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matrix C [Eq. (1), the elements of which are listed in
Table I, together with the orbital energies, e. The results
of the CT calculation for the singlet states are given by
the matrix U [Eq. (13)], with its elements shown in
Table II. The wavefunctions are classified by their
symmetry types, 14; and 1B,.'* In Table II are also
recorded both calculated and observed state energies,
E—E,, and oscillator strengths, f.17

In order to apply the configuration analysis to the
results of the above calculations, reference MO’s are
chosen which consist of the MO’s localized in the ben-
zene ring and on the oxygen atom. The elements of the
matrix C° [Eq. (2) ] are given in Table I1I, and those
of the matrix B [Eq. (3)] in Table IV.

Each of the singlet configurations V, included in the
CI calculation (see Table II) is now analyzed into the
V,%s in the form of Eq. (11). The coefficients ., were
computed for all the 12 singly excited configurations
Va? and some doubly excited configurations as well as
for the ground configuration V°.Of these nine configura-

18 H, Baba, Bull. Chem. Soc. Japan, 34, 76 (1961).
17 For observed values see Ref. 11,
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tions V,° of greater weights are here considered which
are shown in Table V. In this table are given the ele-
ments of the matrix 'L [Eq. (14)], together with the
total weight of the V,.%’s, Z%, .2, for each of the V,’s.

The elements of the matrix 1U° [Eq. (15)]% and the
values of E°—E," are shown in Table VI The Platt
notation® is employed for classification of the states.
CT means charge transfer, and S and A denote the
symmetric and antisymmetric functions, respectively,
with respect to ¢,. Finally, the elements of the matrix
M [Eq. (16)] are shown in Table VII, where the total
weight is defined as in the case of the matrix !L. Inspec-
tion of the weights of the individual '¥%’s leads to an
assignment of each state wavefunction ¥, with the
results given in the table.

Analogous calculations were carried out with respect
to the triplet states. The final results are summarized in
Table VIIL.

The authors are indebted to Professor Kimio Ohno
for his valuable discussions,

18 J, R. Platt, J. Chem. Phys. 17, 484 (1949).
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Hyperfine Structure of Thallium Chloride*
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The radio-frequency spectra of TIC] at very weak electric and magnetic fields have been measured with a
molecular beam electric resonance spectrometer. From these spectra the hyperfine interaction constants for
the four isotopic species of the molecule were calculated. The constants for 26T1%Cl in the J=2, 9=0 state
are: egQ= — 15793.32(50) kHz, ccy=1.38(10) kHz, or1=76.35(10) kHz, ;= —0.13(10) kHz, c,= —1.54(10)
kHz. A test was made for the polarization of the chlorine nucleus in the electric field of the molecule by com-
paring the ratio of the quadrupole interaction constants for 25TI%Cl and *®TI*Cl to the ratio of the quad-
rupole interaction constants for the free chlorine atoms. The agreement of the two ratios is within their
uncertainties, thus providing no evidence for a polarization effect. In addition, the dependence of the spin-
rotation and spin-spin interaction constants on isotope was found to show good agreement with theory.

INTRODUCTION

We have measured the hyperfine structure of the
thallium chloride molecule in all four of its isotopic
species with a high-resolution molecular beam electric
resonance (MBER) spectrometer. The spectrum of
TICl has been measured before by the methods of
molecular beam electric resonance,! molecular beam
magnetic resonance,® and microwave absorption.? The

* This research was supported by the U.S. Atomic Energy
Commission and by the Michigan Memorial Phoenix Project.

t Present address: Physics Department, Washington State
University, Pullman, Wash. .

t Present address: Wave Propagation Laboratory, ESSA,
Boulder, Colo. .

1R. O. Carlson, C. A. Lee, and B. P, Fabricand, Phys. Rev. 85,
784 (1952).

2H, J. Zeiger and D. 1. Bolef, Phys. Rev. 85, 788 (1952).

$H. G. Fitzky, Z. Physik 151, 351 (1958).

results from these earlier experiments, however, do
not match the precision of the recent studies on
TIF,* TIBr,® and TIL® in which even the small spin—-
spin interactions were measured to accuracies of a
few percent. With the results presented here, it is
now possible to make detailed comparisons of the
hyperfine interactions either among the isotopic species
of a given thallium halide or among the entire family
of thallium halides. For example, because of the

4 G. Graff, W. Paul, and C. Schlier, Z. Physik 153, 38 (1958).

5 J. T. Dickinson, Ph.D. thesis, University of Michigan, 1968
(University Microfilms, Inc., Ann Arbor, Mich., 1968); J. T.
Dickinson, D. A. Stephenson, and J. C. Zorn, Bull. Am. Phys.
Soc. 13, 21 (1968).

s D. A. Stephenson, Ph.D. thesis, University of Michigan, 1968
(University Microfilms, Inc., Ann Arbor, Mich., 1968); D. A,
Stephenson, J. T. Dickinson, and J. C. Zorn, Bull. Am. Phys. Soc.
13, 21 (1968).
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similarity in the hyperfine structure for the isotopic
species of TICl, it is particularly easy to see how
changes of nuclear mass and nuclear moment affect
the hyperfine interactions.

THE EXPERIMENT

The MBER spectrometer and the experimental
procedure are described in detail elsewhere.” A tran-
sition region 51 cm long gives a linewidth of 500 Hz.
The electric and magnetic fields in the transition
region are minimal (1.5 V/cm and 0.05 Oe, respec-
tively), so that Stark and Zeeman effects can be
neglected. The oven is a stainless-steel tube with a
glass test tube inside to protect the stainless steel
from the corrosive effects of the molten TICIL

Transitions for each of the four isotopic species
were found, with those corresponding to the J=2,
v=0 states being the most intense. J=2, v=1 and
J=1, v=0 transitions were also seen in the most
abundant species, 26TI%Cl. Figure 1 is an energy-level
diagram for the J=2 state of the latter species.

INTERPRETATION

If a TIC] molecule in its 'Z electronic ground state
is in sufficiently weak external electric or magnetic
fields, its hyperfine structure can be described by a
Hamiltonian containing five constants which charac-
terize the interactions in the molecule’™: egQ (the
electric quadrupole interaction) ; ¢c1 and ¢ry (the spin—
rotational interaction for each nucleus); ¢; and ¢
(the tensor and scalar parts of the nuclear spin-spin
interaction).

The interaction constants were obtained by using
a least-squares criterion for best fit between the ob-
served spectrum and the predictions of the zero-field
Hamiltonian. The calculations included the effect of
the coupling between J states by the electric quad-
rupole interaction and the coupling between F states
by the magnetic hyperfine interactions.®

The results of this experiment are shown in Table I,
where they are compared to the previous work. The
accuracy of the interaction constants is limited prin-
cipally by: (1) Residual electric and magnetic fields
in the transition region which can cause a line to
shift on the order of 100 Hz from the zero-field po-
sition; and (2) a nominal 50-Hz error in determining
the line centers.

The adequacy of the zero-field approximation can
be tested by using the final values of the hfs con-
stants to fit the spectrum from the J=1 and J=2
states of *@TI®Cl. The Stark and Zeeman effects are
known to depend strongly on J, yet the predictions
of the zero-field Hamiltonian fit the spectra from
both rotational states to within 80 Hz, so we con-

7T, C. English, Ph.D. thesis, University of Michigan, 1966
(University Microfilms, Inc.,, Ann Arbor, Mich., 1966); J. C.
Zorn, T. C. English, J. T. Dickinson, and D. A. Stephenson, J.

Chem. Phys. 45, 3731 (1966).
8T. C. English and J. C. Zorn, J. Chem. Phys. 47, 3896 (1967).

2087

F.= =
,’/ e I NI, Ft
2 = 0
|~160kHz
~ 2.0 MH2
ByByB38,
12 T ;
~ 1.1 MHz
J=2 3/ 2
1
~109GHzZ ~ 2.3MHZ
3
5/2 2

P

Fic. 1. Energy-level diagram for the J =2 state of **TI*Cl, The
frequency of the most intense transition, s, is 3938.05 kHz.

clude that the interactions with the external fields
can be neglected safely in analyzing the spectrum
from these measurements.

DISCUSSION

It is reasonable to suppose that strong electric
fields and field gradients from surrounding electrons
are capable of deforming, or polarizing, nuclei within
the molecule. In particular, it has been suggested
that the apparent dependence on environment of the
ratio of quadrupole coupling constants for the chlorine
isotopes was evidence for nuclear polarization.? To
compare the ratio of the quadrupole interactions of
the two chlorine isotopes as measured in TICl, we
form the ratio

Ro=[eq(r.) QTtoory®cy/[eq(r.) QJtomcy,

where 7, is the equilibrium internuclear separation.?
Since 7. is the same for both species of the molecule?
it is reasonable to assume that ¢(r,) is the same for
both. Then Ry is equal to the ratio of nuclear quad-
rupole moments, (%c,/Q%c1, and, in the absence of
nuclear polarization, it should be equal to the ratio
of quadrupole interactions measured in free atoms.
For TICIl we find Ry=1.26895(8) which may be com-
pared to the value 1.2688773(15) measured in atomic

9 G. R. Gunther-Mohr, S. Geschwind, and C. H. Townes, Phys.
Rev. 81, 289 (1951); C. H. Townes, in Handbuch der Physik,
S. Fliigge, Ed. (Springer—Verlag, Berlin, 1959), Vol. 38, pp. 402-
406; P. A, Bonczy{: and V. W. Hughes, Phys. Rev, 161, 15 &967) ;
A. J. Hebert and K. Street, University of California Radiation
Laboratory Rept. # 18353, 1968; Phys. Rev. (to be published).

¥ 2q(r,)Q was calculated from the equation eq(r)Q=eq(r.)Q+
aJ(J+1)+5b(v+3) where a is negligibly small. Since only =0
states were measured in 29TPC], to evaluate b it was necessary
to assume that the percentage change in eq(r)Q between the
9=0 and the 9=1 states is the same for both 2°TI3%C] and T}#C],
We know from TIBr data that this assumption is reasonable.
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TasLe I. Hyperfine-structure constants (in kilohertz).

Molecule J v eqQ ccl er1 Cy [
Present work:
WT%CL 1 0  ~15793.29(50) 1.39(15) 76.36(15) —0.15(15) —1.57(15)
2 0  —15 793.32(50) 1.38(10) 76.35(10) -0.13(10) ~1.54(10)
2 1 ~15 873.87(50) 1.37(10) 75.98(10) —0.10(10) —1.55(10)
208T]3C1 2 0  —15 793.31(50) 1.40(10) 75.77(10) —0.09(10) —1.52(10)
WTPRIC] 2 0 —12 445.94(50) 1.10(15) 72.82(15) ~0.13(15) —1.28(15)
WTICL 2 0 —12 446.64(20) 1.21(50) 71.80(50) —0.56(50) -1.11(50)
Previous results:
Zeiger and Bolef*
TI®Cl oo 0 —15 788(20) 1.4(1)
cee 1 ~15 884(20)
TICl oee 0  —12 425(20) 1.1(1)
eoe 1 —12 501(20)
Carlson, Lee, and Fabricand®
TCl 1 0 —15795(4) 1.2(2) 73(2)
TICl 1 0 —12 446(3) 1.0(2) 73(2)
& See Ref. 2. b See Ref. 1.

chlorine.!* Thus there is no evidence that the chlorine
nucleus is polarized in the TICl molecule.

We may also use the measured interaction con-
stants to test some general concepts of the magnetic
hyperfine structure in molecules. Consider, for example,
ratios of the type,

(cen)x/(ecr)y, (er)x/(em)y,
(es)x/(cs)y, or (c)x/(e)y, X#Y,

where X and ¥ each denote one of the four isotopic
species of TICl. Reasonable theories of the spin—
rotational interaction? predict that when considering

17y, H. Holloway, Ph.D. thesis, Massachusetts Institute of
Technology, Cambridge, Mass., 1956. We are grateful to Professor
J. G. King for furnishing us with these unpublished results from
his laboratory.

12C, H, Townes and A. L. Schawlow, Microwave Speciroscopy
(McGraw-Hill Book Co., New York, 1955}, pp. 215-219,

only isotopic substitution, the spin-rotational con-
stant of a nucleus is proportional to its magnetic
dipole moment, and to the rotational constant of the
molecule. Similarly, a theory of the spin-spin inter-
actions®® predicts that under isotopic substitution, the
spin—spin interaction constants, ¢; and ¢, are pro-
portional to the product of the dipole moments of
both nuclei. The hyperfine constants measured in this
experiment on thallium chloride show excellent agree-
ment with these expected proportionalities.
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