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Microwave Spectrum and Ground State Energy Levels of Hzl’O 

FRANK C. DE LUCIA AND PAUL HELMINGER’ 

Department of Pkysics, Duke University, Durham, North Carolina 27706 

The rotational spectrum of Hsr70 in the ground vibrational state has been investigated by 

means of high-resolution microwave spectroscopy. Fifteen transitions in the 2.0-0.4 mm wave- 

length region have been measured. Both the quadrupole and spin-rotation molecular hyperfine 

tensors for the “0 nucleus are calculated from the observed hyperfine splittings of the rota- 

tional transitions. In addition, several of the low-J lines are of significance in the atmospheric 

absorption of electromagnetic radiation in the microwave region. The observed microwave 

transitions are combined with our earlier analyses of H2i60 and Hz’~O to calculate the ground 

state energy levels of HzlrO. 

I. INTRODUCTION 

Although isotopic species of water have been extensively studied for many years in 
the infrared and more recently in the microwave region (I), little work has been re- 
ported on H2170. Infrared studies have been difficult because of the overlapping bands 

of H,160 and H,r80 which result from the high concentration of these species in iso- 

topically enriched samples of H2”0. The microwave spectrum of Hz”0 consists of only 
two rotational transitions at wavelengths longer than 1 mm, at 13 GHz and at 194 GHz 

(2). We have observed the latter under high resolution and with good signal-to-noise and 
have resolved seven hyperfine components which result from the quadrupole moment 

of the 170 nucleus. In addition, we have observed the hyperfine components of five sub- 
millimeter transitions. These measurements are now possible because of both a signifi- 

cant increase in the spectral region accessible to our microwave spectrometer and a 
corresponding order of magnitude increase in sensitivity in the region of the submillim- 

eter spectrum previously available to us (3). Among the newly observed lines are several 
low-J transitions which make significant contributions to the atmospheric absorption 
in the submillimeter region even though the natural abundance of “0 is only 0.04y0. 

These measurements, when combined with the results of our previous analyses of H+‘jO 

(4) and H2180 (5), make possible the analysis of Hz”0 without the explicit inclusion of 

Hz”0 infrared data. The energy levels which result from this analysis are in good agree- 

ment with combination differences which can be calculated from lines of Hz”0 observed 

by Fraley, Rao, and Jones (6) and by Williamson and Rao (7) as impurities in infrared 

HP0 spectra. 
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II. EXPERIMENTAL DETAILS 

The millimeter and submillimeter spectrometer used for this work has been described 

previously (8). Briefly, a crystal harmonic generator is driven by a phase-locked 
OK1 55Vll klystron to produce tunable microwave power in the 100-800 GHz region. 

This power is directed with tapered horn and teflon lens optics through a l-m quasifree 

space absorption cell and detected by a 1.5K InSb photodetector. All frequency mea- 

surements are referenced to WWVB. The absorption cell was typically filled to 50 pm 
with a sample isotopically enriched to 30% H2i70. This sample was kindly supplied by 
Drs. H. W. Morgan and P. A. Staats of Oak Ridge National Laboratory. 

Fraley, Rao, and Jones (6) have proposed the empirical relation 

[Y(HJ~O) - v (H~“O)]/[V(H,‘~O) - Y (H,‘8O)] = 0.529. (1) 

This relation and the results of our previous work on Hk60 and H,l*O were used to 
initially locate the Ilo-loI and 2ir-202 transitions of H2170 at 552 and 748 GHz, respec- 

tively. These transitions, the two previously observed microwave transitions, and dis- 
tortion constants calculated from the other species made possible the calculation of an 
initial set of rotational constants @, @, C, as well as the accurate prediction of the re- 

maining microwave lines. 

III. HYPERFINE ANALYSIS 

Each of the rotational transitions of Hk70 is split into a number of components be- 

cause of the interaction of the quadrupole moment of the 170 nucleus and the gradient 
of the molecular electric field. Under the assumption that the difference between the 
equilibrium hyperfine constants and the hyperfine constants of the ground vibrational 
state is small, the quadrupole eQqJ and spin-rotation C constants are related to the 

fundamental molecular tensors V and A by 

2 
c V,,(Pge)> 

qJ = (J + 1)(2J + 3) q 
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FIG. 1. Observed hyperfine structure of the 313-2~0 transition of Hs170. 

1 
c = gr--- c 470&7(~,“), 

J(J + 1) n 

where g refers to the principal axes of the moment of inertia tensor, PG is the component 

FIG. 2. Theoretical hyperfine structure of the 3rr-220 transition of H2170. Units are in MHz. 



MICROWAVE SPECTRUM OF Hz170 

Table.11. Observed Yicrowave Spectrum of H2 
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of the rotational angular momentum along the g axis, B, is the rotational constant for 

the g-axis, and gr is the nuclear g factor. The products g&B, are the diagonal elements 

of the spin-rotation tensor C,,. 
A precise molecular beam maser measurement of the hyperfine structure of the 220-2~1 

transition of HD”O has resulted in accurate values of (eQqJ)17o and (C)17, for these states 

(9). Because of the molecular symmetry of the I70 site, only the diagonal elements of 
V and A are nonzero. Although the Aii cannot be calculated from these data, the V,i 
can be by the inclusion of the Laplace condition ZVii = 0. 

Since the contribution of the spin-rotation interaction is small for most of the transi- 

tions reported here, Eq. (2) and the Vii of (9) make possible a good approximation to 
most of the hyperfine structure observed in this work. However, an analysis of the ex- 

tensive hyperfine structure of the 313-220 transition requires a consideration of spin- 
rotation effects. The hyperfine constants which result from this analysis are shown in 

Table I and the spectrum calculated from these constants is compared to the experi- 

mental spectrum in Figs. 1 and 2. These hyperfine constants can be combined with those 

of (9) to calculate both the Vii and hii which are also shown in Table I. These elements 

of the molecular tensors will reproduce the hyperfine constants of both experiments to 

within their quoted error limits. 
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Table III. Rotational Co*stants of H2 
17 
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a. Errors quoted are twice the statistical standard deviation and reflect 

uncertainties in and correlations among the distortion constants cal- 

culated fro", H2% and H2% data. 

b. The number of places quoted are required to reproduce the observed 

microwave lines. Because of the correlation among the distortion 

constants this number can be substantially larger than the uncertainty 

for many of the higher order constants. 

c. All distortion constants except AK are calculated from H2 16 0 and 

82 
18 

0 data. 

IV. ROTATIONAL ANALYSIS 

It has been shown that it is possible to characterize the spectra of light asymmetric 

rotors to within the expected experimental uncertainty of microwave measurements 
(-0.1 MHz) (10, 11) by use of Watson’s formulation (12, 13, 14) of a reduced centrifu- 
gal distortion Hamiltonian. For H,‘60 this Hamiltonian has the form 

X = x, + XJ4) + Xd’6’ + Xd@) + X&P, (4) 

x, = 3((8 + e)P + [a - +(CB + C?)](P? - b&Z-2), (4a) 

Xdc4) = -AJP4 - AJKP2P,2 - AKP,~ - 2&P2iY2 - ~K(P>P_~ + P_2P,2), (4b) 

xd@) = HJP’~ + H.,KP~P,~ + HKJP~PZ~ + HKP,~ + 2hJP4P_2 

+ h.,KP2(P,2Pe2 + P_2P,2) + h&PfP_2 + P_2P,4), (4~) 

3c.p’ = LJKPdP,J + LKKJP2P,6 + L,P,s + 1,(P,6P_2 + P_2P,6), (4d) 

xd”” = PKP.I’ + PK (P,sP_’ + P-2Pz8), (4e) 

where P2 = (Pz* + Pv2 + P?), P_2 = (Pzz - Pv2), and b, = (c? - a3)/(2@ - 6~ - e) 
is Wang’s asymmetry parameter appropriate for a prolate top. A similar Hamiltonian is 
appropriate for HJQ. For both of these species, the number of adjustable parameters 
exceeds the number of observed microwave transitions. As a result, the rather extensive 
body of infrared data for these species was used in a weighted least-squares analysis 
with the microwave data (4, 5). 
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The infrared work on Hz”0 is significantly less extensive and other techniques are 

required. Although the observed microwave transition frequencies of partictrlar transi- 

tions of HP0 and Hz’9 differ by as much as 100 GHz, the distortion constants of the 

two species are very similar. In many cases the difference between the constants is 
sufficiently small that their uncertainties overlap. Since the different data sets which 

were used in the two analyses resulted in the inclusion of somewhat different Hamil- 

tonian terms and since these terms are highly correlated, the similarity between the dis- 
tortion in the two species is probably even greater than indicated by this comparison. 

Therefore, all or most of the distortion parameters can be fixed at the average of their 
values for the H$jO and HIlEO species. 

Table II shows the measured frequencies of the Hz”0 microwave transitions. Exten- 

sive hyperfine structure was resolved for the 313-220 and 61,--S,, transitions, three of the 

other R-branch transitions were observed as doublets, and the Q-branch transitions 
were observed as unresolved singlets. Unsplit rotational frequencies were calculated for 

the multiplet transitions by the subtraction of the hyperfine contributions from the 

observed frequencies. It was found that these frequencies could be fit to within the ex- 
pected uncertainties of the microwave measurements by use of the Hamiltonian of Eq. 

(4) with Ax and a, @, e as adjustable parameters. The remaining parameters were fixed 

at the values calculated from our earlier analyses of H,160 and HJ80. These parameters 
are shown in Table III. Since the values of these constants depend upon the distortion 
constants of H,160 and HJY), the uncertainty in these constants can be no smaller than 

the uncertainty in the corresponding constants of HJ60 and HJ80. Since the rotation- 

distortion parameters of Hz’*0 are somewhat less certain than those of HJ60, the un- 

certainties in the Hz170 parameters are taken to be those of Hk80. 

The rotational constants a, @, e of the Watson formulation contain contributions 

from the distortion term R6 and thereby differ from the A, B, C of Kivelson and Wilson 
(15). Similarly, the A, B, C of Kivelson and Wilson contain contributions from other 

distortion terms. The removal of these contributions results in A’, B’, C’ which are 

simply related to the moments of inertia by I, = h/8 ti A’, etc. The relations among 

these constants are discussed in (16) and Table IV shows their values for Hz”O. 

V. ENERGY LEVELS 

Because of the large number of resolvable lines in the infrared spectra of light asym- 
metric molecules, their energy levels are usually constructed by a bootstrap technique 

which builds upon the ground state by use of measured energy differences. This approach 
is not possible for Hz”0 because of the small number of infrared measurements reported 

Table IV. Rotational Constants of H2 1'0 @viz). 

A: 8: C: 830282.8 435341.7 277510.4 

A: El: c: 830338.4 435146.5 277650.1 

A':B':C' 830273.6 435081.7 277747.3 
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‘Pshle “. Energy Lf”ElS of "2 
17 
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08 
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in the literature. On the other hand, use of a theoretical model makes possible the intro- 

duction of information from other isotopic species and the analysis discussed above. 
The spectral constants which result from this analysis make possible the calculation of 

the set of energy levels shown in Table V. 

One test of the accuracy of these energy levels is a comparison of them with combina- 
tion difference energies calculated from the H,170 lines which were observed by Fraley, 
Rao, and Jones (6) and by Williamson and Rao (7). With the exception of a small num- 

ber of combination differences, the agreement is excellent and comparable with the es- 
perimental uncertainty of the infrared data (-0.01 cm-l). Most of these exceptions can 
be shown to be internally inconsistent with the other H2170 combination differences. In 
addition, there is no systematic deterioration in the agreement between the energy levels 
of Table V and the infrared combination differences over the range of J, states covered 
by the combination differences. These results indicate that the uncertainties in the Hz170 
energy levels are similar to those derived for H2160 (17) and Hz180 (6, 7). Since the 
accuracy of these levels depends upon the information contents transferred to the 
H2170 analysis from HP0 and H2180 analyses in the form of distortion constants, Table 
V includes only those energy levels for which the corresponding levels in H,160 and 
Hz’*0 are well established. 
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