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The rotational Zeeman effect of FCICO is reported. The Chlorine nuclear ¢,-factor, the molecular
g-factors, gaa, gvb, and gcc, and the magnetic susceptibility anisotropies, (2 yaz— 76— Jcc) mole
and (2 76b— Jcc— Yaa) mole , are obtained from the spectrum.

Some derivative molecular quantities are calculated.

1. Introduction

Not many investigations of the rotational Zee-
man effect of molecules containing a Chlorine atom
have been reported up to now 174

This laboratory has started to study such mole-
cules in order to contribute to fill the present gap of
informations. After the HOCI® and the CH;OCI®
we took into consideration the FCICO molecule,
whose ry-structure is known?. The choice of small
molecules is primarely determined by the fact that
on these molecules it is possible to perform semi-
empirical calculations to be compared to the ex-
perimental findings.

2. Experimental

The FCICO gas was made available to us in lec-
ture bottle by P.C.R. Inc., Florida, U.S.A. Small
samples were taken from time to time, condensed
at dry ice temperature, and used for the spectro-
scopic analysis.

The Zeeman spectrometer is a conventional
33 kHz Stark modulated microwave one combined
with a high stability, sufficient homogeneity electro-
magnet up to 30 kGauss. Details concerning the
spectrometer can be found in Reference 8.

The absorption cell, with an effective length of
2.10 m, was cooled to about — 60 °C and the pres-
sure of the gas was around 5 m Torr.

The Zeeman pattern of the rotational spectrum
exhibited by this molecule has a rather poor inten-
sity and a considerable overlapping occurs among
the Zeeman satellites from different nuclear quadru-
pole components. These two facts have severely
limited both the choice of the transitions and the
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choice of the magnetic field strength. The errors in

the frequency measurements are believed to be less
than + 20 kHz.

3. Theorelical Review

The theoretical treatment of the rotational Zee-
man effect in diamagnetic molecules having a
quadrupole nucleus has been done by different
authors 9711, The short outline which is given here
is mainly intended to describe the computational
procedure followed.

The effective Hamiltonian for a diamagnetic mole-
cule having a nuclear quadrupole coupling with an
imposed magnetic field can be expressed as:

H=Hr+Hq+Hx (1)

where Hp, is the Hamiltonian operator for the pure
rotational energy, Hq for the nuclear quadrupole
interaction, and Hy for the Zeeman interaction.
This last term has three contributions

Hy=HE +HE + HY (2)

where H{ is the Hamiltonian for the Zeeman ef-
fect due to the molecular g-factors, H% for the
Zeeman effect due to the magnetic susceptibility
anisotropies, and HP for the Zeeman effect of the
quadrupole nucleus with the nuclear g,-factor.

In the strong field case, where the Zeeman
energies are larger than the quadrupole coupling
energies, it is convenient to use the uncoupled
basis, |J, 7,1, M;, M;), to set up the matrix of
the Hamiltonian (1). In this basis Hy is diago-
nal, Hy is approximated to be diagonal, and H, is
approximated to be diagonal in /, 7, I, while it con-
tributes with diagonal and off-diagonal elements in
M; and M;. Furthermore H, is diagonal in M=
M; + M;, and hence a factorisation into submatrices
with common values of M;+M; is possible. The
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matrix elements of Hy and Hg in the uncoupled
basis, |J,7,1,M;, M;), are to be found in Refer-
ences > 9711, The matrix elements of the field de-
pendent part, Hy, are given further in this paper.
The matrix of the Hamiltonian (1) has to be
diagonalized in order to find the eigenvalues
E(],T,I,MJ,MI).

In the weak field case, where the Zeeman energies
are smaller than the quadrupole coupling energies,
the off-diagonal elements in the uncoupled basis are
large in comparison to the differences between the
diagonal elements which they connect and therefore
it is more convenient to choose the coupled basis,
1,11, F,My), for the matrix of the Hamiltonian
(1). The diagonalisation will lead to the eigenvalues
E(J,%,1,F,My).

In ‘the present case the calculations have been
made using the Hamiltonian (1) in the uncoupled
basis, I], 7,1,M;, M;). However, since we never
reached the completely uncoupled situation, in list-
ing the Zeeman splittings, see Table 3, we referred
to the F, My designation of the Zeeman sublevels.
Only for the /=04 — 1, transition at a magnetic
field strength of 25583 Gauss, with AM =0, we
have nearly approached the uncoupled limiting case.

The first order energy expression corresponding
to the Hamiltonian (2), in the uncoupled basis, has
the form:

EH (], T7I7M17M1)
= (],T,I,MJ,M[EH}{ !]7171,A1J1]”1>
M, H,

e L rrex .2
My JUJ+1) 790!/\]0 )y —3z7Hy (3)
e 2MA-JU+D
LRI=1)y2]+3)IU+])

2 (gg—2) (%) — 1o g1 My Hy,
9

where g sums over the principal inertia axes, a, b,
and c. Hy is the applied magnetic field, g,, is a
diagonal element of the molecular g-tensor, y,, is a
diagonal element of the magnetic susceptibility ten-
sor, % =% (Jaa+ %o+ Jee) 1s the bulk magnetic sus-
ceptibility, g; is the g-factor of the quadrupole
nucleus, 1, is the Bohr magneton, and (J,?) is the
expectation value of the squared angular momentum
operator in the J, 7 state.

A complete description of the magnetic properties
of a rotating molecule containing a quadrupole
nucleus is given by six independent constants, g;,

Gaas Jobs Gees 2 Xaa — Xbb — Xces and 2 Xbb — Xee — Laas
which enter in the Hamiltonian (1) through the field
dependent part, Hy . In same cases they, or at least
their preliminary values, can be directly obtained
from the spectrum using the procedure outlined in
Reference 5. These constants are finally fitted to all
the Zeeman frequency splittings by a combined least
squares fitting procedure.

3. Results

a) Nuclear and Molecular g-Values, and Magnetic
Susceptibility Anisotropies

In Table 1 are listed the zero-magnetic-field tran-
sitions which were found to be most suitable to
study the Zeeman effect in the 4y =0 and in the
Ay = T 1 case.

Table 1. List of the zero-magnetic-field transitions used for
the Zeeman analysis. The frequencies, in MHz, have been
corrected for the nuclear quadrupole splittings. For the h.f.s.
satellite frequencies see Table 3. The transitions refer to
the isotopic species with Chlorine-35, as also all the other
quantities observed and calculated in this paper.

Transition Corrected frequency
obs. calc.
0go—> 1oy 8935.62 8935.62
09— 144 15479.04 15479.04
1= 24 16233.00 16233.00
1ot = 20 17600.32 17600.34

From these transitions the 4, B, and C rotational
constants and the nuclear quadrupole constants
were redetermined, see Table 2, with sligth differ-
ences from Reference 7.

Table 2. Rotational constants and nuclear quadrupole
constants obtained from the transitions of Table 1. The er-
rors reflect the experimental uncertainties.

A =11830.35+0.03 MHz
B = 5286.93+0.03 MHz
C = 3648.69+0.03 MHz
7S —73.04%0.02 MHz
25 44.71%0.02 MHz
74 28.33 +0.03 MHz

A summary of the frequency shifts from the zero-
magnetic-field transitions at parallel and perpendicu-
lar magnetic field is given in Table 3.

Following the method described above, the six
magnetic constants were obtained, see Table 4. The
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Table 3. Zeeman spectrum at parallel and perpendicular magnetic field. The frequencies of the zero-magnetic-field transi-
tions are also given. The calculated frequencies are according to Hamiltonian (1). Frequencies are in MHz and magnetic
field strengths in Gauss.

Jx-x+ J'K K F—F Field My — Mp Vobs Avops * Aveare *
(parallel)
Oag > Tgg 3/2—1/2 0 89.53.88
13783 12— 1/2 8952.53 —1.35 —1.33
—1{2 s ~1/2 8956.48 2.60 2.60
3/2—>3/2 0 8921.01
13428 —3/2— —3/2 8918.15 —2.86 —2.85
3/2—> 3/2 8922.97 1.96 1.95
3/2— 5/2 0 8939.27
13428 —3/2— —3/2 8936.19 —3.08 —3.07
1T~ =1 12 8938.73 —0.54 —0.54
12— 1/2 8941.07 1.80 1.79
3/2— 3/2 8943.25 3.98 3.98
g0 = 144 3/2 > 1/2 0 15467.86
13428 12— 1/2 15464.94 —2.92 —2.93
—1/2-> —1/2 15468.65 0.79 0.79
3/2—3/2 0 15487.98
11394 —3/2— —3/2 15486.41 —1.57 —1.57
3/3— 3/2 15490.67 2.69 2.67
3/2— 5/2 0 15476.81
13415 —3/2—> —3/2 15472.45 —4.36 —4.34
—1/2 - —1/2 15474.77 —2.04 —2.03
12> 1/2 15477.04 0.23 0.22
3/2—> 32 15479.62 2.81 2.82
25583 —1/2 > —1/2 15473.51 —3.30 —3.26
12— 1/2 15476.50 —0.31 —0.28
32— 3/2 15480.95 4.14 4.16
1,—> 2, 1/2—3/2 0 16244.18
3200 —1/2> —-1/2 16243.12 —1.06 —1.01
12> 1/2 16245.33 115 115
1o = 24 1/2—>3/2 0 17582.07
1950 —1/2—> —1/2 17581.42 —0.65 —0.65
1/2— 1/2 17582.70 0.63 0.62
(perpendicular)
T 3/2—1/2 0 8953.88
5930 —1/2— 1/2 8950.65 —3.23 —3.22
—3/2—> —1/2 8952.40 —1.48 —1.49
32> 1/2 8955.60 1.72 1.72
12— —1/2 8957.34 3.46 3.45
3/2— 3/2 0 8921.01
13604 —1/2> 1/2 8935.43 —3.84 —3.85
1/2— 3/2 8937.65 —1.62 —-1.63
—3/2—> —5/2 8938.93 —0.34 —0.34
3/2—> 5/2 8939.62 0.35 0.34
I 3/2— 3/2 0 15487.98
13578 -1/2> 1)2 15485.09 —2.89 —2.90
1/2— 3/2 15485.64 2.34 2.34
12 —32 15491.86 3.88 3.88
3/2—5/2 13578 —3/2— —5/2 15476.29 —0.52 —0.52
3/2— 5/2 15477.34 0.53 0.52
—1/2 > —3/2 15478.05 1.24 1.25

* Avons and Avcalc are the differences between the frequencies of the split and the unsplit lines.
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Table 4. Experimental Zeeman parameters: Chlorine nuclear
g,-factor, molecular g-factors, and magnetic susceptibility
anisotropies. The quoted uncertainties are standard errors
from the least squares fitting procedure. They do not ac-
count for errors introduced by the neglect of vibrations.

gr =0.5461£0.0010 gop=—0.021£0.012
9aa=0.056 10.011 gee =—0.0441%0.010
(2 yaa—2vb— Ycc) mole= (—1.63 £1.29) -10— 8 erg/G2- mole
(2 Jbb— Yce —laa) mole= ( 3.01% 063) -10—¢ erg/02 -mole

signs of the molecular g-factors, g,,, could be un-
ambigously determined since the sign of the Chlo-
rine g;-factor is known to be positive 12.

b) Second Moment Electronic Charge Anisotropies,
Magnetic Susceptibilities and Molecular Quadrupole
Moments

The anisotropies in the second moments may be
related to the known molecular structure and the
experimental Zeeman constants as follows:

(%) = (a?) = (0|2 (bi—a) |0)

= 2 2 7;71 ) ) __,-g,’_”i)
_%Zn(bn —a,%) + 4-7M<B y

dmc? (4)
= 3 e2N (2 Xov — Yaa — Z('(') mole

— (2 Xaa— Xop — Zr(*) mole

where Z, is the atomic number of the n-th nucleus,
a, and b, are its coordinates in the principal inertial
axis system, a; and b; are the coordinates of the i-th
electron in the principal inertial axis system, M is
the proton mass, e is the electron charge, N is the
Avogadro’s number, and (0 0) indicates the ex-
pectation value in the ground electronic state. The
subscript “mole” designates molar quantities. Simi-
lar expressions for (c2) — (b2), and (a®)—{c%)
are obtained by cyclic permutations of a, b and c.
The value of the nuclear second moments were
calculated from Ref.” and the rotational constants
of the present work. They are, in units of 107! cm?:

SZ,a2=957+1.0, SZ,b2=427%05,
n n

>2Z,c,2=0.0.
n

Since the known molecular structure is a rg-struc-
ture an uncertainty of 1% on the above quantities
seemed to be reasonable. Using the empirical ad-
ditivity rules!® to compute the out-of-plane second
moment of the charge distribution, {¢?), the values
of (a*) and (b?) are obtained from the second
moment electronic charge anisotropies.

The Rotational Zeeman Effect of FCICO

The diagonal elements of the paramagnetic sus-
ceptibility tensor can be calculated according to:

9
eN

4mc?

h Yaa 5 5
4 :{A M % Z” (b" + cn ) L
(5)

The diagonal elements of the diamagnetic sus-

AP _
Jaa, mole =

ceptibility tensor are given by:

Zga, mole = — 5 (b'> + <Ce>) . (6)

The diagonal elements of the total susceptibility
tensor are found by adding together the correspond-
ing paramagnetic and diamagnetic terms. Finally
the total (or bulk) susceptibility is calculated ac-
cording to:

Zbulk = .13 (sz + Yoo+ ZCC) mole - (7)

No measurement of the bulk susceptibility was
done due to the experimental difficulties connected
with the chemistry of the compound.

The molecular quadrupole moments in the prin-
cipal inertial axis system may be obtained from the
expression:

h‘\e’ (29(111 Jub !](-(-) 2m62
Qu=gam\ 4 B C) |elN (8)

: (2 Yaa — Xbb — ZC(‘) mole «

All the quantities calculated as discussed above
are listed in Table 5.

Table 5. Calculated Zeeman parameters: second moment of

electronic charge anisotropies, second moments of electronic

charge distributions, magnetic susceptibilities, total suscep-

tibility, and molecular quadrupole moments. The quoted

uncertainties come from the standard errors propagation.
A 10% error was assumed in {(c?).

(b2 —(a®y=( —52.2% 1.2)-10—16 cm?
{25 —(b%=( —471% 1.6) 10— cm?
(a®)—{c*)=( 99.3% 2.2)-10—16cm?
{ad=( 105.1% 2.3)-10-1% cm®
b%y=( 529% 1.7) 10— cm?
(H=( 58% 0.6)-10~1 cm?

2o moe=( 191.2% 2.1)-10—% erg/G2-mole

Lo, more=( 414.3% 4.2) -10~% erg/G2-mole

Abe, more==( 612.7F 4.7) -10—% erg/G2-mole

784 more=(—249.1% 7.6)
2%, more=(—470.6 +10.0)
2%, more=(—670.5+£12.1)
Lag, mote={ —57.9% 7.9)
Zop, mote=( —56.3 £10.8)
J cc, mole™= ( —57.8 i ]3.0)

Zbulk = ( —57.3% 6.7)

+10— % erg/G2-mole
-10—% erg/G2-mole
+10— % erg/G2-mole
+10—% erg/G2-mole
+10—% erg/G2-mole
-10—% erg/G2-mole
-10—% erg/G2-mole

aa =( —7.0%f 3.1):10—26 esu-cm?
Qw =( —124% 6.6) -10—26 esu-cm?
Qcc =( 19.4% 7.3):10—28 esu-cm?
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4. Conclusion and Discussion

The signs and the magnitude of the molecular
quadrupole moments along the principal axes are
determined by the distribution of charge in the
molecule, as schematically illustrated, together with
the molecular structure, in Figure 1. Due to the

b

F
+ +

cl

Fig. 1. Molecular structure of FCICO and charge distribu-
tion in the a, b plane.

errors on Qg and Qp, not much can be said about
the in-plane charge distribution. We may only dis-
cuss the two limiting possibilities: Qu0>Qp» and
Qe < Qpp - The first one, besides it is more probable
according to the error distribution law, is also sup-
ported by the results of an analysis of the principal
elements of the nuclear quadrupole coupling tensor.
Assuming the z-prinzipal axis of the nuclear quadru-
pole coupling tensor collinear with the C — Cl bond
and the z-axis in the molecular plane, the diagonal
(principal) elements are calculated !* to be:

7 — 46.46 MHz, C) —28.32 MHz,
19 = —74.78 MHz.
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The computation !* based on the above quantities
leads to a contribution of 11% from the structure
containing the Chlorine, double bonded to the Car-
bon, in the CI* form. Correspondingly the Oxigen
becomes negative. Therefore, since the Chlorine is
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sume a charge distribution less negative along the
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COF, 15 and CHOF 16.

The magnetic susceptibility anisotropies are very
small, see Table 5. Consequently the spectrum is
rather insensitive to the second order Zeeman effect,
at the field strengths used for the measurements,
and the relative errors on the corresponding quan-
tities are considerable.

Semiempirical calculations, as mentioned in the
Introduction, are postponed until a sufficient num-
ber of Chloro-containing molecules will be studied
to allow a systematic discussion of their magnetic
characteristics.
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