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A high resolution study of the rotational spectrum of formaldoxime was carried out with the aim 
to resolve a discrepancy between early microwave results and recent ab initio calculations. Accurate 
1 4N quadrupole coupling constants and spin-rotation coupling constants could be derived from zero 
field hfs multiplets. From the Zeeman-splittings in external magnetic fields up to 18kGauss the 
diagonal elements of the molecular g-tensor and the anisotropics in the diagonal elements of the 
molecular magnetic susceptibility tensor were obtained and were used to derive the diagonal 
elements of the molecular electric quadrupole moment tensor. For comparison, Hartree Fock SCF 
calculations were carried out with a basis of TZVP quality. As it turned out such calculations are 
able to reproduce the molecular electric quadrupole moment tensor but fail to reproduce the 14N 
nuclear qudrupole coupling constants to better than 0.3 MHz. A revised formula to predict spin-
rotation coupling constants of first row elements such as nitrogen is also proposed. 

Introduction 

The microwave spectrum of formaldoxime, 
H 2 C = N O H , was studied first by Levine [ 1 - 3 ] and 
independent ly by Pillai [4]. These studies lead to the 
complete substi tut ion s t ructure (r s-structure) shown 
in Figure 1. They also lead to moderately accurate 
exper imental values for the electric dipole momen t [1] 
and for the nitrogen quadrupo le coupling tensor. 
Later this original work was complemented by 
Kaush ik and Tagaki [5] who presented a centrifugal 
dis tor t ion analysis and dis tor t ion corrected rota t ional 
constants . Recently Pa lmer [6] has presented S C F ab 
initio results of T Z V P quality (triple zeta valence plus 
polar izat ion) for the quadrupo le coupling constants 
which deviated from the early microwave results. In 
the mean t ime Gerber and Huber [7] have presented 
evidence that present-day ab initio methods quite in 
general have difficulties in calculating the electric field 
gradients at sp2-hybridized nitrogen nuclei. 

In the following we repor t the results of a high 
resolut ion microwave Four ie r t ransform study which 
also includes the investigation of the molecular rota-
t ional Zeeman-effect. F r o m this study we are now able 
to present molecular quadrupo le coupling constants 
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with considerably reduced experimental uncertainties 
for better compar i son with ab initio results. The high 
resolution which could be achieved made it possible to 
determine also the 1 4 N spin-rotat ion coupling con-
stants for the first time. Fur the rmore , f rom the high-
field rota t ional Zeeman-effect splittings, experimental 
values could be determined for the diagonal elements 
of the molecular magnet ic p-tensor and for the an-
isotropics in the molecular magnet ic susceptibility 
tensor. These Zeeman da ta could be used to derive the 

Fig. 1. Complete restructure of formaldoxime taken from [3], 
It is used as input for the quantum chemical calculations and 
for the derivation of the anisotropics in the second moments 
of the electron coordinates. 

Bond lengths (Ä) Interatomic angles 

C O H * - C - N 121.77° 
N 1.276 N 1.408 H - C - N 115.55° 
H 1.086 H 0.956 C - N - O 110.20° 
H* 1.085 N - O - H 102.68° 

0932-0784 / 90 / 0600-831 $ 01.30/0. - Please order a reprint rather than making your own copy. 

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



818 A. Klesing and D. H. Sutter • High Resolution Study of the Rotational Spectrum of Formaldoxime 

diagonal elements of the molecular electric quadru -
pole moment tensor and the anisotropics in the 
second moments of the electronic charge distr ibution. 

Parallel to the experiments, Har t ree Fock S C F cal-
culations were carried out. Combin ing the experimen-
tal da ta with our new ab initio value for the out-of-
plane second electronic moment , <c2>, we can also 
predict a fairly accurate value for the hi ther to un-
known magnetic bulk susceptibility. Finally the nitro-
gen spin-rotat ion coupling constants , the nuclear 
quadrupole coupling constants , and the molecular 
electric quadrupo le moments are discussed in com-
parison to q u a n t u m chemical results. 

Experimental 

Formaldoxime was prepared f rom formaldehyde 
and hydroxylamine hydrochlor ide as described in [8]. 
The sample, a white powder, was sublimized at room 
temperature into the brass waveguide absorp t ion 
cells. The cells themselves were cooled by methanol 
circulating at a temperature of — 60 °C in a cooling 
jacket a t tached to the absorp t ion cells. Sample pres-
sures were kept close to 1 mTorr . Since the quali ty of 
the signals slowly degraded, the cells were evacuated 
and refilled after about one hour of measur ing time. 

The spectra were recorded with our new Four ier 
t ransform spectrometer described in [9,10]. Unde r the 
condit ions ment ioned above, typical effective relax-
ation times, T2 , were on the order of 7 psec. This 
corresponds to full widths at half height of 23 k H z in 
s tandard C W absorpt ion spectroscopy. Both and 
/*b-type transit ions were investigated. Since, for closely 
spaced lines, the s tandard discrete Four ier t ransform 
technique leads to comparat ively large deviat ions of 
the peaks of the power spectra with respect to the t rue 
resonance frequency [11-13] , the observed transient 
molecular signals were analysed in a two step proce-
dure. First indeed a discrete Four ier t ransform analy-
sis was carried out, but this analysis only provided the 
initial values for a subsequent nonl inear iterative least 
squares fit of the frequencies, ampli tudes, phases, and 
decay times directly to the observed decays [14]. 

For the Zeeman studies, the absorp t ion cells were 
located between the pole faces of a powerful electro-
magnet with a gap length of 2.5 m. (For details com-
pare Chapt . 3 A of [15].) The magnet ic field was 
recorded with a Rawson Lush 920 M rota t ing coil 
gaussmeter calibrated to better than 1 Gauss against 

an N M R probe. The experimental uncertainty in the 
magnetic field was determined by the long time stabil-
ity of the current stabilized power supply of the elec-
t romagnet . However, over a period of 1 hour the field 
f luctuations at the center of the gap never exceeded 
5 Gauss . To give an impression of the quality of the 
spectra obtained in the present investigation we pres-
ent a zero-field and a high-field Zeeman spectrum in 
Figs. 2 and 3, respectively. 

Analysis of the Observed hfs- and Zeeman-hfs 
Multiplets 

The zero-field 1 4 N hfs multiplets of a total of 12 
low-J rotational transitions, 7 of a-type and 5 of fr-type, 

neglected 

Fig. 2. Amplitude spectrum of the transition l n - > 20 2 . The 
significance of spin-rotation coupling is emphasized in the 
calculated spectra below the experimental pattern: These 
two traces show Fourier transform amplitude spectra calcu-
lated from decays simulated within the short-pulse-plane-
wave approximation for the polarizing microwave [33]. The 
experimental delay time (0.65 psec) between the end of the 
polarizing pulse and the start of sampling was also used in 
the simulations. Under neglect of spin-rotation interaction 
the transitions F -> F'= 1 1 and 2 2 would clearly split. 
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Fig. 3. Amplitude spectrum of the transition 11 , -*•202 under 
selection rule AMj = 0 (and AM,= 0) at 10494 Gauss. The 
trace below shows the corresponding calculated multiplet 
(compare Figure 2). The "satellite" without quantum num-
bers is a coherent perturbation at the polarisation frequency 
and does not belong to the multiplet. 

Ba 
Bb 
Be 
X + 

X-

Xaa 

Xbb 

Xcc 

Mbl 
Af 

z X b b + Xcc 
Xbb Xcc 

: — X ^ 
= (Z++X-)/2 
- - ( X + ~ X - ) / 2 

67 679.209(6) 
11 859.127(6) 
10 080.185(9) 

-3.0002(32) 
-6.3799(24) 

3.0002(32) 
-4.6900(20) 

1.6898(20) 
-0.0222(18) 
-0.0028(5) 
-0.0015(5) 

Table 1. Rotational 
constants [5], our 14N 
quadrupole coupling 
constants and our 
spin-rotation coupling 
constants [MHz] of 
formaldoxime. Num-
bers in parentheses 
are one standard devi-
ation in units of the 
least significant figure. 

Table 2. Correlation coefficient matrix of the least squares fit. 

X + X- M a a M b b Mcc 

X + 

X-

M a a 

M b b 

M c c 

1.000 
-0 .270 

0.173 
-0 .024 
-0 .066 

1.000 
0.004 
0.014 
0.079 

1.000 
0.778 
0.677 

1.000 
0.890 1.000 

were recorded. They were analysed within the stan-
da rd rigid ro to r approximat ion taking into account 
the 1 4 N nuclear quadrupole interaction and the 1 4 N 
spin-rota t ion interaction (see (2) and (3) of [16] and 
references cited therein). 

In Table 1 we list the 1 4 N quadrupo le constants and 
the spin-rotation coupling constants for formaldoxime. 
They were obta ined f rom an iterative least squares fit 
to the observed hfs multiplets (see Table 3). Also given 
are the ro ta t ional constants [5], since they enter into 
the fit via the angular m o m e n t u m expectat ion values. 
In Table 2 we give the correlat ion coefficient matrix of 
this fit. The hfs splittings listed in Table 3 are given 
with respect to the hypothet ical center frequencies of 
the multiplets [17]. Also given in this Table are the 
relative intensities of the satellites as they would be 
observed in a s tandard C W spectrometer . 

Fo r the analysis of the Zeeman-hfs multiplets the 
zero field Hami l ton ian was supplemented by the first 
and second order Zeeman-effect [15] and the nuclear 
Zeeman-effect of the nitrogen nucleus as described by 
(6) through (9) of [16]. The nitrogen g-value, v = 0.4036, 
and the values for the fundamenta l constants were 
taken f rom the appendices E and D of [18]. 1 4 N nu-
clear shielding, or better its anisotropy, was neglected. 

O u r observed Zeeman-hfs splittings are presented 
in Table 4. Since the magnet ic field effectively un-
couples spin and overall ro ta t ion (compare [15] and 
Fig. 5 of [19]), the q u a n t u m numbers of the limiting 
uncoupled basis \I, M ; > | J, Ka, Kc, Mj~) are used in 
this Table to designate the states. Here M ; and M j 
represent the project ion q u a n t u m numbers of the 1 4 N 
spin, I, and of the overall ro ta t ional angular momen-
tum, h J , on the magnet ic field axis. N o t e that if the 
uncoupl ing were really complete, i.e. if the influence of 
the matr ix elements off-diagonal in the q u a n t u m num-
bers Mj and Mj were negligible, the Mj, ± M1 satel-
lites in Fig. 3 should be super imposed (compare (7) 
of [16]). With the high resolution achieved in time 
domain spectroscopy they still show up as clearly sep-
ara ted doublets. As in Table 3, the splittings are given 
with respect to the hypothet ical center frequency of 
the transit ion. In Table 5 we present our optimized 
molecular gf-values and molecular magnet ic suscepti-
bility anisotropies. They were fitted to the observed 
splittings as described in [20]. D u e to the presence of 
the quadrupo le nucleus, the sign of the g-values could 
be determined f rom intermediate field multiplets [15, 
19]. The opposi te choice of signs could also be dis-
carded for a second reason. It would lead to a negative 
value for the out-of-plane second electronic moment 
<c2>, which is clearly impossible. In Table 6 we give 
the correlat ion coefficient matr ix of the fit. We note 
that even with an apparent ly large correlat ion coeffi-
cient of 0.971, gbb and gcc are still well determined. 



Table 3. Measured transition frequencies used for fitting the nuclear quadrupole coupling constants and the spin-rotation coupling constants of formaldoxime. Also 
given are the calculated and observed frequency splittings with respect to the hypothetical center frequency and the relative intensities which would be observed in 
a standard CW absorption spectrometer. 

Kc -*JKaK'c F F ' V obs . ^ V c a l c . <5 v rel. ^Ka Kc * JK'a Kc F F ' V obs . ^ V o b s . ^ V c a l c . <5v rel. 
int./% int./% 

^cen t ra l : 21 939.3118(5) MHz ^cen t ra l : 35 783.0786(7) MHz 
1 0 1 0 0 0 0 1 21 937.818 -1 .501 -1 .505 0.004 20.00 4 0 4 —> 3 1 3 4 4 35 783.634 0.555 0.543 0.012 5.11 

1 1 21 940.059 0.747 0.748 -0 .001 60.00 3 2 35 782.431 -0 .648 -0 .646 -0 .002 58.44 
2 1 21 939.164 -0 .148 -0 .148 0.000 100.00 4 3 35 783.959 

5 4 35 782.765 
0.880 

-0 .314 
0.880 

-0 .315 
- 0 . 0 0 0 

0.001 
76.70 

100.00 
^ centra l 

1 l 1 
: 11 982.2729(2) MHz ^ centra l 

1 l 1 -* 2 0 2 1 1 11 981.818 -0 .455 -0 .453 -0 .002 17.86 ^cent ra l : 26 665.8831 (7) MHz 
2 2 11 981.797 -0 .476 -0 .476 0.001 17.86 5 1 4 -> 5 1 5 5 5 26 667.476 1.593 1.591 0.002 68.36 
0 1 11 985.326 3.053 3.053 0.000 23.81 4 4 26 664.817 -1 .066 -1 .065 - 0 . 0 0 1 81.33 
1 2 11 980.366 -1 .907 -1 .907 - 0 . 0 0 0 53.57 6 6 26 665.274 -0 .609 -0 .609 0.000 100.00 
2 3 11 982.722 0.449 0.449 0.000 100.00 11 982.722 0.449 

^cen t r a l : 7 424.4979(14) MHz 
V . centra l : 5337.1626(13) MHz 7 1 6 -> 6 2 5 6 5 7423.949 -0 .549 -0 .547 -0 .002 74.66 
2 1 1 - > 2 1 2 1 2 5 336.406 -0 .757 -0 .762 0.006 12.05 7 6 7 425.418 0.920 0.917 0.003 86.43 

2 1 5 337.919 0.756 0.760 -0 .003 12.05 8 7 7 424.109 -0 .389 -0 .388 -0 .001 100.00 
2 3 5 338.193 1.030 1.035 -0 .005 12.50 

: 5 163.2016(9) MHz 3 2 5 337.264 0.101 0.104 -0 .003 12.50 ^cen t r a l : 5 163.2016(9) MHz 
1 1 5 335.572 -1 .591 -1 .597 0.006 36.16 7 2 5 -> 7 2 6 6 6 5 162.997 -0 .205 -0 .202 -0 .002 74.66 
2 2 5 338.752 1.589 1.594 -0 .005 55.80 7 7 5 163.530 0.328 0.327 0.001 86.43 
3 3 5 336.709 -0 .454 -0 .454 0.001 100.00 8 8 5 136.068 -0 .134 -0 .134 0.000 100.00 

^ centra l : 11 568.0487(4) MHz 
^cen t r a l : 35 878.4857(3) MHz 

3 0 3 - > 2 1 2 2 2 11 567.924 -0 .125 -0 .130 0.005 8.64 8 1 7 -> 7 2 6 7 6 35 877.984 -0 .502 -0 .501 -0 .001 77.54 
3 3 11 568.603 0.554 0.554 0.000 8.64 8 7 35 879.343 0.857 0.856 0.001 88.08 
2 1 11 567.083 -0 .966 -0 .965 -0 .001 46.67 9 8 35 878.117 -0 .369 -0 .369 0.000 100.00 
3 2 11 569.162 1.113 1.112 0.001 69.14 
3 4 11 567.695 -0 .354 -0 .354 - 0 . 0 0 0 100.00 ^cen t r a l : 8 493.9651(3) 

^ centra l : 10 673.4421(6) MHz 8 2 6 -> 8 2 7 7 7 8493.715 -0 .250 -0 .250 - 0 . 0 0 0 78.69 
^ centra l : 10 673.4421(6) MHz 

8 8 8 494.380 0.415 0.414 0.001 88.09 
3 1 2 - > 3 1 3 2 3 

3 2 
10 672.596 
10 674.604 

-0 .846 
1.162 

-0 .852 
1.168 

0.006 
-0 .006 

6.58 
6.58 

9 9 8 493.791 -0 .174 -0 .173 - 0 . 0 0 0 100.00 

3 4 10 674.698 1.256 1.256 - 0 . 0 0 0 6.67 ^ centra l : 26 999.4916(17) MHz 
4 3 
2 2 
3 3 

10 673.252 
10 672.162 
10 675.038 

-0 .190 
-1 .280 

1.596 

-0 .192 
-1 .278 

1.594 

0.002 
-0 .002 

0.002 

6.67 
52.67 
69.71 

1 1 2 9 -» 11 2 10 10 10 26 999.102 
11 11 27 000.171 
12 12 26 999.194 

-0 .390 
0.679 

-0 .298 

-0 .389 
0.676 

-0 .295 

-0 .001 
0.003 

-0 .002 

83.89 
91.25 

100.00 
4 4 10 672.912 -0 .530 -0 .529 -0 .001 100.00 

-» 11 2 10 10 10 26 999.102 
11 11 27 000.171 
12 12 26 999.194 

-0 .390 
0.679 

-0 .298 

-0 .389 
0.676 

-0 .295 

-0 .001 
0.003 

-0 .002 

83.89 
91.25 

100.00 



spl i t t ings ca lcu la ted i rom tnc o p t i m i z e d m o l e c u l a r parameiers . 

J' Mj Mj M, Av„ öv rel. 
int./% 

Vcentral : 11 9 8 2 . 2 7 2 9 M H z 

Magnetic field strength 15 634 G 
1 1 1 - > 2 0 2 - 1 - 2 - 1 11 9 8 0 . 7 1 8 - 1 . 5 5 5 - 1 . 5 5 6 0 . 0 0 1 1 0 0 . 0 0 

- 1 - 2 0 1 1 9 7 9 . 3 5 6 - 2 . 9 1 7 - 2 . 9 1 7 0 . 0 0 0 9 7 . 1 9 

- 0 - 1 - 1 11 9 8 2 . 0 8 4 - 0 . 1 8 9 - 0 . 1 8 9 0 . 0 0 0 4 8 . 0 1 

- 1 - 2 - 1 1 1 9 8 0 . 5 8 5 - 1 . 6 8 8 - 1 . 6 8 8 - 0 . 0 0 0 9 6 . 6 2 

0 - 1 0 11 9 8 3 . 7 0 9 1 . 4 3 6 1 . 4 4 0 - 0 . 0 0 4 4 8 . 2 9 

0 1 - 1 11 9 8 1 . 3 2 6 - 0 . 9 4 7 - 0 . 9 4 6 - 0 . 0 0 1 4 9 . 5 0 

0 - 1 1 1 1 9 8 2 . 0 3 8 - 0 . 2 3 5 - 0 . 2 3 5 0 . 0 0 0 4 9 . 5 2 

0 1 0 1 1 9 8 3 . 0 2 1 0 . 7 4 8 0 . 7 4 4 0 . 0 0 4 4 7 . 5 2 

1 2 - 1 11 9 8 4 . 8 5 6 2 . 5 8 3 2 . 5 8 2 0 . 0 0 1 9 5 . 3 5 

0 2 1 11 9 8 1 . 2 6 4 - 1 . 0 0 9 - 1 . 0 0 8 - 0 . 0 0 1 4 8 . 2 5 
1 2 0 11 9 8 3 . 4 2 5 1 . 1 5 2 1 . 1 5 2 0 . 0 0 0 9 7 . 5 1 

1 2 1 11 9 8 4 . 7 2 4 2 . 4 5 1 2 . 4 5 2 - 0 . 0 0 1 1 0 0 . 0 0 

JKa Kc ^K'a K'c ^J M , Vobs. 4 v o b s . 4 v c a l c . Sv rel. Vobs. 
int./% 

vcentrai : 11 9 8 2 . 2 7 2 9 M H z 
Magnetic field strength 10 494 G 

1 1 1 - 2 0 2 - 1 - 1 11 9 8 0 . 7 6 7 - 1 . 5 0 6 - 1 . 5 0 8 0 . 0 0 1 7 6 . 4 4 

- 1 0 11 9 8 0 . 2 8 2 - 1 . 9 9 1 - 1 . 9 9 1 - 0 . 0 0 0 7 3 . 5 9 

0 - 1 11 9 8 1 . 6 4 5 - 0 . 6 2 8 - 0 . 6 2 9 0 . 0 0 0 9 9 . 7 5 

- 1 1 11 9 8 0 . 6 2 5 - 1 . 6 4 8 - 1 . 6 5 0 0 . 0 0 1 7 2 . 0 4 

0 0 11 9 8 3 . 5 4 3 1 . 2 7 0 1 . 2 6 9 0 . 0 0 1 9 7 . 3 8 
1 - 1 1 1 9 8 4 . 2 6 4 1 . 9 9 1 1 . 9 9 0 0 . 0 0 0 7 0 . 4 8 
0 1 11 9 8 1 . 5 3 9 - 0 . 7 3 4 - 0 . 7 3 5 0 . 0 0 1 1 0 0 . 0 0 

1 0 11 9 8 3 . 7 6 8 1 . 4 9 5 1 . 4 9 8 - 0 . 0 0 3 7 4 . 1 6 

1 1 1 1 9 8 4 . 0 7 1 1 . 7 9 8 1 . 8 0 0 - 0 . 0 0 3 7 6 . 8 4 

Veen,rap 1 1 9 8 2 . 2 7 2 9 M H z 
Magnetic field strength 13 081 G 

1 1 1 - » 2 0 2 - 1 - 1 11 9 8 0 . 3 8 8 - 1 . 8 8 5 - 1 . 8 8 4 - 0 . 0 0 1 7 5 . 9 7 

- 1 0 11 9 7 9 . 9 1 7 - 2 . 3 5 6 - 2 . 3 5 4 - 0 . 0 0 2 7 4 . 1 1 

0 - 1 11 9 8 1 . 6 3 0 - 0 . 6 4 3 - 0 . 6 4 2 - 0 . 0 0 1 9 9 . 8 7 

- 1 1 11 9 8 0 . 2 6 3 - 2 . 0 1 0 - 2 . 0 0 9 - 0 . 0 0 1 7 3 . 0 1 

0 0 11 9 8 3 . 5 6 6 1 . 2 9 3 1 . 2 9 2 0 . 0 0 1 9 8 . 2 5 

1 - 1 11 9 8 4 . 6 1 0 2 . 3 3 7 2 . 3 3 5 0 . 0 0 2 7 2 . 1 4 

0 1 11 9 8 1 . 5 4 5 - 0 . 7 8 2 - 0 . 7 2 9 0 . 0 0 1 1 0 0 . 0 0 

1 0 11 9 8 4 . 1 4 1 1 . 8 6 8 1 . 8 6 8 - 0 . 0 0 1 7 4 . 4 1 

1 1 11 9 8 4 . 4 6 5 2 . 1 9 2 2 . 1 9 2 0 . 0 0 0 7 6 . 1 9 

^central' » 5 6 8 . 0 4 8 7 M H z 
Magnetic field strength 10 494 G 

3 0 3 - » 2 1 2 - 2 - 1 1 1 5 6 8 . 9 2 4 0 . 8 7 5 0 . 8 7 3 0 . 0 0 2 5 5 . 0 2 

- 2 0 1 1 5 6 9 . 2 7 0 1 . 2 2 1 1 . 2 1 9 0 . 0 0 2 5 3 . 0 2 

- 1 - 1 11 5 6 8 . 7 6 0 0 . 7 1 1 0 . 7 0 9 0 . 0 0 2 8 7 . 3 9 

- 2 1 11 5 6 8 . 8 4 9 0 . 8 0 0 0 . 7 9 9 0 . 0 0 1 5 3 . 6 6 

- 1 0 1 1 5 6 8 . 1 5 1 0 . 1 0 2 0 . 1 0 1 0 . 0 0 1 8 7 . 1 9 

0 - 1 11 5 6 8 . 3 8 8 0 . 3 3 9 0 . 3 3 8 0 . 0 0 1 9 9 . 2 4 

- 1 1 1 1 5 6 8 . 7 0 7 0 . 6 5 8 0 . 6 5 7 0 . 0 0 1 8 7 . 7 2 

0 0 1 1 5 6 7 . 4 5 3 - 0 . 5 9 6 - 0 . 5 9 5 - 0 . 0 0 1 1 0 0 . 0 0 

1 - 1 11 5 6 7 . 7 9 5 - 0 . 2 6 4 - 0 . 2 5 3 - 0 . 0 0 2 8 7 . 8 4 

0 1 1 1 5 6 8 . 3 3 8 0 . 2 8 9 0 . 2 8 8 0 . 0 0 1 9 9 . 2 8 

1 0 11 5 6 7 . 1 6 0 - 0 . 8 8 9 - 0 . 8 8 9 - 0 . 0 0 1 8 7 . 5 2 

2 - 1 11 5 6 6 . 9 8 7 - 1 . 0 6 2 - 1 . 0 5 9 - 0 . 0 0 3 5 3 . 8 6 

1 1 11 5 6 7 . 7 3 8 - 0 . 3 1 1 - 0 . 3 1 0 - 0 . 0 0 1 8 7 . 4 2 

2 0 11 5 6 7 . 2 6 1 - 0 . 7 8 8 - 0 . 7 8 8 0 . 0 0 0 5 3 . 6 7 

2 1 11 5 6 6 . 8 9 8 - 1 . 1 5 1 - 1 . 1 4 8 - 0 . 0 0 3 5 5 . 3 8 

JKa Kc Jk„ Kc Mj M, VobS . ^ Vobs, Ö V rel. 
int./% 

^central' 11 568.0487 MHz 
Magnetic field strength 13 081 G 
3 0 3 - 2 1 2 - 2 - 1 11 569.139 1.090 1.091 — 0 . 0 0 1 55.24 

- 2 0 11 569.492 1.443 1.443 — 0 . 0 0 1 54.44 
- 1 — 1 11 568.873 0.824 0.824 0 . 0 0 0 87.92 
- 2 1 11 569.082 1.033 1.034 - 0 . 0 0 2 54.33 
- 1 11 568.269 0.220 0.220 - 0 . 0 0 0 87.79 

0 — 1 11 568.388 0.339 0.338 0 . 0 0 0 99.52 
- 1 1 11 568.833 0.784 0.783 0.000 88.17 

0 11 567.457 - 0 . 5 9 2 - 0 . 5 9 1 - 0 . 0 0 1 100.00 
1 — 1 11 567.673 - 0 . 3 7 6 - 0 . 3 7 5 - 0 . 0 0 1 88.22 
0 1 11 568.348 0.299 0.298 0 . 0 0 1 99.56 
1 11 567.047 - 1 . 0 0 2 - 1 . 0 0 4 0 . 0 0 1 87.99 
2 — 1 11 566.735 - 1 . 3 1 4 - 1 . 3 1 4 - 0 . 0 0 0 54.45 
1 1 11 567.626 - 0 . 4 2 3 - 0 . 4 2 3 - 0 . 0 0 0 87.95 
2 0 11 567.027 - 1 . 0 2 2 - 1 . 0 2 5 0.002 54.35 
2 1 11 566.661 - 1 . 3 8 8 - 1 . 3 8 9 0.000 55.43 

^central' 10 673.4421 MHz 
Magnetic field strength 17 813 G 
3 1 2 -» 3 1 3 - 3 - 1 10 671.981 - 1 . 4 6 1 - 1 . 4 5 8 - 0 . 0 0 2 100.00 

- 3 0 10 673.479 0.037 0.034 0.003 97.77 
- 2 — 1 10 672.984 - 0 . 4 5 8 - 0 . 4 5 8 0 . 0 0 1 43.23 
- 3 1 10 671.868 - 1 . 5 7 4 - 1 . 5 7 4 0 . 0 0 0 98.28 
- 2 10 672.903 - 0 . 5 3 9 - 0 . 5 3 9 0 . 0 0 0 43.16 
- 1 — 1 10 673.626 0.184 0.183 0 . 0 0 1 10.87 
- 2 1 10 672.755 - 0 . 6 8 7 - 0 . 6 8 7 0 . 0 0 1 43.72 
- 1 10 672.624 - 0 . 8 1 8 - 0 . 8 1 6 - 0 . 0 0 1 10.92 
- 1 1 10 673.436 - 0 . 0 0 6 - 0 . 0 0 5 - 0 . 0 0 0 10.98 

1 — 1 10 674.185 0.743 0.743 0 . 0 0 0 1 1 . 0 0 
1 10 673.087 - 0 . 3 5 5 - 0 . 3 5 4 - 0 . 0 0 1 10.95 
2 — 1 10 674.127 0.685 0.686 - 0 . 0 0 1 43.75 
1 1 10 674.010 0.568 0.569 0 . 0 0 0 10.89 
2 10 673.937 0.495 0.500 - 0 . 0 0 4 42.86 
3 — 1 10 673.803 0.361 0.362 - 0 . 0 0 1 97.41 
2 1 10 673.922 0.480 0.485 - 0 . 0 0 4 43.62 
3 0 10 673.334 1.892 1.891 0.002 98.56 
3 1 10 673.662 0.220 0.221 - 0 . 0 0 1 100.00 

^central' 10 673.4421 MHz 
Magnetic field strength 15 634 G 

3 1 2 -» 3 1 3 - 3 - 1 10 672.107 - 1 . 3 3 5 - 1 . 3 3 5 - 0 . 0 0 0 100.00 
- 3 0 10 673.584 0.142 0.141 0 . 0 0 0 97.05 
- 2 — 1 10 673.071 - 0 . 3 7 1 - 0 . 3 7 4 0.002 42.84 
- 3 1 10 671.977 - 1 . 4 6 5 - 1 . 4 6 4 - 0 . 0 0 2 97.83 
- 2 10 672.973 - 0 . 4 6 9 - 0 . 4 7 0 0 . 0 0 0 42.81 
- 1 — 1 10 673.662 0.220 0.218 0.002 10.79 
- 2 1 10 672.808 - 0 . 6 3 4 - 0 . 6 3 6 0 . 0 0 1 43.51 
- 1 10 672.654 - 0 . 7 8 8 - 0 . 7 8 8 - 0 . 0 0 0 10.87 
- 1 1 10 673.449 0.007 0.003 0.003 10.94 

1 — 1 10 674.152 0.710 0.709 0 . 0 0 1 10.97 
1 10 673.036 - 0 . 4 0 6 - 0 . 4 0 7 0 . 0 0 0 10.91 
2 — 1 10 674.077 0.635 0.635 - 0 . 0 0 0 43.56 
1 1 10 673.953 0.511 0.511 - 0 . 0 0 1 10.83 
2 10 673.857 0.415 0.420 - 0 . 0 0 5 42.39 
3 — 1 10 673.744 0.302 0.302 - 0 . 0 0 1 96.62 
2 1 10 673.857 0.415 0.407 0.007 43.41 
3 0 10 675.261 1.819 1.817 0 . 0 0 1 98.19 
3 1 10 673.581 0.139 0.139 - 0 . 0 0 0 100.00 
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Table 5. Diagonal elements of the molecular g-tensor and 
anisotropies in the diagonal elements of the molecular mag-
netic susceptibility tensor in units of 10 ~ 6 erg G ~2 mole ~1 of 
formaldoxime. 

a —2caa cbb £cc 
ß =

 2 Qbb — S a a
 — 4cc 

G a a 
Qbb 
9cc 

5.30(11) 
7.42(06) 

-0.45213(14) 
-0.05270(6) 
-0.01147(6) 

Table 6. Correlation coefficient matrix of the least squares fit. 

Gaa Gbb 9cc a ß 

9aa 1.000 
9hh 0.867 1.000 
9cc 0.853 0.972 1.000 
a 0.008 0.006 0.006 1.000 
ß -0.007 -0 .006 -0.006 -0 .824 1.000 

Derived Molecular Quantities 

a) The Diagonal Elements of the Molecular Electric 
Quadrupole Moment Tensor 

The molecular g-tensor elements and magnetic sus-
ceptibility anisotropies can be used to derive the diag-
onal elements of the molecular electric quadrupole 
moment tensor with respect to the principal inertia 
axes system ([21] and (11) through (14) of [16]). 

Q a a = ~ M X Z „ ( 2 a 2 - 6 2 - c 2 ) | 0 > 

h\e I 

16 7i2 m„ B 

- < 0 | 

2 Gaa 

elec t rons 

I (2 a 2-b2 c f ) |0> 

9bb 
Bh 

dec 

B, 

2 m c2 

\e\N. 
{2 Qaa Cbb £cc} (1) 

(and cyclic permutat ions) . Fo r the definition of the 
symbols cf. [16]. 

The molecular quadrupo le moments calculated 
with (1) should come close to the vibronic ground 
state expectat ion values (see Chapt . B of [15]). They 
are of use for compar ison with ab initio results and 
for the theoretical t rea tment of intermolecular inter-
actions at close range. 

b) The Anisotropies in the Second Moments 
of the Electronic Charge Distribution 

From the knowledge of the structure of the nuclear 
frame it is also possible to obtain experimental values 
for the anisotropies in the second momen t s of the 
electronic charge distribution as given by (see Chapt . A 
of [15] and (16) of [16]) 

electrons 

<0| z (aj-b2) |0> j 

= T Z„(a 2 - b2) + ( • ^ - ^ ) (2) ln2mp \ Bn 

+ 
4 m c2 

3e2 NA 
{ ( 2 C aa C b b - Zee) — ( 2 C b b - <s CC - L a ) } 

(and cyclic permutations). 
This equat ion is valid in the rigid nuclear f rame 

approximat ion. Since vibronic ground state expecta-
tion values enter for the ^-values, ro ta t ional constants 
and susceptibility anisotropies, while r s-structural 
da ta enter for the nuclear configurat ion, the meaning 
of the anisotropies determined by (2) is slightly 
blurred. However, the nuclear second momen t s which 
enter into (2) are fairly insensitive with respect to slight 
changes in the structure. We therefore believe that for 
them an assumed uncertainty of 0.1 • 1 0 " 1 6 c m 2 is a 
very conservative estimate and that anisotropies de-
termined f rom (2) are still meaningful for compar ison 
with q u an tu m chemical results. 

We present our molecular electric quadrupo le mo-
ments and the anisotropies in the second moments of 
electronic charge distr ibution in Table 7. Also given 
for comparison are the corresponding values calcu-
lated from Har t ree Fock S C F wavefunct ions with the 
"Gaussian 86" progam package [22], These q u a n t u m 
chemical calculations were carried out at the ^-s t ruc-
ture shown in Figure 1. The s tandard basis 6-311 G**, 
i.e. triple zeta with polar izat ion (p-orbitals at H and 
d-orbitals at C, N, O) was used for this calculation. 

c) The Individual Components of the Magnetic 
Susceptibility Tensor and of the Second Moments 
of the Electronic Charge Distribution 

If the experimental value for the bulk susceptibility 
were known, which is not the case, also the individual 
components of the magnetic susceptibility tensor, c a a , 
Cbb, Ccc, and the individual second electronic mo-
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Table 7. Components of the molecular electric quadrupole 
moment tensor and anisotropies in the second moments of 
the electronic charge distribution as calculated from the ex-
perimental data. Also given are the corresponding theoreti-
cal values. The second moments of the nuclear charge distri-
bution which enter into (2) follow from the restructure 
shown in Fig. 1 as £ Z„a2 = 25.49(25) Ä2 and £ Z„ b\ = 

4.74(5) Ä2. Given uncertainties are estimated as 1 % in order 
to account for zero point vibrational effects. 

Experimental TZVP 

Qaa /10~26 esu cm2 6.37(8) 6.56 
2 b & /10 - 2 6 esu cm2 -2.91(6) -2 .91 
Qcc/10~26 esu cm2 -3.46(12) -3 .65 
<1 Ta?-b2\y/k2 19.46(32) 19.43 
<\Tbf-cf\y/k2 4.66(7) 4.64 
<\Hcf-af\)/k2 -24.12(28) -24.07 

ments, 
elec t rons 

<«2> = <0| z a) |0> j 

(and cyclic permutat ions) , could be derived f rom the 
experimental da ta (see Chap t . A of [15]). In the present 
case we have to go the other way round and we take 
the ab initio value for <c2> rather than for <a2> or <b2> 
because this value is least susceptible to uncertainties 
in the bond distance and bond angles. F r o m the theo-
retical expressions for the g- and ^-tensor elements, 
<c2> is related to those by 

2 2 m c2 

(C ) = 2 XT Qaa~~ £ b b ) e2N> 

+ 
1 6 TI;2MR 

9aa 
B„ 

Qbb 
Bh 

(3) 

Solving (3) for ( £ c c - £ a a - £ b b ) and combining this 
value with the experimental susceptibility anisotropies 
f rom Table 5, it is possible to get the individual suscep-
tibilities as 

= - 1 9 . 0 5 ( 8 4 ) • 1 0 " 6 erg G~2 m o l e - 1 , 

£„„ = - 1 8 . 3 5 ( 8 3 ) • 10~ 6 erg G " 2 m o l e - 1 , 

£cc = - 2 5 . 0 6 ( 8 6 ) • 1 0 - 6 erg G - 2 m o l e ' 1 , 

and the bulk susceptibility as 

£ = (£«.+ £** + £«)/3 

= - 2 0 . 8 2 ( 5 1 ) - 10~ 6 erg G - 2 m o l e - 1 . 

The given uncertainties follow by gaussian error 
p ropaga t ion taking into account the experimental un-

certainties given in Table 5 and an assumed uncer-
tainty of 0.1 • 10 _ 1 6 cm 2 in the ab initio value for 
<c2>. We believe that this assumed uncertainty in-
cludes also effects of vibrat ional averaging since the 
large ampl i tude out-of-plane OH- to r s ion only leads 
to a 0.02 • 1 0 " 1 6 cm 2 increase in <c2>. This value was 
estimated within the ha rmon ic oscillator approx ima-
tion from its known frequency (v = 330 c m - 1 [1]) and 
from a T Z V P S C F value for <c2> calculated for a 
torsional angle of 20° with all o ther s t ructural 
parameters fixed to their revalues. 

Comparison of the Experimental 
1 4 N Spin-Rotation Coupling Constants, 
the 1 4 N Quadrupole Coupling Constants, and the 
Molecular Electric Quadrupole Moment Tensor 
with Quantum Chemical Calculations 

a) Spin-Rotation Coupling 

Spin-rotat ion coupling arises f rom the interact ion 
of the nuclear magnetic dipole moment (here the 1 4 N 
dipole) with the magnetic field caused by the overall 
rotation of the molecular charge distr ibution. Since 
the latter is associated with J while the former is asso-
ciated with /, and since the size of the magnet ic field 
also depends on the or ienta t ion of the axis of ro ta t ion 

within the molecule, it may be written phenomenolog-
ically (in frequency units) as 

i r S R / / l = - / - M - y , (4) 

where M is the spin-rotat ion coupling tensor. F r o m a 
detailed theoretical t rea tment , Flygare [23] has 
derived the expressions for the M - tensor elements ((6) 
of [23]). They contain a nuclear cont r ibut ion which is 
easily calculated f rom the known structure, and an 
electronic contr ibut ion which involves a per tu rba t ion 
sum over electronic m o m e n t u m operators . Within a 
"localized theory" Flygare also proposed an approxi-
mate expression for the lat ter: 

M e l = -
4M n„gN Bah 

cm\AE | \ • / p 

" + ' -^c + ^bc ' Pcb) (5) 

(and cyclic permutat ions) , where r s tands for the dis-
tance of an electron f rom the nitrogen nucleus, < l / r 3 > p 

stands for the average value of 1/r3 for a p-electron at 
the ni trogen and Paa etc. are the p-density matr ix 
elements at the ni trogen (compare (5) of [16]). In con-
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trast to Flygare we believe that (5) is a reasonable 
approximat ion only for the direct local electronic con-
tr ibut ion to Maa and that electrons "localized" at the 
other nuclei should be regarded as compensat ing the 
corresponding nuclear contr ibut ions. We therefore 
propose to use (5) directly as an approx imate expres-
sion for the spin-rotat ion coupling constants of first 
row atoms, i.e. we propose to d r o p the nuclear contr i -
but ion in Flygare's expression. This approach would 
be similar to the well known Townes Dailey m e t h o d 
(compare [24]) for est imating 1 4 N nuclear quadrupo le 
coupling constants f rom the p-electron densities at the 
nitrogen under considerat ion. (Here the electrons 
"localized" at the o ther nuclei are assumed to compen-
sate the cor responding nuclear contr ibut ions to the 
intramolecular field gradient.) It would also agree 
with the line of thought used in Chap t . 8.-8 of [25] to 
account for the electronic cont r ibut ion to the molec-
ular m o m e n t of inertia tensor. Finally it would be 
in agreement with the expermental results of Fabricant, 
Krieger, and Muen te r [26] for p r o t o n and deuter ium 
spin-rotat ion coupling in formaldehyde, th ioformal-
dehyde etc., were quite sizable nuclear contr ibut ions 
(on the order of 100 kHz) are indeed almost compen-
sated or slightly overcompensated by the cont r ibu-
tions of "their" electrons, and where no local p-contr i -
but ions should arise within the revised Flygare model 
proposed here. C N D O / 2 - and INDO-p-dens i t i es 
should be sufficient for such an estimate. Our I N D O -
p-densities, calculated at the r e s t ruc tu re are presented 
in Table 8. The original parametr iza t ion of Pople an d 
Beveridge [27] was used in our p rogram. F rom these 
p-densities and the n -> TI* excitation energy of 5.6 eV 
[28], (5) leads to the following values for the local 
electronic cont r ibut ions to the spin-rotat ion coupl ing 
constants : 

Maa = 
Mt\ = 
M e l = 

- 0 . 0 1 8 4 M H z , 

- 0 . 0 0 3 3 M H z , 

- 0 . 0 0 2 9 M H z . 

Table 8. INDO nitrogen p-orbital density matrix elements Hj 
(Uj = Pa,Pb,Pc) formaldoxime used for the calculation of 
the spin-rotation coupling constants according to Flygare's 
approximation. 

Pa Pb Pc 

Pa 0 . 9 7 9 8 - 0 . 1 4 8 1 0.0000 
Pb - 0 . 1 4 8 1 1 . 3 8 5 2 0.0000 
Pc 0.0000 0.0000 1 . 0 6 6 9 

We note that in spite of the crude approx imat ions 
which lead to Flygare's local approx imat ion the above 
values are in amazing agreement with the experimen-
tal results. 

b) 14JV Nuclear Quadrupole Coupling 

The experimental nuclear quadrupo le constants are 
related to the vibronic ground state expectat ion values 
of the second derivatives of the intramolecular Cou-
lomb potential at the 1 4 N nucleus by 

/.a a 
kl Q{d2V/da2) 

(6) 

(and cyclic permutat ion), with e the electronic charge, 
Q the 1 4 N nuclear quadrupo le moment , V the intra-
molecular Cou lomb potential at the nucleus caused 
by the extranuclear charge distribution, and h Planck's 
constant. 

Within the rigid nuclear f r ame approx imat ion 
the electronic ground state expectat ion values for 
(0 2 F/8a 2 ) etc. are given by 

e 2 F 
~da2 

n u^ e i 3 a 2
N 

= X Z9\e\—^ 

electrons 'X a 

- M < 0 | I ^ |0> (7) 

(and cyclic permutat ions) with anN = an — aN and 
a i N = fli — a N the a-coordinates of the n-th nucleus and 
the /-th electron with respect to the ni trogen nucleus, 
and with r n N and r iN the corresponding distances. The 
"Gaussian 86" program package was used to calculate 
these expectation values with 6 -311G** Har t ree Fock 
SCF wavefunctions. In order to get a feeling for the 
vibrational dependence we did not only run the pro-
gram for the res t ruc ture but also for an addi t ional 
OH-torsional angle t = 20° (rather than T = 0°), for 
two addit ional CNO-angles , ß, and for a tors ional 
around the C = N double bond. Except for the one 
angle changed, all other s t ructural parameters were 
held fixed to their revalues. The results are given in 
Table 9, in which we present the electric field gradients 
in atomic units rather than the second derivatives of the 
Coulomb potential. (The latter follow by multiplica-
tion with — | e | /al with a0 — Bohr 's radius.) To convert 
the field gradients into the experimental quadrupo le 
coupling constants according to (6), the 1 4 N nuclear 
quadrupole moment Q should be known. Unfor tu -
nately its exact value appears to be still unknown. We 
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Table 9. 6-311G** field gradients at the 14N nucleus (in 
atomic units) calculated at the restructure (see Fig. 1) for an 
OH-torsion angle T = 20°, for extra CNO-angles of 120.2° 
and 100.2°. In addition, the torsion of the methylen-group 
was taken into account by carrying out calculations on an-
other two configurations: a 10° torsion of the methylene 
group combined with a +20° (a) and —20° (b) torsion of the 
OH-group, respectively. 

Qaa Qbb <7 CC 

restructure -0.6945 1.1946 -0.5000 
i = 20° -0.7007 1.1974 -0.4967 
ß = 120.2° -0.7326 1.3262 -0.5937 
ß = 100.2° -0.6613 1.0657 -0.4044 
a -0.1701 1.1962 -0.4949 
b -0.7021 1.1924 -0.4903 

Table 10. 14N nuclear quadrupole coupling constants ob-
tained from the ab initio gradient at the restructure. The 
conversion factor -(e2 • 10"33/ßo h) = -0.234973 MHza.u.~1 

mbarn ~1 was used. The values for the 14N nuclear quadrupole 
moment were: QX = 17.4 mbarn (29), Q2 = 19.3 mbarn (30), 
ß 3 = 20.5 mbarn (31). 

Experimental Qi 02 03 

7n„ 3.0002(32) 2.8395 3.1495 3.3454 
Xbb -4.6900(20) -4.8842 -5.4175 -5.7543 
Xcc 1.6898(20) 2.0443 2.2675 2.4085 

quote three values: 

0 ! = 17.4(2) mbarn [29], 

Q 2 = 19.3(8) mbarn [30], 

0 3 =20 .5 (5) mbarn [31] 

(compare also [7]). 
With a conversion factor —0.234973 M H z a . u . - 1 

m b a r n - 1 to convert f rom the field gradients (in a tomic 
units) and the nuclear quadrupole momen t (in mbarn) 
to the quadrupole coupling constants , the values given 
in Table 10 are obtained. Clearly the calculated 
coupling constants differ f rom the experimental values 
well outside the quoted uncertainties. Reasons for this 
discrepancy might be: 

a) our neglection of vibrat ional averaging, 
b) our neglection of electron correlat ion in the ab 

initio t reatment , 
c) deficiencies of the basis set. 

In view of the fact that the field gradients calculated 
at different geometries only lead to minor changes (on 
the order of 0.3% or less if averaged over the corre-
sponding vibration), vibrational influences appear to 
be of minor importance. Thus, the discrepancies seem 
to be caused essentially by errors in the electronic 
expectation value in (7). F o r each choice of Q these 
errors may be estimated f rom the experimental cou-

b 

Fig. 4. Orientation of the molecular electric quadrupole 
moment tensor calculated from the TZVP values of Table 7 
and Qab = 4.4325 • 10~26 esu cm2. 

6az = 21.56°; 
Qx = -4.6576 • 10"26 esu cm2; 
Qz = 8.3122 • 10"2 6 esu cm2. 

0az denotes the angle between the a-axis of the principal 
inertia axes system and the z-axis of the coupling tensor. 

pling cons tants and from the nuclear contr ibut ions to 
the second derivatives of the intramolecular C o u l o m b 
potential . As it turns out, the ab initio results for the 
electronic cont r ibut ions are by 10 to 20% too large 
(depending on the choice of Q). We note that the neces-
sity for such a systematic downscaling of the electronic 
cont r ibu t ion to the field gradients calculated by S C F 
methods was demons t ra ted recently by Brown and 
H e a d - G o r d o n [32], and we believe that it is mainly 
caused by the neglect of electron correlation *. 

c) The Molecular Electric Quadrupole Moments 

While the S C F 6-311 G** wavefunctions fail to 
reproduce the 1 4 N quadrupo le coupling constants 
satisfactorily, they lead to molecular electric quadru-
pole momen t s which are in pleasing agreement with 
the experiment. They are given in Table 7. We are 
therefore ra ther confident that the S C F value for the 
only off-diagonal element of the molecular quadru -
pole momen t tensor is fairly accurate too, and we 
present the or ientat ion of the tensor in Figure 4. 
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826 A. Klesing and D. H. Sutter • High Resolution Study of the Rotational Spectrum of Formaldoxime 

[1] I. N. Levine, J. Molec. Spectr. 8, 276 (1962). [19 
[2] I. N. Levine, Dissertation, Harvard University (1962); 

Dissertation Abstr. 24, 1850 (1962). [20 
[3] I. N. Levine, J. Chem. Phys. 38, 2326 (1963). 
[4] M. G. K. Pillai, J. Phys. Chem. 66, 179 (1962). [21 
[5] V. K. Kaushik and K. Tagaki, J. Phys. Soc. Japan 45, 

1975 (1978). [22 
[6] M. H. Palmer, Z. Naturforsch. 41a, 147 (1986). 
[7] S. Gerber and H. Huber, Chem. Phys. 134, 279 (1989). [23 
[8] R. Scholl, Berichte 24, 573 (1891). [24 
[9] B. Kleibömer and D. H. Sutter, Z. Naturforsch. 43 a, 561 

(1988). [25 
[10] O. Böttcher, B. Kleibömer, and D. H. Sutter, Ber. 

Bunsenges. Phys. Chem. 93, 207 (1989). [26 
[11] W. H. Stolze and D. H. Sutter, Z. Naturforsch. 39 a, 1104 

(1984). [27 
[12] O. Böttcher and D. H. Sutter, Z. Naturforsch. 43 a, 47 

(1989), Appendix. 
[13] I. Merke and H. Dreizler, Z. Naturforsch. 43a, 196 [28 

(1989). 
[14] J. Haeckel and H. Mäder, Z. Naturforsch. 43a, 203 [29 

(1988). 
[15] D. H. Sutter and W. H. Flygare, Topics in Current 

Chemistry 63, 89 (1976). [30 
[16] H. Krause, D. H. Sutter, and M. H. Palmer, Z. Natur- [31 

forsch. 44 a, 1063 (1989). 
[17] H. D. Rudolph, Z. Naturforsch. 23a, 540 (1968). [32 
[18] W. Gordy and R. L. Cook, Microwave Molecular Spec-

tra, 3rd Edition, Interscience Publishers, New York [33 
1984. 

M. Stolze and D. H. Sutter, Z. Naturforsch. 40 a, 998 
(1985). 
J. Spieckermann and D. H. Sutter, Z. Naturforsch. 44 a, 
1087 (1989). 
W. Hüttner, M. K. Lo, and W. H. Flygare, J. Chem. 
Phys. 48, 1206 (1968). 
Gaussian 86, Carnegie-Mellon Quantum Chemistry 
Publishing Unit, Pittsburg PA 1984. 
W. H. Flygare, J. Chem. Phys. 41, 793 (1964). 
J. Mjöberg and S. Ljungren, Z. Naturforsch. 28a, 729 
(1973). 
C. H. Townes and A. L. Schawlow, Microwave Spec-
troscopy, Dover Publications, New York 1975. 
B. Fabricant, D. Krieger, and J. S. Muenter, J. Chem. 
Phy. 67, 1576 (1977). 
J. A. Pople and D. L. Beveridge, Approximate Molecu-
lar Orbital Theory, McGraw Hill Book Company, New 
York 1979. 
R. Ditchfield, J. E. Del Bene, and J. A. Pople, J. Amer. 
Chem. Soc. 94, 703 (1972). 
N. Ensllin, W. Bertozzi, S. Kowalski, C. P. Sargent, 
W. Turchinetz, C. F. Williamson, S. P. Fivozinsky, J. W. 
Lightbody, and S. Penner, Phys. Rev. (C) 9,1705 (1974). 
H. Winter and H. J. Andrä, Phys. Rev. (A) 21, 581 (1980). 
D. Sundholm, P. Pyykkö, L. Laaksonen, and A. J. 
Sadley, Chem. Phys. 101, 219 (1986). 
R. D. Brown and M. P. Head-Gordon, Mol. Phys. 61, 
1183 (1987). 
H. Dreizler, Mol. Phys. 59, 1 (1986). 


