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The molecular-beam electric-resonance method was used to investigate the Stark-Zeeman spectra of theJ= 1, u = 0 
state of CO. Along with the most abundant species r2C’60 we studied the ‘3C160 and 12C’80 molecules. The electric di- 

pole moment, the magneticgrfactor, the magnetic susceptibility anisotropy. and the spin-rotation constant of carbon-13 
were obtained. The experimental results were used to determine the polarity of the electronic charge distribution (C-Of 
was found), the vibrational dependence of the electric dipole moment, and the molecular quadrupote moment. 

1. Introduction 

The carbon monoxide molecule has been subject of 
many investigations, both theoretical and experimental. 
A controversial point concerning the electronic struc- 
ture was the sign of the electric dipole moment. The 
microwave experiments of Rosenblum et al. [l] on the 
rotational magnetic moments of several isotopic spe- 
cies of CO seemd to indicate a C-Of polarity. Be- 

cause questions were raised [2] concerning the inter- 
pretation of the data of Rosenblum et al. more accu- 
rate measurements of the sign and of the absolute val- 
ues of the rotational magnetic moments of 12C160 
and 13C160 have been performed by Ozier [3,4] 
using the molecular beam magnetic resonance (MBMR) 
method. However, even with the improved accuracy 

an unambiguous determination of the sign of the elec- 
tric dipole moment could not be made 141. Molecular 
orbital calculations of Nesbet [2] and by Huo [5] 
predicted a positive sign of the electric dipole moment 
(PO-) whereas recent calculations of Billingsley and 
Krauss [6] using configuration interaction produce a 
negative sign (C-O+). 

The absolute value of the electric dipole moment 
of 12C160 has first been obtained by Burrus [7]. from 
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Stark shifts of the J = 1 + 0 rotational transitions 
yielding 0.112(S) D. A molecular beam electric reso- 
nance (MBER) investigation by de Leeuw [8,9] and 
more recently by Muenter [IO] yieIded for the rota- 
tionless electric dipole moment tie,) the value of 
0.1096(2) and 0.10980(3) D, respectively. The di- 

pole moment expansion function was obtained by 
Toth et al. [1 l] from infrared line intensity measure- 
ments in the 3-O band. The vibrational dependence 
of the dipole moment calculated from this expansion 
function is quite large, about 10%. 

The molecular quadrupole moment (0) of CO has 
been obtained by a variety of experiments and the re- 
sults cover a wide range of values. Stogryn and Stogryn 
[12] list values of the quadrupole moment from 10 I = 
0.92 X 1O-26 esu cm2, obtained by Smith [13] from 

microwave line broadening to (-2.50 + 0.13) X 1O-26 
esu cm2 obtained by Buckingham [14] from a mea- 
surement of the induced birefringence. The value of 0 
calculated by Gustafson and Gordy [15] from the ro- 
tational g-factor and the magnetic susceptibility ani- 
sotropy is (-2.0 +- 1.0) X 1O-26 esu cm2. A recent in- 
vestigation of Buontempo et al. [16] of the far infrared 
absorption spectra of CO in Ar both in the gas and in 
the liquid phase yielded a value of (1.9 * 0.1) X 1O-26 
esu cm2. The results of ab initio molecular orbital cal- 
culations vary from -1.80 to -2.23 X 1O26 esu cm* 
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. 
In the present work, the moiecuIar beam electric 

resonance method has been applied for three isotopic 
species of CO: 12C*60, 13C160 and 12C1*0. The 
N = 0 transitions in the J = 1, u = 0 state were investi- 
gated in an electric and magnetic fieId, yielding the 
electric dipole moment and the molecular magnetic 

moment for the three isotopic species, the anisotropy 
in the susceptibility of 12C160 and 12C180, and the 
carbon-13 spinYrotation constant in i3C160. The 
present results agree with earlier determinations wher- 
ever available. Thanks to the high accuracy of the rela- 
tive values for the g-factor of the isotopes 12C160 and 
12C180 we were able to determine unambiguously the 
negative (C-O+) polarity of the electric dipole moment. 
The vibrational dependence of the electric dipole mo- 
ment was calculated from the observed values for the 
dipole moment in the different isotopes. 

.- 

The molecular quadrupole moment in the ground 
vibrational state of CO was obtained from the molec- 
ular g-factors and the anisotropies in the susceptibility. 
The result is B = -1.95(4) X I@ esu cm2 with the 
center of mass as the origin of the coordinate system. 

2. Theory 

The hamihonian for the interpretation of the 
MBER spectra of the investigated isotopic species of 
CO in an external electric field E and a magnetic field 
H may be written in the form: 

-$H.X.H+cI.J. (1) 

The average value ofHo in eq. (1) gives the electronic 
and vibrational energies. These energies are not impor- 
tant in the preient study and are not discussed further. 
The other terms describe the rotational energy, elec- 
tric dipole contribution, electric polarizability, molec- 
ular Zeeman effect, magnetic susceptr%iIity, nuclear 
Zeeman effect and spin-rotation interaction, respec- 
tively. The last contribution is only relevant for 
13ti60. The quantities which appear in eq. (I) are: 
B, the rotational constant; J, the rotational angular 
momentum; pel, the electric dipole moment; a, the 
polarizability tensor;gJ, the rotational gyromagnetic 
ratio;pN, the nuclear magneton;X, the magnetic sus- 
ceptibility tensor;I, the nuclear spin; and c the spin- 

rotation constant. The rotational magnetic moment 
KJ is related to gJ by gJuN = P~IJ- ‘. 

The matrix elenients of the hamiltonian were cal- 
culated In the decoupled representation: IJMJ)(ZMI), 
where I has only significance for 13C160. A computer 
program was used to calculate the matrix elements for 
the states J=O through 3 and to obtain the eigenval- 
ues by diagonaliiation of the complete matrix. In this 
calculation the contribution of the Stark effect in the 
J= 1 state is correct up to fourth order (g4E4/l13B3). 

The matrix elements are expressed in terms of cou- 
pling constants pet, au - (or, go, xe - xl, and c. The 
subscript (II) indicates the component of the reIevant 
tensor along the molecular axis and (1) the component 
perpendicular to It. The relations between the coupling 
constants and the molecular properties and electronic 
charge distribution in the molecule are given in a pre- 
vious paper [IS]. 

3. Experiment and results 

The molecular beam apparatus used has been de- 
scribed in details elsewhere [I 81. Below only the ex- 
perimenta! conditions relevant for the present work 
are discussed. A nozzle source was used with a diameter 
of 100 crm and backing pressure of 250 tort, The 
source was cooled to liquid nitrogen temperature. The 
beam intensities of i2CL60, 13C% and 12Cts0 were 
monitored at the parent ion peaks m/e = Z&29 and 
30, respectively. Commercial CO gas was used and the 
spectra of the two isotopic species 13@0 and 
12C180 were investigated in their natural abundances. 
For all three isotopes the transitions observed were 
J=1,MJ-=O~J=1,M,=~1(~~=Oin13C160) 
in an electric field. The same transitions in combined 
electric and magnetic fields were performed only for 
ihe molecules 12C160 and 12C180. The apphed elec- 
tric fields were 4.7 and 6.3 kV/cm, corresponding to 
Stark shifts of about 175 kHz and 30.5 kHz, respec- 
tively. The value of the magnetic field used was about 
8.4 kc. The full line width at haIf maximum was 1.5 
kHz. Typical signal to noise ratio of these transitions 
was SO for 12CL60 and 3 for 13C160 and 12C180 at 
a time constant of 1 s. 

Because of the weak Stark effect the Zeeman and 
Stark splittings are comparable already at relatively 
low magnetic field strengths. This results in a level 
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diate case) the absolute value of c and the value of ,!+l 
found for a negative spin-rotation constant, c = 
-40.4 kHz, and I-(~~ = 0.10893 D, are markedly differ- 
ent from those given in table 1 (positive c constant). 
The value of the electric dipole moment corresponding 
to a negative c constant would lead to an unrealistic 
vibrational dependence of the electric dipole moment 
(see below) for *3C160 as compared with reliable re- 
sults for the other isotopes. Although the spectrum of 
13C160 alone does not allow determination of the 
sign of the spin-rotation constant, assignment of a 
positive sign (in agreement with Ozier.et al. [4]) looks 
well justified. 

~.’ 

4.2. The Yibr&ion~Z dependence of fhe electric dipole 
moment of CO 

4. Discussion 

4.1. The sign of the electric dipole tnoment 

It was shown by Townes et al. [22] that the sign of 
the electric dipole moment can be obtained from the 
isotopic dependence of the moleculargJ-factor. The 
appropriate equation is 

@(2)/2n& - lQ(1)/2nB = -2& n , (2) 

where g&) and Bi (i = 1,2) is the grfactors and rota- 
tional constant, respectively, of the isotopic species i; 
d is the displacement vector of the center of mass of 
isotope 2 referred to the center of mass of isotope 1. 
Eq. (2) is deduced by assuming that the intermolecular 
distances and the electronic charge distributions are 
the same in both isotopes. Furthermore vibrational ef- 
fects are neglected. The values of ye.l calculated from 
the presently observed relative gSfactors of 12C160 
and l*C1gO is pcI,, = -0.07(2) D, corresponding to a 
C-0’ polarity of the electronic charge distribution. 
The vibrational correction on the evaluation of ,uel 
from eq. (2) was estimated to be 6%, which lies well 
within the uncertainty in pet as determined from eq. 
(2). This estimate was obtained using eq. (4) given in 
ref. [IS] and the theoretical results forgJ from 
Stevens and &plus [23]. The absolute value of Cc,1 
found in this way is quite acceptable in view of the 
approximation made in the derivation of eq. (2). 

. 

The expectation value of the electric dipole moment 
in a given vibrational-rotational state can be expanded 
as a Taylor series in Be/q where Be and o, are the 
rotational constant and vibrational frequency, respec- 
tively, for the equilibrium distance (r,). As &./we = 
8.9 X 1 OM4 for CO we can neglect the terms involving 
powers of (Be/we. for n > 2. The following equation 
is then obtained for the expectation value of jfet 124, 
25,181 

+ fz @daf2)1,,re m + 4) , (3) 

where ne, (a~/ar)l,,, and (a2y/ar2)lr_r is the elec- 
tric dipole moment, %e first and the &bd deriva- 
tive, respectively, with respect to the internuclear sep- 
aration I evaluated at the equilibrium distance r-e; al = 
-(I + ol,w,/6Bz) is a Dunham potential constant [25]. 
Assuming that the Born-Oppenheimer approximation 
is valid, the electronic wavefunction and subsequently 
the dipolar properties of the molecule are not infiu- 
enced by the change in vibration. In this approximation 
the difference in the expectation values of the electric 
dipole moments for two isotopic species A and B is 
then: 

Herein mti is the reduced mass of a molecule. It is 
clear from eq. (4) that the relative dipole moments of 
13C160 and 12C180 with respect to 12C160 should 
both be larger or both be smaller than unity. The ex- 
perimental values of the relative dipole moment are 
1.0027(4) for 12C1*0 and l-0027(4) or 0.9930(4) 
for 13C160 assuming a-positive or a negative value for 
the carbon-13 c-constant, respectively. This has led to 
the conclusion of a positive sign for the spin-rotation 
constant discussed in the previous section. 

With the values for the relative electric dipole mo- 
ments from table 1 in combination with eq. (4) we’ 
found 
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pe = -0.123(2) D, 

and 

(B,/w,!{-3nlr,(a~~ar) f &a2pjaG)) = 0.026(3) 9. 

The errors indicated are determined by the uncertain- 
ties in the experimental values, while the results for 
each pair of isotopes agree within those errors. 

With the above’results the vibrational dependence 
of QL>~ is given by 

(&l)” = -0.123 + 0.026 (u + $). 

Toth et al. [I I] obtained from infrared intensity 
measurements for the dipole moment expansion 

M(z)=Mof3.10(r-re)-0.14(r-~e)2 

- 2.3O(r - r,)3, 

where M(r) is in debye. Since the experiments of Toth 
et al. were not able to determine an independent vaI- 

ue forMO, they adopted Burrus’ [7] value of -0.112 D. 
The above equation can be rewritten as (251 

(M(r)), = MO + 0.025 (u + ;) . 

The vibrational dependence of the dipole moment as 
obtained in the present work and by Toth et al. are in 
excellent agreement. An experimental v&e of the 
electric dipole moment in oneiof the excited vibration- 
al states would allow a more diect determination of 
both pe and the vibration4 part of pel. It is unfortun- 
ately not possible to observe MBER spectra of CO in 
an excited vibrational state with the present sensitivity 

of the spectrometer. 

4.3. The molecularquadrupole moment 

The relation originally derived by Ramsey [19] _ 
was applied to calculate the molecular quadrupole 

moment of CO: 

19 = -(‘+m/e)(Xn - XL> + &FJ!~“B 

In this equation m and e are the &lectronic mass and 
proton charge, respectively; mk and Z, are the mass 

and the charge of thekthnucleus, respectively. With the 
experimental values ofgJ and x,, -x1 from table I the re- 

sult is Q_o=-1.43(4) and -1.97(4) for 1*Cl60 and 
12C1*0 respectively,inunits of 10-26esu cm2. In the 
calculation the vibrational corrections togJ as discussed 
in ref. [ 181 were included using the results of Stevens 

and Karplus [23] to obtain the first derivative ofg, 

to the internuclear separation. Other experimental 

results for B are in the same units -2.50(13) [14], 
-2.0(10) [15J and -1.9(l) [16].The values for 0 
from molecular orbital calculations are given in table 2. 

4.4. Comparison of experimental results with results 
from a.3 initio cakubtions 

The present experimental results are summarized 
in table 2 along with results of ab initio calculations. 
The most extensive calculations have been performed 
by Stevens and Karplus [23] who evaluated the mag- 
netic properties of CO at four different internuclear 

Table 2 
Calculated and observed electric and magnetic properties of the CO molecule. AU calculated results are reported for the equilibrium 
distance, unless otherwise specified 

Nesbet Huo Bilhgsley Billingsley Stevens and Observed a) 

t21 151 and Krauss [ 61 and Krauss [ 171 Karplus [23] 

tie1 0) a.379 0.274 -0.1~1 b) 0.268 -0.1097(l) 
e (lo-= esu cm? -1.79 -2.14 -2.23 b) -1.94(4) 

gJ -0.2424 -0.2689X5) 
x -8.262(12). 
~v(t0-6 erg/G2 mole) 6 

- ~~(10’~ erg/G* mole) -6.973 
18.334 19.01(2) 

c in W60 (k&I 31.56 32.70(12) 

a) Observed values are alI of 12C?60 except the C-constant. 
b) Vibrationally averaged value, u = 0 state. 
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.’ method. Thei; results show rather good agreement 
with the experimental ones. The only exception is the 

value of the electric dipole moment. The results for the 
electric.dipole moment obtained by Nesbet [2], by 
Huo [S] and by Billingsley and Krauss [6] also dis- 

‘agree with the experiments. The latter authors obtained, 

[61-F-P. BillingsI& and M. tiuss, J. C&I. Phys. 60 (1974). 
4130. 

[7] CA. Burrus, J..Chem. Phys. 28 (1958) 427, 
[8 J F.H. de Leeuw, Ph.D. The.$is, Nijmegen, The N&therkm$ 

(1971) p. 22: . 
[9 j F.H. de Leeuw, Quarterly Report 36, Atomic &d Molec- 

ular Research Group, Nijmegen, The Netherlands (1972). 
[lo] J.S. Muenter, J. MoL Spechy. 55 (1975) 490. 
[ll] R.A. Toth, R.H. Hunt and E.K. Plyer, J.‘Mol. Spectry. 

32 (1969) 85. 
however, the correct sign. The results of all ab initio 
calculations for the molecular quadrupole moment 
show rather good agreement with the present result. 
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