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Summary

Measurement of hyperfine structure in the microwave spectrum of D,0 gives
(eq@)op=+353+4 kefs for the quadrupole coupling constant of the deuteron in the
direction of the OD bond, and the corresponding electric field gradient is gop=
{2V [0E2)=(1-78+0-02) X 105 e.s5.u.

The observed hyperfine splitting of HDO is not accounted for by a simple quadrupole

interaction and appears to require relatively large magnetic interaction terms for a
complete description.

) I. INTRODUCTION

Deuterium has frequently been used in spectroscopy to assist in structural
determinations, but hyperfine splitting arising from the quadrupole moment
of the deuteron has been reported in only a few microwave spectra (White 19555 ;
Weisbaum, Beers, and Herrmann 1955). The very common occurrence of
hydrogen in molecules, and the ready availability of deuterium, whose quad-
rupole moment is known with some accuracy, suggest that a study of such
hyperfine splitting can give useful information about many substances.

Partial resolution of deuteron coupling in DCCCl and in DCN has been
observed by White (1955b) who reported values of +175-420 ke/s and
+290 4120 ke/s respectively for the coupling constant eq@ of the deuteron
in these molecules. Weisbaum, Beers, and Herrmann (1955) have deduced
from the broadening of the 3;)<-3;, line of HDO that for this molecule eqQ in
the bond direction is 272 --90 ke/s.

It is apparent then that the small quadrupole moment of the deuteron,
Q=(2-7384-0-014) 1027 cm? (Kolsky et al. 1952), and the predominantly
spherical electron charge distribution near the nucleus combine to give splittings
which are very small (of the order of tens or hundreds of ke/s) compared with
those due to, say, the halogens, where the effects may be a thousand times larger.
Accordingly, the spectra need to be examined under the highest resolution
available. -

Hyperfine structure in the deuterated water molecules has now been
examined because favourable transitions can be chosen for study and sufficient
additional information concerning the molecules is available for the derivation
of significant conclusions from the experimental results.
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It is to be expected that magnetic hyperfine splitting, of the order of a few
ke/s, will be noticeable at sufficiently high resolution (White 1955¢; Okaya
1956), and evidence of such interactions will be given. Analysis of these magnetic
effects is omitted in the present work, however, and it is intended to discuss
them in a later paper.

II. EXPERIMENTAL

A Dblock diagram of the spectroscope, which will be described more fully
elsewhere, is shown in Figure 1.

The 2,y<2,; line of HDO at 10,278 Mc/s (Strandberg 1949) and the
31525 D,O transition at 10,919 Me/s (Beard and Bianco 1952 ; Posener
1953) were examined, typical spectra being shown in Figures 2 and 3. Because
of the low J values involved, the quadrupole splittings are sufficiently large
to be reasonably well resolved.
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Fig. 1.—Block diagram of the microwave spectroscope.

Square-wave Stark modulation at 5 ke/s, clamped to within a few volts of
zero, was employed for detection ; the well-known broadening effects of modula-
tion are illustrated in Figure 4, which compares the D,0 transition under
conditions which were identical except for modulation frequency and amplifier
gain. :
In spite of the lightness of the molecules, the Doppler effect is small at the
transition frequencies involved, the half-width at half-power being about 12 ke/s
at 200 °K. A 12-ft S-band absorption cell was used in order to reduce wall-
collision broadening. A contribution of about 7 ke/s to the half half-width
due to such broadening was estimated from the experimental results in this and
in an X-band cell. The large cell cross section enabled an adequate signal-to-
noise ratio to be obtained at a power level (a few microwatts) well below that
necessary to cause observable saturation effects to occur. At the dry-ice
DD ‘ ’
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temperature at which the cell was operated the vapour pressure of water is of
the order of 0-5 u. Hg, and this would give rise to about 7 ke/s of pressure

broadening. ;
Control of the pressure was in fact difficult; the cell was not rigorously
at dry-ice temperature because of the large heat flow in from the ends, and a 5°
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Fig. 2.—Recording of the HDO spectrum.

rise in temperature could double the vapour pressure (Hilsenrath et al. 1955).
Apart from condensed water, absorption on the internal surfaces of the cell
complicated the equilibrium conditions. Highest resolution was obtained
during continuous pumping of the sample, and thus optimum experimental
conditions were not readily reproducible.
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Fig. 3.—Recording of the D,O spectrum.

Adhesive polythene tape was used between waveguide coupling flanges
far from the cell itself to reduce the amount of atmospheric water vapour con-
densing on the cell mica windows, but a slow accumulation of ice occurred and
had to be periodically removed to prevent mismatch conditions arising in the
oversize guide, due apparently to the excitation of higher modes.
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The signal strength was weak at the low pressure and low microwave
power used, and it was necessary to critically select crystals for their detector
performance. From several dozen crystals of different types available the best
results were obtained with a British Thomson-Houston CS4-B coaxial type
crystal chosen from a number which had repeatedly had their tungsten whiskers
resharpened and new contacts made with the silicon block, and which then were
tested under operating conditions.

In this microwave region a Varian X-13 klystron was used as a source.
Frequency control, sweep, and measurement essentially followed the methods
described by Lee et al. (1953) and by White (1955a). In the present equipment
the f.m. receiver was specially built for high i.f. gain, and included across the
main tuning circuit a small capacitor consisting of two opposed semicircular

fimod = 5 K<fs
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Fig. 4—The D,0 spectrum showing loss of resolution at high modulation frequency.

plates, whose relative rotation by means of a synchronous motor controlled
the microwave sweep; a full revolution provided two sweeps in opposite
directions and permitted the effects of time delays in the detector filters to be
averaged out. :

The frequency standard itself is a-nominal 100 ke/s quartz oscillator forming
part of the Australian standard of frequency, and is constantly compared with
other oscillators, with international radio time signals, and with astronomical
time. The frequency is accurate to better than 2 parts in 108 at all times.
Because of the high multiplication factor, phase instability in the standard
oscillator prevented the attainment of a really clean audio beat in the a.m.
receiver, although the zero of the note could generally be determined to better
than 1ke/s. In sweeping through a spectrum the zero beat was detected
audibly, and frequency markers at about 20 ke/s intervals placed on the chart
with an operations pen. The sweep was sufficiently linear to allow of frequency
determination to 1 ke/s.
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“ Filter noise-power bandwidths B of approximately 0-1¢/s and 0-01 ¢/s
were used, with sweep rates dv/dt of approximately 1 ke/s? and 0-1 ke/s?,
respectively, small enough to prevent significant distortion (Brodersen 1953 ;
Smith 1955). With the narrowest bandwidth, such as used to obtain Figure 3,
the sweep time was too long (about 2 hr in each direction) for continuous pumping
of the cell to be employed, and thus the highest resolution was not reached;
the broader filter was used to obtain the results of Figures 2, 5, 6, and 7, and
allowed improved resolution at the expense of signal-to-noise ratio.

TABLE 1
HDO QUADRUPOLAR ENERGY SPLITTINGS
‘Rotational Energy Level
F
220 221
1 0-2685y,,+0-0423y,, . 0-25y,,
2 —0-2685y,,—0- 0423;(,;,, —0-25y,,
3 0:0767y,,+0-0121y,, 0-0714y,,
} TaBLE 2
D,0 QUADRUPOLAR ENERGY SPLITTINGS
Rotational Energy Level
F €
313 220
0 2 0-55099y,,+0-12609y,,
1 2 —0-51140y,,—0-42797y,, 0-27549y,,+0-06304y,,
0 | 0-36164y,,+0-08276y,,
2
2 —0-12785y,,—0-10699y,, —0-47970y,,—0-10978y,,
0 —0-36413y,,—0-30473y,,
3
2 0-59853y,,+0-50088y,, —0-31485y,,—0-07205y,,
4 2 0-31963y,,+0-26748y,, 0-15743y,,+0-03603y,,
5 2 —0-21309y,,—0-17832y,,

ITI. THEORY
The problem of a single quadrupolar nucleus in an asymmetrie rotor molecule
is well known (Strandberg 1954, Ch. IV), and for HDO, using »= —0-6841
(Posener and Strandberg 1954), the quadrupolar energy splittings AW and the
relative intensities of transitions between these levels are listed in Tables 1 and 5
respectively, in which y,;=eQV;;, and ¢ and j refer to the principal inertial axes
of the molecule.

ij?
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Robinson and Cornwell (1953) have discussed the case of two quadrupolar
nuclei, and the hypertine energies for D,0, labelled according to their notation,

TABLE 3
FIELD GRADIENT TENSOR RELATIONS FOR ASSUMPTION
OF CYLINDRICAL SYMMETRY :

\ HDO ! D,0
- 0-87698¢0, 0-4371507,
Vi —0-37698¢0p 0-06285q07

are given in Table 2, with the corresponding relative intensities in Table 4;
we have used x= —0-5423 (Posener 1953 ; Benedict, Gailar, and Plyler 1956).
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Fig. 5.—Comparison of trial frequencies and observed spectrum in D,O.

In D,0 the x,;; have not the same values as in HDO, because of the different
principal axes of the two molecules. If the y,; were known sufficiently accurately
for both molecules it would be possible to determine the principal axes of the
field gradient tensor in terms of the molecular geometry. This accuracy is not
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reached in the present work, and in fact it is convenient to make the simplifying
assumption (Weisbaum, Beers, and Herrmann 1955) that the field gradient
tensor V; is cylindrically symmetric about the OD bond axis, which then becomes
a principal axis of this tensor. If we call this direction &, then a simple trans-
formation gives the V; in terms of the single parameter Veg =02V |0E) =qop
say, and we get the numerical results of Table 3. Since the electronic structure
of the molecules is not affected by isotopic substitution, at least to this approxi-
mation, gop should be the same for both HDO and D,0.

Thus the transition frequencies of the hyperfine splitting can be written

in the form
V=Vot+ AN g FBYopy +ccereees e (1)

where v, is the ¢ unpéf‘turbed » transition frequency and A and B are calculable
constants ; or, to the approximation discussed above,

v=yF0(6qQ)gp: -+ (2)
TABLE 4
D,0 3,5<2,, HYPERFINE STRUCTURE
Measured Trial Relative
Transition Frequency Frequency |. Calculated Frequency Intensity
P’ ¢'<F" ¢ (Mc/s) (Me/s) (Mc/s) {Cal-
(a) (®) (e)* (D)t culated)
1 2 0 2 10,919-260 |10,919-249 |10,919-244 12-73
1 2 1 2 -293 274 -288 12-73
3 0 2 0 10,919-301+0-001 -301 -301 +299 54-96
2 2 2 0 : - 340 356 - 340 7-82
2 2 1 2 -355 - 364 - 354 25-45
5 2 4 2 10,919-357+40-001 - 357 355 -358 100-00
3 0 3 2 -407 -362 -407 7-22
1 2 2 2 408 -343 -408 1-04
3 0 2 2 <434 - 377 434 1-12
2 2 3 2 -448 -418 448 1-82
4 2 4 2 465 -479 450 13-64
2 2 2 2 -500 433 474 10-37
4 2 3 2 10,919-5214+0-001 521 -522 +525 68-18
3 2 3 2 580 - 587 <574 11-87
3 2 2 2 | 10,919-6034-0-001 -603 -602 +600 51-12
1 2 2 0 0-78
3 0 4 2 not considered 0-34
3 2 2 0 0-08
3 2 4 2 0-57

* For v,=10,919-419 Me/s, y,,=37 kes, ¥,,=235 ke/s.
+ For v,=10,919-420 Mc/s, (eqQ)op=353 ke/s.

IV. DISCUSSION
(a) The D,0 Spectrum
The frequencies of the major transitions in D,0 (Fig. 3) were determined
by obtaining approximate parameters from equation (2), synthesizing a
theoretical curve for the whole group of transitions, comparing this with the
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observed spectrum, and then by appropriate adjustment of the more significant
transition frequencies obtaining the best agreement. This is shown in Figure 5.
The trial curve was computed for the frequencies listed in column (b) of Table 4,
using a half half-width Av,=16 ke/s and a Lorentz line shape ; it is probable
that, because of the relatively large Doppler contribution to the broadening,
there would actually be a considerable Gaussian character involved, but inclusion
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Fig. 6.—Calculated and observed spectra of D,0.

of this refinement did not seem justified at the present stage. It is of interest
that the best resolution obtainable in a 15-ft X-band cell gave a Av, of the
order of 25 kefs.

The four largest components reasonably resolved in Figure 5 give frequencies
(listed in column (@) of Table 4) which can be put into the set of equations like (2)
to give a least squares solution v,=10,919-419+0-001 Me/s, y,,=37 +35 ke/s,
Xo»=235 163 ke/s. Equation (2) similarly gives v,=10,919:420-+0-001 Mc/s,
(69@)op=353+4 kefs. Frequencies calculated from these parameters are
listed in columns (¢) and (d) respectively of Table 4. ’

It will be seen that equation (1) gives a somewhat better fit to the four
strongest lines. However, the frequencies of unresolved components do not
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show such good agreement, and synthesis of the absorption curve for the whole
group of transitions shows that the use of equation (1) does in fact give the
better fit. Further, the assumption of cylindrical symmetry gives, from Table 3,
Yea=184 ke/8, y,,=22 kefs, and we cannot expect a very large deviation from
these values.

Thus the best solution here is the simple one assuming symmetry about
the bond axis ; vg=10,919-4204-0-001 Me/s, (€9Q) oy, =353 =4 kefs.  The absorp-
tion curve calculated from these parameters, using the frequencies of column (d)
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Fig. 7.—Calculated and observed spectra of HDO.

of Table 4, is shown in Figure 6. It is apparent that some diserepancy remains ;
the lack of agreement is attributed to neglect of magnetic effects, to experimental
error, and to use of an approximate line shape.

(b) The HDO Spectrum
With (eqQ),,, known approximately from the D,O results, we can calculate
up the HDO spectrum, using equation (2). From Figure 7, which compares
the calculated and observed spectra, it is evident that the agreement is very
poor, as regards both frequency and line shape. No significant improvement
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is obtained by calculating (eqQ),,, from the peaks of the HDO spectrum, as is
indicated in Table 5.

Since the discrepancies are well outside experimental error, it is reasonable
to ascribe the lack of agreement to the neglect of magnetic effects, which are
expected to be considerably larger in HDO than in D,0. Accordingly, it may be
assumed that the D,O spectrum gives the hest measure of the quadrupole
coupling, and therefore to this approximation (eq@),,=-+353+4 ke/s, and
Gop=<02V[0E2)=(1-78 +-0-02) X 1015 e.s.u.

TABLE 5
HDO 2,y<2,, HYPERFINE STRUCTURE
Observed Relative
Transition Frequency Calculated Frequency Intensity
(Me/s)* (Mc/s) (Calculated)
F'<F" (@)t (9D

2 1 10,278-081 10,278-090 10,278-099 12-1
2 3 ) -168 145 151 12-5
1 1 36-2
2 - 245 - 245 245 55-8
3 3 100-0
3 2 332 345 339 12-5
12 -411 <400 -391 121

* Approximate peak positions.
T For v,=10,278-245 Mc/s, (eq@)op =353 ke/s.
f For v,=10,278-245 Mc/s, (eqQ)op =333 ke/s.
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