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Acetone is a molecule with an intermediate barrier for methyl- top internal rotation, and only 
molecules in the A ^ - s t a t e of the tunneling mot ion exhibit a r igid rotor spectrum. For this state 
we report the results of a rotational Zeeman effect study of acetone in exterior fields up to 20 kGauss 
(2 Tesla). From an analysis of the observed Zeeman splittings wi th in the asymmetric top approxima-
t ion the nonzero elements of the g-tensor and the magnetic susceptibility anisotropies were obtained 
as follows: 

gaa= -0.04379 (8), ^ = - 0 . 0 6 6 1 1 (5), 0 C C=-O.O1481 (7), 

2 Z . a - f a ~ t c c = -9 -53 (21) 10- 6 erg G " 2 mo le " 1 and 2 Z b b - £ e c - Z . . = 25.57 (18) 10" 6 erg G " 2 

mole . The nonzero elements of the molecular electric quadrupole moment tensor were derived as 

Qaa— 2-77 (13) DÄ, Qbb= —4.59 (10) DÄ and Qcc= 1.82 (15) D Ä . 
Zeeman spectra were also recorded for seveal low-J transitions of molecules in the EE-state of 
methyl top tunneling (one top tunneling), and so far the same splittings have been found as for the 
A^i-species. 

Introduction 

Acetone, C H 3 - C ( 0 ) - C H 3 , is a molecule in which 
the internal rotation of the two methyl tops is hin-
dered by a barrier of intermediate height. Even in the 
vibronic ground state, tunneling of the tops leads to a 
perturbation of the overall rotation and each rota-
tional transition is split into a quartet. Figure 1 is 
intended to provide a general idea of these tunneling 
(or internal rotation) splittings. From them the barrier 
height can be deduced. The most recent value for the 
latter has been presented by Vacherand, van Eijck, 
Burie, and Demaison [1,2], who have also studied 
several deuterated species and who could show con-
clusively that the equilibrium configuration of acetone 
has C2v-symmetry with the inplane hydrogen of each 
top in eis position with respect to the oxygen. From 
their studies the barrier to CH3-internal rotation has 
the value V3 = 760.82 (14) eal mo le - 1 or 266.28(5) 
c m - 1 . For earlier investigations see [3-5], 
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Our interest in a rotational Zeeman effect study was 
threefold. First of all we wanted to check an old pre-
diction for the nonzero elements of the g-tensor and of 
the magnetic susceptibility tensor [6]. This prediction 
had essentially been based on additivity rules for the 
individual components of the molecular magnetic sus-
ceptibility tensor. These rules had been developed 
originally by T. Schmalz from Flygare's group at Ur-
bana [7, 8] as an extension of Pascal's rules for the 
bulk susceptibilities. Additional input of the molecu-
lar structure [9] and of electronic ground state expec-
tation values for the squares of the electron coordi-
nates <0|X^e |0> etc. had also lead to a prediction of 
the gr-tensor. Second we wanted to see whether CH 3-
tunneling would lead to different Zeeman-patterns for 
molecules in different tunneling states. Last not least 
we wanted to use the rotational Zeeman effect for an 
experimental determination of the molecular electric 
quadrupole moment of the molecule. Together with 
the knowledge of the molecular electric dipole mo-
ment the knowledge of the molecular electric quadru-
pole moment is thought to be important for the under-
standing of the shapes of weakly bound van der Waals 
complexes. Furthermore acetone has been observed in 

0932-0784 / 92 / 0300-543 $ 01.30/0. - Please order a reprint ra ther than mak ing 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.



528 F. O lda g and D. H. Sutter • The Rotat ional Zeeman Effect in Acetone 

Sßi 

A,E EA, EE A, A, 

10 MHZ 

Fig. 1. In the vibronic states investi-
gated here, the molecule is essentially 
locked in its shown equil ibrium con-
figuration. Yet tunneling of the two 
methyl tops leads to quartet splittings 
of the rotational transition as is shown 
in this bar spectrum, which corre-
sponds to the 3 2 1 ->3 1 2 rotat ional 
transition. The internal angular mo-
mentum due to tunneling is indicated 
by arrows. It is very small and the mag-
netic moment associated with it could 
not be detected with the available reso-
lution. Proton spin statistics deter-
mines the relative intensities of the tor-
sional satellites. 

interstellar space [10] and its dipole and quadrupole 
moment might be also of interest for a more detailed 
understanding of ion/molecule reaction mechanisms 
in interstellar clouds. 

Experimental and Analysis 

The spectrometer used in the present investigation 
is basically the same as describd earlier in [11], but its 
frequency range has been extended to include the Ku-
band (12.4 to 18 GHz). In-band rectangular brass 
waveguides were used as absorption cells. Typical 
sample pressures were around 1 mTorr and typical 
cell temperatures were close to — 50 °C. As an example 
for the quality of the spectra obtained we present zero 
field and high field transient emission signals and the 
corresponding Fourier transform amplitude spectra 
for the 32 1 -»• 312 rotational transition in Figs. 2 and 3. 
They arose from molecules in the non-tunneling 
Aj A!-state of internal rotation. For the final determi-
nation of the zero field frequencies and of the Zeeman 
satellite frequencies we have used Haekel's computer 
program [12] in which the frequencies, amplitudes and 
phases, which are present in the transient emission 
signal are fitted to the latter by an iterative non linear 
least squares procedure. 

In Table 1 we present some results. We also present 
observed Zeeman satellite frequencies for several rota-
tional transitions of molecules in the EE-torsional 
state (just one top tunneling). The splittings are essen-
tially the same as for the AjAj-species. Apparently the 

angular velocity associated with the tunneling is too 
small as to give rise to measurable extra magnetic 
moments, quite in analogy to the case of acetaldehyde, 
an other molecule with an intermediate barrier to in-
ternal methyl top rotation [13]. 

For the determination of the g-tensor elements and 
of the susceptibility anisotropics wer have used the 
Zeeman splittings observed for molecules in the non-
tunneling A ̂ - s t a t e of internal rotation, and we have 
applied the standard rigid rotor theory to fit the g-ten-
sor elements and susceptibility anisotropics to the ob-
served splittings. The effective rotational constants of 
the AjAj-species were used as additional input. (They 
determine the expectation values for the squares of the 
angular momentum operators Jfl

2, Jb
2, and Jc

2 which 
enter into the theoretical expressions for the splittings 
(c.f. Chapter B in [6])). The results of the corresponding 
least squares fit are presented in Table 2. The sign of 
the g-values (only their relative signs are determined 
by the experiment) follows conclusively from the fact 
that the opposite choice of sign would lead to unrea-
sonably large quadrupole moments (see below). Also 
given for comparison are the corresponding results 
obtained for the EE-torsional state. Neglecting tun-
neling they too were fitted to the observed Zeeman 
splittings by use of the standard rigid rotor theory 
albeit with a different set of rotational constants. We 
found that the rigid rotor theory fits the observed 
splittings surprisingly well. Originally we had ex-
pected that in the Zeeman splittings of the EE-species 
rotational transitions tunneling would lead to 10 to 
30 kHz deviations from rigid rotor behaviour. This 
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Fig. 2. Transient emission signals f rom the 3 2 1 - * 3 1 2 rotat ional transit ion of 
molecules in the A , A ! state of the CH 3 - tunnel ing mot ion. The upper transient 
is observed wi th the magnetic field turned off. The lower transient is observed 
in a magnetic field of 17 891 Gauss. Totals of 3.2768 106 (zero field case) and 
98.304 106 (field-on case) transients were averaged up to obtain the signals 
presented here. F rom each transient emission 3072 data points were sampled 
at 10 ns intervals, which translates into an observation time of 30.72 ps. The gas 
pressure was about 1 mTorr and the temperature was about — 50 °C. 

Fig. 3. Fourier transform amplitude spectra corresponding to the transient 
emission signals shown in Figure 2. The insert shows the orientat ion of the 
cross section of the rectangular waveguide absorption cell wi th in the gap of the 
magnet. The magnetic field, point ing f rom the upper pole to the lower pole, 
determines the axis of quantization. W i th the electric vector of the microwave 
field perpendicular to the broad face of the waveguide, i.e. perpendicular to the 
magnetic field, its torque on the molecule changes the angular momentum in 
the direction of the field. Quantum mechanics leads to the | A M | = 1 selection 
rule. The M-quan tum numbers of the upper and lower states are given below. 
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Table 1. Selected zero field and high frequencies determined 
by direct fits to the recorded transient emission signals [12]. 
Their absolute uncertainties are largely determined by noise. 
They are about 4 kHz for the Zeeman satellites and smaller 
than 2 kHz for the zero field frequencies. The standard rigid 
rotor Zeeman Hamil tonian was used to calculate the Zee-
man splittings presented in the last column. For the g-values 
and susceptibility anisotropics compare Table 2. 

Table 1. (continued.) 

Rotational transit ion 
Zero field frequency 
Magn. field strength 

M'-*M" ( v - v 0 ) „ p / (v-v0)calc 
M H z M H z 

AjAj-species 
I n - * Ooo 
15996.335 M H z 0 0 -0 .137 -0 .136 
17865 G 
22 1 - * 21 2 
15827.741 M H z - 2 - - 2 -0 .367 -0 .370 
15867 G 
3 3 
10762.709 M H z - 3 -» - 2 -1 .128 -1 .130 
17891 G - 2 - 1 -0 .927 -0 .928 

- 1 -» 0 -0 .747 -0 .746 
0 - 1 -0 .588 -0 .587 
1 -»• 2 -0 .448 -0 .448 
2 - 3 -0 .330 -0 .330 

- 2 - 3 0.461 0.462 
- 1 - - 2 0.588 0.591 

0 - 1 0.698 0.698 
1 0 0.783 0.783 
2 1 0.851 0.848 

3 - * 3 
10762.709 M H z 

3 

- 3 

2 

- 2 

0.893 

-1 .263 

0.892 

-1 .256 
19680 G - 2 - 1 -1 .023 -1 .025 

- 1 0 -0 .818 -0 .819 
0 -> 1 -0 .638 -0 .639 
1 2 -0 .485 -0 .485 
2 - 3 -0 .356 -0 .356 

- 2 - 3 + 0.515 + 0.515 
- 1 -> - 2 + 0.656 + 0.657 

0 - 1 + 0.773 + 0.773 
+ 1 - 0 + 0.865 + 0.864 

^40 ^31 
16689.830 M H z + 4 - + 4 -0 .281 -0 .282 
15687 G 

-*32 ~~* 523 
16943.540 M H z - 4 - 4 -0 .347 -0 .350 
13137G + 5 -> + 5 + 0.379 + 0.380 

EE-species 
Iii *Ooo 
15074.077 M H z 0 - - 0 -0 .136 -0 .136 
17864 G 
2 - + 1 21 12 
15750.854 M H z - 2 -» - 2 -0 .421 -0 .418 
17866 G - 1 - 1 -0 .176 -0 .183 

16912.377 M H z - 3 - - 3 + 0.356 + 0.361 
17865 G + 4 + 4 -0 .302 -0 .304 

^32 ~~* ^23 
16937.686 M H z - 5 - - 5 + 0.717 -0 .715 
19675 G - 4 -> - 4 -0 .534 -0 .538 

I n - * 0oo 
15074.076 M H z - 1 -• 0 -0 .303 -0 .304 
16024 G + 1 - 0 + 0.411 + 0.413 

Rotational transition 
Zero field frequency 
Magn. field strength 

A / ' - M " ( V - V o )exp / 
M H z 

( V - V o ) c a l c / 
M H z 

4 -*A + 2 - + 1 + 0.469 + 0.468 
16912.377 M H z + 4 + 3 + 0.370 + 0.373 
18155G 

^ 1 1 ~ * ^ 0 2 - 2 -1 .135 -1.125 
11272.459 M H z - 1 0 -0 .650 -0 .649 
17891 G + 0 - + 1 -0 .302 -0 .306 

+ 1 - * + 2 -0 .088 -0 .095 
- 1 -> —2 + 0.130 + 0.121 

0 + 0.534 + 0.535 
+ 2 - • + 1 + 0.958 + 0.966 

^ 2 1 ~ * -^12 - 3 —2 -1 .246 -1 .255 
10751.662 M H z - 2 ^ - 1 -1 .017 -1 .023 
19680 G - 1 -v 0 -0 .814 -0 .817 

0 ^ + 1 -0 .637 -0 .636 
+ 1 ->• + 2 -0 .484 -0 .482 
+ 2 - + 1 -0 .357 -0 .355 
- 2 -»• — 3 + 0.512 + 0.512 
- 1 — 2 + 0.655 + 0.655 

0 - • - 1 + 0.771 + 0.772 
+ 1 0 + 0.862 + 0.864 
+ 2 - + 1 + 0.927 + 0.929 
+ 3 - > + 2 + 0.967 + 0.967 

^ 3 0 ~ * ^ 2 1 - 1 0 + 0.765 -0 .765 
11257.731 M H z + 3 ^ + 2 + 0.487 + 0.487 
17891 G + 1 0 + 0.582 + 0.583 

0 ^ - 1 + 0.702 + 0.698 

Table 2. Molecular ^-values and magnetic susceptibility an-
isotropics in acetone. Using the standard asymmetric top 
Hamiltonian, they were determined by fitt ing to the observed 
frequencies presented in Table 1. As effective rotat ional con-
stants we have used A a a = 10185.877 MHz, B A A = 8520.026 
M H z and C A A = 4910.458 M H z for the A ^ - s p e c i e s (no 
tunneling), and AE E = 10162.524. B E E = 8523.222 MHz, and 
CE E = 4911.552 M H z for the EE-species (just one top tunnel-
ing). Given uncertainties are single standard deviations from 
the fit. The sign of the g-values follows from the fact that the 
opposite choice would lead to unacceptably large values for 
the molecular electric quadrupole moments. 

A, A,-species EE-species 

9aa -0 .04379 (8) -0 .04372 (6) 
9bb -0 .06611 (5) -0 .06595 (4) 
Sec -0 .01481 (7) -0 .01494 (6) 

2 Caa ^bb ^cc -9 .53 (21) 10~6 erg 
• G m o l e " 1 

- 9 . 2 8 (19) 10"6 erg 
• G m o l e - 1 

2 t b b - i t c - Z . a + 25.57(18) 10~6 erg + 25.44 (15) 10" 6 erg 2 t b b - i t c - Z . a 
• G - 2 mole" 1 • G - 2 m o l e - 1 
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would have corresponded to perturbations in the 
same order of magnitude (several %) as are found for 
the absolute frequencies. But our present experimental 
knowledge tells that in acetone the effect of tunneling 
is still below the experimental resolution of our spec-
trometer. We took this as a justification to procede 
with the evaluation of the Zeeman data as if acetone 
were a rigid asymmetric top and used the measured 
gr-values, susceptibility anisotropics and rotational 
constants of the A^ j - to r s iona l species to calculate 
the molecular electric quadrupole moments according 
to the equation (c.f. Chapt. II.A in [6] and refs. cited 
therein) 

Qaa = {el2){YZn{2al-bl-cl) 

- < 0 | I ( 2 a 2 - f c 2 - c 2 ) | 0 > } 

= -[(h- e)/(\6 n2 mp)] {(2gaa)/A - gbb/B -gJC} 

— [(2 m c2)/(e N)] {2 £aa — €bb — £cc} (1) 

(and cyclic permutations). 

In (1) e is the absolute value of the electron charge; an, 
bn, cn, ae, be, ce are the principal inertia axes coordi-
nates of the nuclei and electrons, respectively, and the 
sums run over the indices of the nuclei, n, and of the 
electrons, e; m is the electron mass, mp the mass of the 
proton; c the velocity of light; N Avogadro's number; 
and h Planck's constant. Our result for the nonvanish-
ing elements of the molecular electric quadrupole mo-
ment tensor of acetone is 

Qaa= 2.77 (13) D Ä , 

Qbb=-4.59(10) DÄ, 

Qcc = 1.82 (15) DÄ, 

if the sign of for the g-tensor elements is choosen as 
presented in Table 2. For the opposite choice of sign 
one would obtain unreasonably large absolute values: 

Qaa= 8.02 DÄ, Qbb= -24 .36 DÄ, and Qcc= 16.34 DÄ. 

This choice of sign could therefore be discarded. 
If one supplements our experimental data for the 

susceptibility anisotropics by the known bulk value 

£ b u l k = ( £ a a + £ b b + £ c c ) / 3 

= -33 .78 (20) 1 0 - 6 erg G - 2 m o l e - 1 [14], 

(uncertainty assumed), the individual components of 
the susceptibility tensor follow as 

£aa = _ 36.96 (21) 10 " 6 erg G ~ 2 mole " 1 , 

Zb b= -25.26 (21) 1 0 - 6 erg G - 2 m o l e - 1 , 

£cc = -39 .13 (21) 1 0 - 6 erg G - 2 m o l e - 1 . 

For comparison we present our predicted values: 

^ = - 3 5 . 4 ( 3 0 ) , £ b b = - 2 9 . 7 (30), and 

£cc = —39.6 (30), 

all in units of 10~6 erg G - 2 mole - 1 . 
Except for the £bfc-value, which falls slightly out of 

the predicted uncertainty limits, the other two suscep-
tibilities are found well within their predicted ranges. 
In this context we find it interesting to note that the 
out-of plane minus average in-plane susceptibility or 
2 £cc — £aa — £bb is predicted with very reasonable accu-
racy within a newer additivity scheme devised by 
J. Spieckermann from our group about two years ago. 
As increments for the susceptibility tensor he uses 
tensors ascribed to larger molecular subunits. In our 
case his subunits CH 3- and >C = 0 ( k e t o n e s ) apply with 
2Zcc-Zaa-Zbb values of +2.33 and -20 .57 1 0 - 6 erg 
G - 2 mole - 1 , respectively. This would lead to a pre-
dicted value of —15.91 units for 2£cc — £aa — £bb as 
compared to the experimental value of —16.15 (24) 
units, i.e. to a prediction within the experimental un-
certainties. 

Summary 

Within the present investigation we could deter-
mine the molecular ^-tensor and, if supplemented by 
the bulk susceptibility, the molecular magnetic sus-
ceptibility tensor of acetone in its vibronic ground 
state. 

Initially unexpected to us, we found that in the 
Zeeman patterns the presence of methyl top tunneling 
is not reflected in measurable deviations from rigid 
rotor behaviour, at least not in the low-J transitions 
studied here. (We had expected that, after a rigid rotor 
optimization of the g-values and susceptibilities, one 
would be left with mismatches on the order of 10 to 
30 kHz). 

The experimental susceptibilities were found 
roughly within the ranges predicted from additivity 
rules, in which the molecular susceptibility tensor is 
composed from atomic building blocks. Standard hy-
bridizations are accounted for in the scheme (for in-
stance sp-, sp2-, and sp3-carbon atoms are distin-
guished). But for instance corrections for electro-
negativity differences between neighbouring atoms 
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are not considered in order to keep the scheme simple. 
We think that the fair success of the prediction rends 
some credit to such additivity schemes for use in quick 
estimates of susceptibility tensors of molecules not yet 
measured. 

Finally the molecular electric quadrupole moment 
tensor could be determined with reasonable accuracy, 
and it is hoped that its elements will be of help for the 
prediction of the equilibrium configuration of van der 
Waals molecules involving acetone as one of their 
subunits. 

Acknowledgements 

We gratefully acknowledge the support by Deut-
sche Forschungsgemeinschaft and Fonds der Deut-
schen Chemischen Industrie. We would also like to 
thank Dr. Wolfgang Stahl for critically reading the 
manuscript and J. Spieckermann for permission to use 
results of his refined empirical additivity scheme for 
the molecular magnetic susceptibility tensor prior to 
publication. Free computer time at the computer cen-
ter of our university is also gratefully acknowledged. 

[1] J. M . Vacherand, B. P. van Eijck, J. Burie, and J. De-
maison, J. Mol . Spectrosc. 118, 355 (1986). 

[2] J. M. Vacherand, B. P. van Eijck, J. Burie, and J. De-
maison, loc. cit. 120, 118 (1986). 

[3] J. D. Swalen and C. C. Costain, J. Chem. Phys. 31, 1562 
(1959). 

[4] R. Nelson and L. Pierce, J. Mol . Spectrosc. 18, 344 
(1965). 

[5] R. Peter and H. Dreizler, Z. Naturforsch. 20 a, 301 
(1965). 

[6] D. H. Sutter and W. H. Flygare, Topics in Current 
Chemistry 63, 89 (1976). 

[7] Tom G. Schmalz, P h D Thesis, University of Illinois, 
Urbana 1972. 

[8] T. G. Schmalz, C. L. Norris, and W. H. Flygare, J. Amer. 
Chem. Soc. 94, 7961 (1973). 

[9] T. Jijima, Bull. Chem. Soc. Japan 45, 3526 (1972). 
[10] F. Combes, N. Gerin, A. Wootten, G. Wlodarczak, F. 

Clausset, and P. J. Encrenaz, Astron. Astrophys. 180, 
L13 (1987). 

[11] O. Böttcher, B. Kleibömer, and D. H. Sutter, Ber. Bun-
senges. Phys. Chem. 93, 207 (1989). 

[12] J. Haekel and H. Mäder, Z. Naturforsch. 43a , 203 
(1988). 

[13] W. Hüttner and W. H. Flygare, Trans. Faraday Soc. 65, 
1953 (1969). 

[14] Handbook of Chemistry and Physics, R. C. Weast Ed., 
The Chemical Rubber Co., Cleveland, Ohio, 51st Edi-
t ion (1970), page E-132. 


