying normally forbidden (AK540) transitions in

symmetric tops has been applied to fluoroform (CF;H) and fluoroform-d (CF,D), thus marking the extension
of the method to systems which are nor near spherical rotors. In order to reach the high electric fields
required while still retaining the necessarily narrow linewidth, the electric resonance spectrometer has been
equipped with a new pair of Stark plates capable of providing electric fields up to about 20 kV/cm with a
homogeneity of 1 part in 10° over a length of 3 cm. The anticrossing (/,K) = (1,0>(1, £ 1) has been studied
for both CF;H and CF,D. In each case, the rotational constant C, along the symmetry axis has been obtained
to 0.002%. From anticrossing spectra observed in combined electric and magnetic fields, the signs of the
rotational g factors g; and g, have been shown to be negative. From a conventional molecular beam study for
each isotopic species, a value of the permanent electric dipole moment accurate to 60 ppm was determined
and improved values of g, and g, were obtained. The direction of the electric dipole moment is shown by two

methods to be + HCF, — . A brief discussion of the difficulties in these methods is given.

1. INTRODUCTION

A simple avoided-crossing technique has recently
been developed'~® that allows for a direct measurement
of the rotational constant along the symmetry axis in a
symmetric top molecule. The normal selection rule
(AK =0) for pure rotational transitions in symmetric
rotors in the ground vibronic state is broken by apply-
ing an appropriate electric field €. If this field is
chosen such that the difference in Stark energies be-
tween the two levels under study exactly cancels the ro-
tational splitting to be measured, then the separation
between the two levels will be a minimum. This par-
ticular value of € is called the crossing field €,. If the
two levels have a coupling matrix element, the mini-
mum separation is nonzero and the two levels undergo
an avoided crossing. Under certain conditions,® this
anticrossing can be detected with a molecular-beam
electric-resonance (MBER) spectrometer. From mea-
surements of €, and the electric dipole moment u, the
rotational splitting can be obtained.

This method has been successfully applied in the past
to OPF, *? and to CH,CF;.% However, both of these
molecules are virtually ideally suited to the anticross-
ing technique. Each is a near spherical top so that the
rotational splitting Agyy is small. Furthermore, each
has a large value for g. Since €, Apyp/u, only moder-
ately high electric fields of up to 3 kV/cm were re-
quired.

For a more general symmetric rotor which still has
4~ 1D but in which Ap; is typically several GHz, the
smallest electric field required to observe an avoided
crossing is 210 kV/cm. There are no serious tech-
nical problems in obtaining fields even as large as 200
kV/cm at the low pressures in a MBER spectrometer.
However, in order to observe the anticrossings, the
homogeneity over a region a few centimeters long must
typically be better® than 1 part in 10*. An increase in

596 J. Chem. Phys. 75(2), 15 July 1981

' 0021-9606/81/140596-08$01.00

the homogeneity by as much as a factor of 10 will usually
improve considerably the accuracy of the rotational con-
stant obtained. A parallel plate system has been con-
structed which meets the field strength and homogeneity
requirements for a broad range of symmetric rotors.

A method was developed to stabilize and calibrate the
electric field strength to sufficient accuracy.

With the improved spectrometer, a study was carried
out of the avoided crossing (J,K)=(1,0) = (1, £1) in
fluoroform (CFgH) and fluoroform-d (CF;D). The C,
rotational constants in each molecule were determined
to an accuracy of 0.1 MHz out of 5.67 GHz. From anti-
crossing spectra observed in combined electric and
magnetic fields, it was established experimentally that
the two molecular g factors (g, and g,) are negative.
From conventional MBER measurements, the electric
dipole moment for each isotopic species was measured
to 6 parts in 10°.

The direction of the dipole moment was determined
experimentally by two methods. The first is based on
the sign of the change in || upon deuteration. The
second is based on the change in (g,/B,) upon deutera-
tion. Both methods yield the same direction for u,
namely, + HCF, —, and this direction agrees with what
one would expect on the basis of general chemical argu-
ments. In spite of this, both methods must be treated
with care; a brief discussion is given of some of the
difficulties.

In order to apply the (g./B,) method of determining
the sign of u, more accurate values for the molecular
g factors in CF;H and CF3;D were required than are
presently available in the literature. Improved values
for g, and g, were obtained for both CF;H and CF;D from
a study of the normal MBER Zeeman spectrum. The
molecular quadrupole moment 6, was recalculated for
CF;H.
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FIG. 1. The Pyrex C field used to observe the anticrossing
transitions in fluoroform. Only the shaded surfaces are coated
with the aluminium gold layer. The dimensions are in mm.,

Il. EXPERIMENTAL

The experimental methods and conditions were very
similar to those used in our earlier studies of OPF;.%*
The seeded beam technique was used to concentrate the
population in the lower rotational levels. A mixture of
4% fluoroform in argon was expanded through a 40 um
nozzle at a backing pressure of 1.0 bar with the source
held at room temperature. The beam velocity was
~ 550 m/s and the beam rotational temperature was ~ 5
K. Commercial gases were used. The CF;H and CF;D
beams were monitored at the ion peaks with mass-to-
charge ratios of 51 and 52, respectively.

The basic MBER apparatus has been described in de-
tail elsewhere.® In the remainder of this section, the
discussion will be confined to the generation, stabiliza-
tion, and calibration of an electric field with the re-
quired strength, homogeneity, and stability. In earlier
avoided-crossing work, !=3 the C field consisted of two
30 cm diameter optically flat quartz plates coated with
a semitransparent layer of aluminium and gold and
separated by 6 mm thick spacers. The maximum use-
ful field was ~ 3 kV/cm; at higher field strengths, the
coating deteriorated rapidly and irreversibly, giving
unacceptably poor homogeneities.

To overcome this problem, the C field condenser
shown in Fig. 1 was constructed. The quartz substrate
was replaced by Pyrex because the aluminium gold film
on such a surface is extremely stable, even at rather
high electric fields. The two optically flat Pyrex plates
were manufactured by the Van Keuren Company with
one surface of each plate being ground to an accuracy
of 100 nm concave. Each ground surface was coated
with an aluminium gold film with an optical transmis-
sion of about 10%. The thickness of this film was be-
tween 10 and 20 nm. The coated surfaces were separted
with four 3 mm thick optical flats.

After the plates were mounted together, the parallel-
ism of the coated surfaces was checked with the aid of
Haidinger fringes in reflected sodium light. The dis-
tance variation over the beam path through the entire
condenser could be reduced to less than one quarter of
a wavelength (150 nm) by applying small clamping forces
to the plates. Considerable improvement in the line-

width could be obtained, however, by using only a small
part of the surface to drive the transitions. For this
reason, the coating on the lower plate was divided into
four sections. The best results were obtained by ap-
plying the rf radiation to a section 30 mm long.

An anticrossing transition in CF4H using this section
is shown in Fig. 2. The observed full width at half-
height of 48 kHz is dominated by the inhomogeneity, be-
cause the linewidth due to time of flight is 15 kHz and
hyperfine broadening is £ 20 kHz (see Sec. IV). Since
the Stark effect for this anticrossing has a magnitude
of 4.7 GHz, the inhomogeneity is <10 ppm. In spite of
the narrow linewidth, large regions can be searched
rather quickly. In favorable cases, a search over an
interval of a few hundred MHz is not prohibitive. It
should be pointed out that a design based on two simple
metal plates is not suitable for this application. The
semitransparent property is essential for the optical ad-
justment of the plates.

In the earlier studies, =3 the voltage applied to the
C field was taken from two power supplies, a Fluke
#335A and a Fluke #332A, each having a long term
stability of ~ 2 in 10° and a short term stability of ~ 2
in 10%. With the two in series, the maximum potential
difference was 2100 V. To attain the high voltages re-
quired here, it was necessary to use a supply with
poorer specifications; a Fluke #408B (0 to 6 kV) was
selected. For this supply, the manufacturer guarantees
the stability and absolute voltage to only 200 ppm (1
MHz for a 5 GHz Stark shift). Since this limit is much
too high, the simple measuring and stabilization sys-
tem shown in Fig. 3 was used. This, in effect, locks
the voltage V_ across the C field to the voltage setting

J=1 K=0+>21
anticrossing in CF3H

| 1 kHz
1400 1500

FIG. 2. Spectrum of the hyperfine anticrossing in CFyH. Be-
cause it was observed in the Earth’s magnetic field, this is a
hybrid of (m,;=*1eF 1) and (m ;= 1+t 1). The recorded
trace was taken just below the crossing field at € =11 058 V/cm
in a single sweep with a time constant of 2 s. The full width
at half-height is 48 kHz.
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FIG. 3. Block diagram of the circuit used to generate, stabil-
ize, and measure the dc voltage applied to theC field. The
long term stability is ~2 in 10° and the short term stability is
~2 in 108,

Vigsa Of the Fluke #335A unit, now run as a differential
voltmeter.

The operation of the system is most easily understood
by initially assuming that the output of the Fluke #332A
is fixed at zero, thereby grounding the one terminal of
the recorder output of the #335A. The low voltage plate
of the C field is then lifted off ground by an amount de-
termined only by this recorder output. (The sole func-
tion of Vg4p, is to provide an additional offset in the
“splitting method” described below.) The voltage V,os5
applied to the upper plate of the C field by the #408B
supply is measured using a Julie Research Laboratories
precision voltage divider and the #335A differential volt-
meter. The gain of the recorder output is adjusted with
R, so that any change AV, in Vg results in an equal
voltage change AV being applied to the lower C-field
plate. Thus, the voltage across the C field (i.e., be-
tween points 3 and 4 in Fig. 3) is held constant. The
stabilization loop is capable of compensating up to
+ 500 mV with a linearity better than 1% of AV,. Be-
cause Vo5 typically drifted only 50 ppm in a 1 h period
with no serious higher frequency variations, this simple
loop was more than adequate. The specifications on the
voltage divider are such that the stability of V, is en-
tirely determined by the differential voltmeter. Thus,
this high voltage system is as good as the low voltage
arrangement mentioned earlier.

The calibration of the C field here follows a procedure
similar to that used for OPF,.? The electric field
€ =kV3454/d, where k is the ratio of the voltage divider
(x~ 25) and d is the separation of the plates. The Stark
shift Agp is a function of pe€ so that

Asy =f(‘;_x VSSSA) . (1)

The purpose of the calibration procedure is to measure
(uk/d) directly, as this yields a. much more accurate
value of Agp than can be obtained from measurements
of u, k¥, and d individually. Two steps are necessary.

First, a measurement of the (Am, =0) I-doubling spec-
trum for OCS in its first excited bending vibrational
state (01'0) was used to measure pZ.g«/d, where u& g
is the dipole moment® in the (01!0) state. Second, the
ratio to u%cs of the fluoroform dipole moment p in its
ground vibronic state was measured. Because this in-
volved (Am,; =+ 1) transitions which cannot be observed
with the configuration shown in Fig. 1, a recoated sys-
tem was required.® For convenience, the large quartz
C field was used. The combination of the two measure-
ments yielded px/d to sufficient accuracy that the final
error in Agp is determined by the long term stability
and resetability of V335,. Although the resulting abso-
lute error is 20 ppm, previous experience® has shown
that an uncertainty of 10 ppm can be used for compar-
ing different crossing fields, when the measurements
are made within a period of 1 to 2 weeks without dis-
turbing the C field or the supplies.

It often arises that the difference in two nearly equal
crossing fields must be determined. When the two val-
ues of €, are measured independently by resetting Vj;5,
and Vep, then each value is limited in accuracy to this
10 ppm and the difference will have an uncertainty ~ 15
ppm of the absolute Stark shift (e.g., 75 kHz for a 5
GHz Stark effect). This error can be reduced consid-
erably by using the splitting method in which the lower
plate of the C field is shifted (up or down) relative to
ground by an additional small dc voltage V,4,, with the
#332A supply shown in Fig. 3. In measuring the two
different €,, V3354 and Ve are left fixed and only Vggy,
is changed. Now the total electric field strength
€ =(KVy454/d) + A€, where A€ ==Vyy,,/d. The ratio
V3324/d can easily be calibrated to 60 ppm. For |Ael
£0.02¢, the uncertainty in € due to the calibration er-
ror in A€ is less than 1 ppm of € and is negligible com-
pared to the short term stability of 2 ppm in Vgsg,.
Thus, by adjusting only Vg,,, splittings up to 0.0244,
can be measured to an accuracy as high as 2x107%A,.
This is 10 kHz for Ay, =5 GHz, and is almost an order
of magnitude better than the accuracy obtained from two
independent measurements.

Il. THE ELECTRIC DIPOLE MOMENT

Precision determinations were made of the electric
dipole moments of CF;H and CFD by a conventional
MBER study of the (AJ =0, Am;=+1) spectrum. As
discussed previously," this spectrum is generally split
in an asymmetric manner by the nuclear hyperfine in-
teractions. Particularly in molecules with nuclear
quadrupole interactions such as CF;D, the resulting
shift in the center of the hyperfine multiplet away from
the hyperfine-free frequency can be important. For-
tunately, in the (Jx =3,,) state of a symmetric rotor, the
terms producing the asymmetry vanish, as does the en-
ergy contribution from the anisotropy (@, — a,) in the
polarizability.” For these reasons, the 3,, state is par-
ticularly well suited to precision studies of the dipole
moment.

For each isotopic species, both the (J, =3,5, m;=F1
- 0) and the (3,,, ¥ 2~F 1) spectra were observed. The
measurements were taken in electric fields of approxi-
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TABLE I. Molecular constants for CF3;H and CF;3D.
CF;H CF;D

Present Present
Quantity results Others Reference results Others Reference
u/k (OCS) 2,309 178(15) 2.311 970(15)
p (D) 1.65150(10)° 1, 6523(10)° 9 1.653 50(10)® 1.6534(10)° 9
By (MHz) 10 348. 867(2) 15 9921, 126(2)4 13, 14
D, (kHz) 11.33 15 9.87 16
D s (kHz) -18.10 15 ~14,8° 17
Dy (kHz) 9, 8° 18 9,20 18
C, (MHz) 5673, 46(10) 5673, 21(10)
C; (MHz) 5668, 36(10)*
af (MHz) 10.247(39) 19 10, 8(4) 12(3) 20
C; (MHz) 5663, 21(10) 5663, 7(4) 12 5662, 40(35) 12
g, (nm) —0.03627(2) —0.036 27(9)%8 22 —0.03485(2) —0,0345(8)&h 23
g, (nm) —0.03333(7 —0.03333(9)!P 22 —0.0325(8),

®Here 1 represents K3, as obtained from the allowed transitions (Jy =3,5, m;=F1—0) and (Jx=3,y, m;=F2eF1),

YThis was calculatéd using 1 (OCS)=0.715 19(3)D.

°The number quoted here is the average for the measurements in Ref. 9 for the (J =1+ 0) and the (J =2+~ 1) transitions,

corrected to 1 (OCS8)=0.71519 D,

9This was calculated from the hyperfine free frequency (2By — 4D ;) of the (J=1+0) rotational transition.

®This was determined from the force field.
This was calculated using o =5. 096(87) MHz. !
€0nly the magnitude was determined experimentally.

PThe sign of the g factor was taken from theoretical arguments given in Ref. 23.
!The magnitude was obtained by assuming that g, >g, and that both g factors have the same sign.

mately 865 and 1730 V/cm, resulting in Stark splittings
of 120 and 240 MHz, respectively. The large quartz

C field was used. The electric field strength was cali-
brated using Stark transitions in OCS in the ground vi-
bronic state. The electric dipole moments in CF;H and
CF;D were calculated by diagonalizing the Stark rota-
tion matrices after truncation at AJ=3. The rotational
constants were taken from the literature as summarized
in Table I; the fundamental constants were taken from
Cohen and Taylor.?

For each isotopic species of fluoroform, Table I lists
the dipole moment u; , for the 3,, state relative to the
ground state dipole moment u (OCS), as well as the
absolute value of u4,, obtained using p (OCS) =0. 715 19(3)
D.® The isotopic shift in the fluoroform dipole moment
is
[13,2(CF3D) = g, o(CFsH) |/ 4, o(CF,H) = 1. 209(9) X 1072 .

(2)
The error in this shift is limited only by the internal
consistency among the fluoroform data, which was ~3
ppm. This limit was dominated by uncertainty in the
frequency measurements. As indicated in Table I, the
electric dipole moments obtained here for fluoroform
agree very well with the earlier, less accurate measure-
ments made using microwave absorption spectroscopy.®

For the avoided crossings studied here (see Sec. IV),
there is required a precision value of p,,; for the
(Jx =1,,) state. Because of centrifugal distortion ef-
fects, py,4=(13,2— 31, —10u,), where u, and p, are
distortion dipole constants.®!° Although p; and u, are
generally small, their contribution can be large enough
to increase the error in u,,, significantly and hence af-
fect the errors in the rotational splittings obtained in

J. Chem. Phys., Vol. 75,

the anticrossing experiments. To eliminate this pos-
sibility, the normal MBER spectrum of CF;H for the
1,, state was measured relative to that for the 3,, state.
A field of about 2400 V/cm was used, producing fre-
quencies of approximately 1000 and 330 MHz, respec-
tively. It was determined that pu,,,(CF;H) = 5, o(CF;H)
=1.2(6)x 107 D.

Two systematic effects on the 1,; frequencies had to
be eliminated in arriving at this result. First, the con-
tribution due to the anisotropy in the polarizability was
calculated to be negligible using (@, — a,) = — 0. 27x 10°#
cm®. ! Second, the hyperfine asymmetry mentioned
earlier was evaluated. In the 1,, state of CF;H, this
arises only from the hydrogen-fluorine spin-spin in-
teraction. The coupling constants that enter® can be
calculated from the structure!? to be d™ =5. 84 kHz and
3(d;" +d5) =8.28 kHz. The resulting asymmetry shift
is smaller than 2 kHz and is dominated by the uncer-
tainty of 3 kHz in the frequency measurements.

In CF;D this same hyperfine asymmetry shift can be
much larger due to the deuterium electric quadrupole
interaction. It is therefore not possible to perform a
similar measurement in CF,D with such small error,
limits. However, it can be safely assumed that
[i4,1(CF4D) = g, o( CF3D] = [y, (CF3H) = g, o(CF;H)] to
within the present level of accuracy.

IV. THE C, ROTATIONAL CONSTANT

The rotational constant C, about the symmetry axis
was determined by measuring the crossing field €, for
the (7,K)=(1,0) -~ (1, £1) anticrossing. This crossing
field is the lowest one available for an oblate symmetric
top; to lowest order, €, for this case equals 2a(B, ~C,)/

No. 2, 15 July 1981
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FIG. 4. Schematic plot against the electric.field of the energy
levels in the (J =1) state of fluoroform. The nuclear magnetic
quantum numbers and the hyperfine effects are not shown. The
circle indicates the anticrossing region. For clarity, the cur-
vature of the levels in this region and the quadratic Stark ef-
fect of the (K =0) state have been greatly exaggerated.

K. The energy level scheme for the (J=1) states as a
function of € is shown in Fig. 4. Because the upper
state has K =0 and hence a quadratic Stark effect, the
lower state involved in the anticrossing must be that
with (J=1, K=21, m;=F1). Unless otherwise indi-
cated, it can be assumed here that upper signs go only
with upper signs and lower only with lower. There are
then three possible anticrossing systems, all of which
satisfy the focusing® requirements: (B)=(/=1, K=x1,
m; =7 1) interacting with (o) =(1,0,0), (1,0, 1), or
(1,0, +1). The first of these is shifted tc much higher
field by the quadratic {(and higher) terms and is of no
further interest here. It is the last two which form the
basis of the current study. They both have the same
€. if the external magnetic field B =0 and hyperfine ef-
fects are neglected. By arguments simular to those
used for OPF,,? these last two form a hybrid system
for B =0 that breaks up into two separate systems of
two level problems for B=2mT: (1,0,%1)—(1,x1,%1)
and (1,0, 1)~ (1, +1,F1).

The mechanisms coupling the two interacting levels in
the anticrossing and the selection rules on the magnetic

quantum numbers in the coupling matrix elements can be
determined using Ref. 3. For {(J, K, m;)=(1,0,21)
—~(1, 21, ¥ 1}, the coupling is provided by the X-F spin—
spin interaction 3C5F; the selection rules are (Am, =+ 2,
Amy=%1, Amy=F1). Here X refers to H in CF;H or D
in CFyD. For (J, K, m;)=(1,0,F 1)~ (1, +1, 1), the
coupling arises from 3¢&F and the fluorine spin—rotation
interaction ¥f;; the selection rules for both interactions
are (Am; =0, Amy=21, Amp=%1) and (Am, =0=Amy
=Amyg=0). Because the deuterium nucleus in CF,D is
on the symmetry axis, there are no (AK+# 0) matrix ele-
ments due to the deuterium quadrupole interaction. The
total fluorine nuclear spin changes from 3/2 to 1/2 when
K goes from 0 to+ 1. This is clearly a hyperfine anti-
crossing, as destincied from a Stark anticrdssing.

The normal anticrossing spectrum of the hybrid sys-
tem taken in zero magnetic field can, in general, be
asymmetrically broadened or split by the hyperfine con-
tribution Agyp to the zero-field splitting A,. .In both
CF;H and CF,D, an upper limit of 20 kHz can be placed
on the splittings introduced from asymmetric and sym-
metric terms. This is the order of the time-of-flight
width of 15 kHz, but is small compared to the observed
width of 48 kHz (see Fig. 2). The anticrossing spec-
trum therefore appears as a single line.

The asymmetric shift in this line from the {&gyp =0)
position can be of particular concern because this shift
directly affects the value obtained for the rotational
splitting Agqp. In CF3H, the asymmetry in Ayyp is en-
tirely due to the F~F spin-spin interaction. The as-
sociated coupling constant d¥F as defined in Ref. 4 has
been calculated from the structure!? to be 5. 241 kHz.

In CF;3D, there are additional contributions from the
deuterium guadrupole interaction, for which the coupling
constant eQgp=170.5(20) kHz.'® The resulting shift,
however, is very small, being <4 kHz for both mole-
cules. This limit is obtained by assigning equal weight
to the matrix elements arising from the different selec-
tion rules given above on m;, mg, and my. While this
assumption is somewhat arbitrary, the resulting esti-
mate should be good to at least a factor of 2, In any
case, this shift is negligible compared to the absolute
uncertainties (100 kHz) in 4, arising from the calibra-
tion of €, This conclusion does not change if B is taken
as the Earth’s field.

For each isotopic species, the crossing field ¢,
of the (J, K, m,;)=(1, 0, £1)~—{1, 1, ¥1) and
(1, 0o, ¥1)~—(1, 1, x1) hybrid anti-crossing sys-
tem was measured in the Earth’s magnetic field.
Details of the type of procedure used are given in
Ref. 3. For CFH, two independent measurements
of €, were made separated by a period of 6 months. Be-
tween the two experiments, the C field had been de-
mounted, recoated, reassembled, and recalibrated.
The results were €_=11062.40(24) and 11 062. 45(24)
V/cm, thus showing excellent reproducibility. For
CF3D, €,=10044.46(24) V/cm.

The zero-field energy differences A, were calculated
from the observed crossing fields using the values of
Ly,3- As in Sec. III, the Stark-rotation matrix was
diagonalized after truncation at AJ=3. The contribu-
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tion from (o, - ,) was again negligible. The resulting
values of &, were 4675. 38(10) MHz for CF;H and
4247, 90(10) MHz for CF,D.

Because the hyperfine contribution is negligible, A,
reduces directly to®

AR0T=(BO_C0)+ZDJK +DK . (3)

For each isotopic species, values for By, D;g, and Dy
are known!®*~!® and are listed in Table I, although D,
(C¥;D) and D, (CF H and CF;D) are available only from
the force field. Since these calculations reproduce the
experimental values of D; (CFsH and CF3D) and Dy
(CF,H) very well, it is safe to assume that the errors
are less than 20%. The final results for C, are listed
in Table I.

The values for C, show a slight isotopic effect
[Co(CFyD) = Co(CFH))/Co(CF,H) = - 44(12) ppm . (4)

In calculating the error here, the long term stability of
Vassa was taken as 10 ppm appropriate to internal com-
parison, rather than as 20 ppm which was used for the
absolute value of Ag,. The change in C, is expected
to be small since the atom replaced is on the symmetry
axis and moreover is bonded only to an on-axis atom.
The result in Eq. (4) is probably due to changes in the
zero-point motion.

The present value for C, can be usefully combined
with information in the literature on the vibrational de-
pendence of C. The results are summarized in Table
I. For CF3H, very accurate infrared values are avail-
able for af and af.'® This has enabled us to calculate
C; and C4. The latter agrees well with the microwave
measurement of Ref. 12, For CF;D, the corresponding
microwave value'? for C4 has been used to calculate af.
This result agrees with the earlier, less accurate in-
frared determination. %

The structure determination carried out by Kawashi-
ma'? is confirmed rather than improved by the work '
presented here. The MBER value of C, is much more
accurate than that used in Ref. 12. However, the lim-
itations imposed by zero-point motion corrections pre-
vent this increased accuracy from being used to im-
prove the equilibrium rotational constants.

V. THE ROTATIONAL g FACTOR

The magnitudes and signs of the molecular g factor
for both CF;H and CF;D were determined. The primary
motivation behind this work was the determination of the
sign of the electric dipole moment (see Sec. VII). In
the usual notation, >* the g factors are indicated by g,
and g,, where the subscripts refer, respectively, to
rotation parallel and perpendicular to the symmetry
axis.

The first step was to determine for each isotopic spe-
cies the magnitude of g, by studying the conventional
MBER spectrum corresponding to selection rules Am,
=t1, AJ=AK=Amy=Am=0 for the (J, =1,) state. A
similar experiment on OPF, has been discussed previ-
ously in detail.* The magnetic field was 0.8 T, pro-
ducing a Zeeman splitting for each isotopic species of

over 400 kHz. The large quartz C field was used to
give an electric field of about 800 V/cm and a linewidth
of less than 3 kHz. The hyperfine splitting was well
resolved in CF,H and in CF4D. Although the hyperfine
coupling constants can be determined from the spec-
trum, the accuracy of the existing beam maser val-
ues!® ! was sufficiently high that no serious effort was
made in this direction. Rather, the known values were
used along with the analysis developed® for OPF, to
identify the different hyperfine components and select
a suitable single line for a Zeeman study. The value
of g, was then obtained using Eq. (9) of Ref. 4 for the
Zeeman energy. The shielding anisotropies used were
(0¥ -0F)=-80.2 ppm and (of - o¥) =9. 8(5) ppm.*

(0P - oP) is negligible. The magnitudes obtained for g,
in CF3H and CF;3D are given in Table I. They agree
well with the best earlier, less accurate values ob-
tained by beam maser methods® for CF;H and by mi-
crowave absorption® for CF,D. It should be empha-
sized that these two techniques as well as the beam ex-
periment just described give no experimental informa-
tion on the sign of the g factor measured.

The second step was to determine for each isotopic
species the magnitude of g, and the relative sign of g,
and g,. CF H will be considered first. From their
beam maser studies on this molecule, Ellenbroek and
Dymanus®? found, in addition to the value for |g,| given
in Table I, that | g, — g, !|=0.002936(60)nm; separate val-
ues for g, and g, were obtained by assumingg, <g,<0. In
the current work, the Zeeman splitting in the (J, = 3,,,
my; =¥ 1= 0) spectrum was measured; it was found that
i2g.+%g, =0.03516(27) nm. The lower accuracy
arises from the fact that the hyperfine structure in this
spectrum could not be resolved; .- only a single broadened
line was observed. However, no systematic errors
arise because, as was mentioned in Sec. III, the broad-
ening in this state is symmetric. By combining the val-
ues for 12g, +5g.1, lg.—g.!, and Igl, it was established
experimentally that g, and g, have the same sign. The
present value for |g,] was then combined with the beam
maser value for g, - g, | to obtain an improved value
for |g,l. As can be seen from Table I, the improve-
ment is small, but now no sign assumptions were nec-
essary to obtain ! g,{.

The situation for CF,D is slightly different because
only a measurement of |g,| is available from earlier
work.® The MBER study on the 3,, state for CF,H was
repeated for CF,D yielding |2 g, + 5| =0.034 06(27)
nm. This value was combined with our MBER value of
lg.| to yield lg,|. In doing this, the very reasonable
assumption was made that (g,/g.) has the same sign as
in CF;H. As can be seen from Table I, the value ob-
tained for |g,| in CF;D is not significantly different
from that in CF4H, although the error is somewhat
l\grger; the more accurate beam maser measurement
was not available.

The final step was to determine the absolute signs of
the g factors by using the method described earlier® of
studying hyperfine anticrossings in a magnetic field.

In a large magnetic field, the hybrid system studied in
Sec. III breaks up into two separate systems of two lev-
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el problems as indicated above. The {J, X, m,)

=(1,0, +1)~(1, +1, ¥ 1) anticrossing gystem is suitable
for the sign determination. The spectrum consists of
two magnetic components with g factors®

gaﬂ=:F{(1 “Ux)gx+ (1~ UF)gF - [Zgl'*% (& "'g,_)]} .
(5)

Here g, and 0, (A =X, F) are the nuclear g factor and av-
erage shielding, respectively. By measuring lg,.,l,
the sign of the rotation contribution can be found.

In this measurement, the splitting method described
in Sec. II was used. To obtain |lg,,l|, the difference in
the crossing fields for the two magnetic components
(rather than their absolute values) must be determined
as accurately as possible. Even in a moderate magnet-
ic field of 0.2 T, the splitting between the two compo-
nents is several tens of MHz, so that both cannot be
measured at the same electric field. By using Vgj,,
as described in Sec. II, this fact does not degrade the
accuracy of the difference measurement: the Zeeman
splitting of over 33 MHz for B=0.2 T can be measured
to 15 kHz.

For CF,H, it was found that |g,.| =10.9118(50) nm.
By using the values for the nuclear g factors® and the
shielding constants® together with Eq. (5), it was de-
termined that

gr=8.+% (8 —&)=—0.0354(25) nm . (6)

From the determinations described above of ig,l, lg.!,
and the sign of (g,/g.), it follows that |gz| =0.03554(2)
nm. The two magnitudes are in good agreement. The

negative sign for g, shows that both g, and g, are nega-
tive. This conclusion was confirmed by a similar mea-
surement of g, in CF,D.

The current results provide the first experimental de-
termination of the signs of the molecular g factors. It
confirms the sign assumptions made in Ref. 23 and 22
to calculate the molecular quadrupole moment 6,. With
the experimental sign information and improved values
for g, and g, 8, has been recalculated for CF H; the
result is 8, =1. 253(16)X107*° Cm? The pertinent equa-
tion is well known®'*; the value used for (x, —x.) was
28.7(6)x 107 j /T2, 228

Vi. THE DIRECTION OF THE ELECTRIC DIPOLE
MOMENT

Two different methods have been developed for mea-
suring the direction of electric dipole moments in mole-
cules. One of these is based on the sign of the change
in [g| in deuteration. Muenter and Laurie® put forward
the hypothesis that an increase (decrease) in |p| on
deuteration indicates that the substitution has been made
at the positive (negative) end of the molecute. Their
interpretation of the isotope shifts observed was certain-
ly reasonable, but was admittedly tentative pending fur-
ther experimental work.

In fluoroform, the situation was particularly difficult
for Muenter and Laurie. The magnitude of the isotopic
change in | pl is unusually small. It was just at the
limit of their technique, so that only the sign could be

determined. Their conclusion that | p (CFD)!

> |u (CF;H)| is confirmed by the result presented in
Eq. (2). This would indicate the + HCF; — polarity, as
is expected from general chemical arguments. With
the current experiments, the magnitude of the shift is
well determined. It is an interesting exercise now to
apply Eq. (4) of Ref. 9 to obtain an estimate of the di-
pole derivative for the CH stretch: (8u/87)~0.67 D/A,
which appears to be of the correct order of magnitude.
However, as pointed out in Ref. 9, the isotopic shift
here is so small that other effects such as the breakdown
of the Born—-Oppenheimer approximation might be im-
portant enough to call into question even the direction
determination.

A second, completely independent method to deter-
mine this direction is based on the change in (g,/B,)
upon isotopic substitution. The appropriate expression
for the substitution of an atom on the symmetry axis of
a symmetric rotor is¥’

J(-2) gil) .
ﬁjJ.N<B£(50 —ﬂﬁ)=—2[1Ab . (7)

Here the superscripts (1) and (2) label the two different
isotopic species; Ab represents the displacement of the
center of mass of isotope (2) referred to the center of
mass of isotope (1). [ is the dipole moment itself, but
the tilde has been added to show explicitly that the value
has been derived from Eq. (7) rather than the Stark ef-
fect.

Because X =[(g{?/B{®) - (g{"/B{")] is generally
much smaller in magnitude than the individual (g,/B,),
very accurate values of the g factors are usually re-
quired for this method. If the best previous values for
lg,| are used (see Table I) and it is assumed that g,<0,
then, with (2)~CF,D and (1) - CFH, Eq. (7) yields
gL=+(1.6+4.7) D, so that no conclusion could be drawn.
With improved values for ig,| in both isotopic species
and an experimental value for the sign of g, (see Table
I and Sec. V), it has been found that X = — 0, 82(26)
X101 Hz™! and that 1 =+ 0.48(15) D. All three uncer-
tainties indicated above represent only the experimen-
tal errors in the g factors. The positive sign on [ has
more meaning now, indicating that the hydrogen end of
the molecule is positive.

Before this conclusion is accepted, however, it should
be noted that @ differs very markedly from the Stark ef-
fect value for . This disagreement clearly indicates
the presence of errors in the model used to derive Eq.
(7). Similar effects have been discussed previously for
simple diatomic molecules (e.g., Ref. 28) and more
complex asymmetric rotors (e.g., Ref. 29). The diffi-
culty lies in several vibrational effects that are ignored
in Eq. (7) including the change in the zero-point motion
upon deuteration. These effects are most important for
D~ H isotopic substitution and for cases where 1X| is
small. Unfortunately, the proper treatment of these ef-
fects is impractical for most nonlinear molecules, so
that the method becomes questionable when the vibra-
tional corrections to i become comparable in magni-
tude to |p| itself. In the case of fluoroform, these
corrections are 1.17 D if u has the same sign as §
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and 1.80 D if the signs are opposite. This favors the
positive sign for u, but the result would be more satis-
fying if the vibrational corrections were smaller.

Two different methods have been applied to determine
the direction of i in fluoroform. Although each method
individually is not entirely convincing, the agreement
between the two is strong evidence that the polarity is
+HCF,; -

VIi. CONCLUSION

The current work shows that avoided-crossing molec-
ular-beam spectroscopy can be used to determine the
rotational constant about the symmetry axis for a broad
range of molecules. The main limitation is the diffi-
culty in generating the high electric fields required with
sufficient homogeneity. For the lowest possible (AJ =0)
crossing field, namely, that due to the anticrossing
(J,K)=(1,0)—~ (1, £1), this limit at the present. stage
of development can be expressed as [(By—-Col/u]<5
GHz/D. Although the current work was con¢erned with
an oblate top, there are no essential differences for a
prolate rotor and the same limit applies with (B ~Cy)
replaced by (4, - By). The absolute accuracy in (By—Cp)
or (A, - B,) is usually determined by the long term sta-
bility and resettability of the voltage source to be
0.002%. It should be possible to determine C, or 4,
for a large number of symmetric rotors in the ground
vibronic state, thereby helping one to obtain or im-
prove the structure determination.

ACKNOWLEDGMENTS

The authors would like to thank Dr. A. Dymanus for
many fruitful discussions. One of us (I. 0.) wishes to
express his appreciation to the Natural Sciences and
Engineering Research Council of Canada for its sup-
port. Both authors would like to thank the North Atlantic
Treaty Organization Research Grant Programme for its
assistance through a travel grant.

I, Ozier and W. L. Meerts, Phys. Rev, Lett. 40, 226 (1978).
*W. L. Meerts and I. Ozier, Phys. Rev. Lett. 41, 1109 (1978),
3, Ozier and W. L. Meerts, Can. J. Phys. 59, 150 (1981).

4W. L. Meerts, 1. Ozier, and A, Dymanus, Can. J. Phys.
57, 1163 (1979).

SF, H. de Leeuw and A. Dymanus, J. Mol. Spectrosc. 48,
427 (1973); F. H. de Leeuw, Ph.D, thesis, Katholieke
Universiteit, Nijmegen, The Netherlands, 1971.

¢J. M. L. J. Reinartz and A, Dymanus, Chem. Phys. Lett.
24, 346 (1974).

"W. Gordy and R. L. Cook, Microwave Molecular Spectra (In-
terscience, New York, 1970).

SE. R. Cohen and B. N. Taylor, J. Phys. Chem Ref. Data 2,
663 (1973).

%J. S. Muenter and V. W. Laurie, J. Chem. Phys. 45, 855
(1966).

By K, G. Watson, M. Takami, and T. Oka, J. Chem. Phys.
70, 5376 (1979),

g Baas and K. D. van den Hout, Physica (Utrecht) A 95,

597 (1979).

2y, Kawashima and A. P. Cox, J. Mol. Spectrosc. 72, 423
(1978).

B33, M. H. Reijnders, A. W. Ellenbroek, and A. Dymanus,
Chem. Phys. Lett. 28, 470 (1974),

4s. G. Kukolich and D. J. Ruben, J. Mol. Spectrosc. 44, 609
(1972),

157, E. Sullivan and L. Frenkel, J. Mol. Spectrosc. 39, 185 -
(1971).

8C, C. Costain, J, Mol. Spectrosc. 9, 317 (1962).

A, Ruoff, H, Biirger and S. Biedermann, Spectrochim. Acta
Part A 27, 1377 (1971),

By, Galasso, G. de Alti, and G. Costa, Spectrochim. Acta 21,
669 (1965).

3G, Graner, R. Anttila, and J. Kauppinen, Mol. Phys. 38,
103 (1979).

¥p, Lockett and P, W. Wilt, J. Chem, Phys, 60, 3202 (1974).

IR, A. Bernheim, D. J. Hoy, T. R. Krugh, and B. J. Lavery,
J. Chem. Phys. 50, 1350 (1969}.

A, W. Ellenbroek and A, Dymanus, Chem. Phys. 35, 227
(1978).

Bw. H. Flygare and R. C. Benson, Mol. Phys. 20, 225 (1971).

%G, H. Fuller, J. Phys. Chem. Ref. Data 5, 835 (1976).

%D, Hindermann and C. Cornwell, J. Chem. Phys. 48, 4148
(1968).

BSome corrections on the numbers of Table 5 from Ref. 22

have been made: A, W. Ellenbroek and A, Dymanus, Chem.
Phys. 55, 428 (1981).

¥IC, H. Townes, G. C. Dousmanis, R. L. White, and R. F.
Schwartz, Discuss. Faraday Soc. 19, 56 (1955),

%3, I. Chan, D. Ikenberry, and T. P. Das, J. Chem. Phys.
41, 2107 (1964).

®E, Hamer and D, H. Sutter, Z. Naturforsch. Teil A 31, 265
(19786).

J. Chem. Phys., Vol. 75, No. 2, 15 July 1981

Downloaded 01 Dec 2009 to 131.174.19.37. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



