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Abstract

The spin-rotation constants of the proton and the fluorine nucleus in CH,,
SiHi, GeHi, CF4, SiF. and GeF, were determined experimentally by the molecular
beam magnetic resonance method. From the Hamiltonian and the high field
approximation, the quantized energy level is given by the following equation.

Wmims=—gmH—gmiH—comimy,
where ¢;, is one third of the trace of the C tensor. In the nuclear resonance
experiment, the proton and the fluorine nuclear resonance curves consist of
many unresolved lines given by v=—g;H—cams, and a Gaussian approximation
is made to correlate c,, to the experimentally obtained half-width of the reson-
ance curve. In the rotational resonance experiment, the five resonance peaks as
predicted by v=-—grH—csms, mr=0, 21 and =2, were all observed. The
magnitude of ¢, was determined by measuring the frequency distance between
two adjacent peaks. The sign of c,, was determined by the side peak suppression
technique. The technique is described, and the sign and magnitude of the spin-
rotation constant c,, are summarized as following;

for CHi —10.3%40.4kHz(from the rotational resonance),

for SiHi 4-3.7140.08kHz(from the nuclear resonance),

for GeHs +3.79+0. 13kHz(from the nuclear resonance),

for CF« —6.8140.08kHz (from the rotational resonance),

for SiF: —2.4610. 06kHz(from the rotational resonance),

and finally for GeFi—1.8440. 04kHz(from the rotational resonance).
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CH,; —10.340.4kHz SiH; +3.7140.08kHz
GeHs; +3.79+0.13kHz CFy; —6.81+0. 08kHz
SiFy; —2.4640.06kHz GeF,; —1.8430. 04kHz

1. Introduction

Anderson!’ investigated the spin-rotation
interaction in CH, and found the magnitude
of the spin-rotation constant c¢,,, to be 10.40
+0.1kHz. This value was obtained from the
resolved structure of the nuclear resonance
curve. The present work is the extension of
their work to the molecules, CH,, SiH,, GeH,,
CF,, SiF; and GeF: which all have the tetra-
hedral spherical symmetry. The nuclei at
the centers of mass of the molecules have
zero spin as the small fractions of isotopes
which have non zero spin are neglected. The
Hamiltonian in the unit of frequency was
discussed in the separate paper on the rota-
tional magnetic resonance experiment® and is
given by
H=—g,IH—g JH—C.IJ w
and, at high field approximation®
Wmym,=—gm H—gm,H—C,mm,, (2)

where _j=ilji for 4 spins of the protons or

fluorine nuclei at the periphery of the mole-
cule, and ¢,, is 1/3 of the trace of the C
tensor which has the following experssion

oy 0 0
02(0 cyy 0 3
N 0 Czzl
and here c,,=cyy\C,, a8 the nuclear spin is

not at the center of mass of the molecule but
located at the periphery of the spherical top
molecule. The analytical expressions of the
diagonal elements of the C tensor were discu-
ssed in detail by Townse and Schawlow?,
and Schwarz®.

The energy levels of the spin-rotation inte-
raction and the spin-spin interaction in the
AX, type spherical top molecule were derived
group theoretically by Yi, Ozier, and Ander-
son®, and on the basis of those energy levels,
the spin-rotation constants were worked out
by Ozier, Crapo, and Lee™ from the nuclear
reson ancedata. The present paper is to deter-
mine those constants and their signs experi-
mentally by using both the nuclear magnetic
resonance method and the rotational magnetic
resonance method.

2. The Gaussian Approximation to the
Nuclear Resonance Curve

Unless ¢,, is larger than the intrinsic broa-
dening of the resonance line, as is the present
case, the resonance curve is the result of
superposition of many unresolved lines given
by v=—g;H—c,,m; for the nuclear transition
of 4m;=-4-1. In this nuclear resonance frequ-
ency equation derived from the high field

approximation, m,; may extend to a large
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Table 1. Constants used in the nuclear magnetic resonance experiment
Source —_— -
Moment of _ [ 2T 17/ /2 _ 8
Molecule t((&gn}é)). inertia, A B—m v,——\/ M 19—7(\/ B 1) 7o
CH: 292 0.5227x107%° 0. 002639 55.1x10° 3.86 1.09
SiH, ¥ 0. 9692 0.001423 38.9 5.45 1.48
GeH, ” 1.036 0. 001331 25.2 5.65 1.53
CF, Vs 14.65 0. 00009413 23.5 22.6 1.32
SeF, " 20.21 0. 00006824 21.6 26.6 1.55
GeF. ” 23.45 0. 00005881 18.1 28.7 1.67

v»; The most probable molecular velocity
J»: The most probable J value

7.. The distance from the central atom to that at the periphery.

value as the result of the large moment of
In the
Anderson?’ resolved

inertia of the polyatomic molecule.
case of CH,, however,
m; dependent structure at the liquid nitrogen
temperature, but in the cases of all other
molecules treated in the present experiment,
they were not resolved, and an expression is
required to correlate the experimentally ob-
tained half-width to the magnitude of the
spin-rotation constant.

The mechanical rotational energy of the
molecule is 2J+1 fold degenerated with respect
to the Zeeman effect, consequently the number
of molecules in J state is given by the weight-
ed Boltman’s law as follows.

2
>

In this expression the samall nuclear and

(2J+1De 2/ W*p, B=

rotational magnetic interaction energies are
ignored and h and A are the Planck’s constant
and the moment of inertia of the molecules,
respectively. Then the number of molecules
in m, state can be obtained by summing up
over J not smaller than the given m,. Namely.

Np,= 5 (2] +1)ew2/ 0
"y

o pJ—1

ZJZ’;O_JZ‘(’: NO - Nl ' (6)
le%(].—en’".r(m.r_l) ), No=1/B.

so that

-Bm?2
Nm.’=e B”'_,("'J'”%e J.

N, ; multiplied by the Rabi transition probabi-
lity®> between two Zeeman levels gives the
resonance curve.

The resonance curve is thus approximated
with the Gaussian curve, which leads to the
following relation between the experimental
half-width, 4. and c,,

4
[ear| =—F==

The numerical values of B in the equation
(7) were calculated from the molecular cons-
tants and given source temperatures shown in
the Table 1 and the half-width were obtained
from the nuclear resonance curves. c,, thus
obtained are summarized in the Table 2.

The sign of the spin-rotation constant may

Table 2. The spin-rotation constants deter-
mined by nuclear resonance experi-

ments
Molecular |€a| (kHzZ)
CHa R
SiH, 3.71+0.08
GeH, 3.79+0.13
CF. 6.361+0.30
SiF, 2.46+0.10
GeFy 1.84+40. 07
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be discussed in connection with the magnetic
shielding and the chemical shift data®!"’ in
NMR. From this consideration, the signs of
CH; and CF, may be decided to be positive
for the former and negative for the latter.
However, the positive sign thus given to c,,
but the
negative sign given to ¢,, of CF, is consistent

of CH, is found to be inconsistent,

with the result of the present investigation.
The experimental determination of the sign of
the spin-rotation constant is presented in the
next section.

3. The Rotational Resonance Experiment
for c¢,, and the Determination of the
Sign of the Spin-Rotation Constant

The resonance frequency of the rotational
magnetic resonance is given by

®

were m,=0, —1 and 32. All five resonance
peaks corresponding to those quantum numbers
of m; were observed, so that ¢,, can be ob-
tained from the frequency distance between

v=—g/H—c,m;,

two adjacent peaks. However, as the second
side peaks(m,;= +2) are weak, the centering
is found difficult,
using m,=0 peak and m;=-1 peaks. c,, thus
obtained are tabulated in the Table 3 with the
number of independent data and the standard

deviation,

so that ¢,, was obtained

and the experimental counditions
are summarized in the Table 4.

Since in the inhomogeneous magnetic field
in the molecular beam magnetic resonance

41

Table 8. The spin-rotation constant determ-
ined by the rotational magnetic reso-
nance
I\%umger Resol
of inde- esolution

Molecule | o dont ca(kHz) of the peaks
values

CH, 17 10.3%0.4 | complete

SiH, 26 3.8+0.4 | incomplete

GeH., 16 4.0+0.2 | nearly complete

CF. 24 6.8110.08 complete

SiF: 32 2.46+0.06; nearly complete

GeF, 22 1.8410.04! nearly complete

apparatus, the beams of positive m; and those
of negative m; take the opposite paths, it is
possible to eliminate the beams of positive
m;=-+1 and-+2 by using a suitable obstackle.
As the result, the resonance peaks at one side
must disappear in the resonance curve, traced
this
disappearence of the peaks or the suppression
of the side peaks has to take place at the
lower frequency side,

out in the recorder. If ¢,, is positive,

as g, is negative? for
all six molecules investigated in this experi-
ment,

The elimination of the beams with ;0

was achieved successfully obtaining very
distinct suppression of the side peaks at either
side of the contral resonance peak. The ex-
perimental technique is simply to screw in the
side plate of the detector buffer slit toward
the axis of the travellig beam. The whole

range of the frequencys pectrum is then swept

Table 4. The experimental conditions in the rotational magnetic resonance experiment

Maeee | 7.y | Sawgs | Meleeer | s | weyEE
CH, 1.09 77 16.0 0.523x107%° 0.0100 28.3X10° 1.8
SiHy 1.48 125 32.1 0. 969 0. 00332 25.5 3.4
GeH, 1.53 134 76.6 1.04 0. 00290 17.1 3.7
CF, 1.32 125 88.0 14.7 0. 000220 15.4 15
SiF. 1.55 188 104.1 20.2 0. 000106 17.3 21
GeF. 1.67 165 148.6 23.5 0. 000104 13.6 22
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Table 5. The sign assignment to ¢, Table 6. The final c.
Molecule Suppression assizing:xent Molecule ¢»(kHz)

CH, at higher frequency side — CH, —10.32:0.4

SiH, at lower frequency side + SiH; +3.71+0.08
GeH, at lower frequency side + GeH, +3.794+0.13
CF. at higher frequency side - CF. —6.8110.08
SiF. at higher frequency side —_ SiF, ~2.46+0. 06
GeF. at higher frequency side — GeF, —~1.8440.04

and the curve thus obtained is compared with
the normal one. The result of the side peak
suppression experiment is shown in the Table
5 together with the sign assignmen t of the
spin-rotation constant.

4. Conclusion

Since the spin-rotation constants are obtained
independently from the nuclear resonance
experiment and the rotational resonance expe-
riment, the final choice on ¢,, has to be made.

In the cases of SiF, and GeFy and GeF,,
the magnitudes obtained by the two different
methods agree completely. Since those from
the rotational resonance experiments gives
smaller standard deviations, the values 2. 464
0.06 kHz for SiF, and 1. 844-0. 04kKz for GeF,
As the
rotational resonance curve of CF, obtained in

are taken as the final values of ¢,..

the present experiment is clean and the side
peaks are completely resolved, the value from
the rotational resonance should be more accu-
rate than that from the nuclear resonance
and take 6.814-0.08kHz for the final value.
The nuclear resonance experiment for CH, is
not carriedout in the present experiment,
because it was performed previously with suf
ficient accaurcy. However, the ¢,, is obtained
from the rotational resonance experiment and
found to be 10.34-0.4kHz which is the final
value. The rotational resonance curve of SiH,

were least resolved and the standard deviation

" is large, so that the value from the nuclear

resonance experiment is taken as the final
value which is 3. 7114-0. 08kHz. with the similar
reason, we take 3.794-0. 13kHz for ¢,, of GeH,
as the final. These final values of c,, together
with the signs are tabulated in Table 6.

It is shown that the sign assignment of c,, is
done experimentally with good success. The
side peak suppression technique is the direct
method of determining the sign. The sign
assignment often carried out by referrng to
the chemical shift data in NMR could be
erroneous.

Unless the spin-rotation constant is smaller
than the line-width,
experiment could give the magnitude of ¢,, in

the rotational resonance

a more convenient way, since in this experi-
ment, ¢,, is determined withouyt any involve-
ment of the constants of the molecule and the
temperature of the beam.
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