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Zeeman Effect of *Cl NQR on 2,4,6-Trichloroanisole

(NQR . Zeeman effecttrichloroanisole)

Mitsuo MISHIMA

In 2,4,6-trichloroanisole, three *Cl NQR lines were observed in the range of 77

K to the melting point. The Zeeman effect on each resonance line was examined at

room temperature using a single crystal. The values of the asymmetry parameters

for the two higher-frequency lines were ca. (.12, whereas that for the lower-

frequency line was 0.08. The angles between the C—Cl bonds were estimated to be
117.7°, 119.0°, and 123.4° on the basis of the orientations of the axes of the electric
field gradients. The two higher-frequency lines were assigned to the chlorine atoms

at the ortho positions and the lower frequency line to the chlorine atom at the para

position on the basis of the angles between the C—Cl bond angles and the asymme-

try parameters.

Introduction

Several chlorinated anisoles were studied by *Cl
NQR on polycrystalline samples [1-4], though their
crystal structures are unknown. The resonance fre-
quencies of these compounds at 77 K are wide-
spread from 34.8 MHz to 38.4 MHz. Furthermore,
with an increasing number of the substituted chlo-
rine atoms in these chlorinated anisoles the *Cl
resonance frequencies are shifted to higher frequen-
cies. These are of interest in connection with the
molecular structures and the character of the C—Cl
bonds. However, surprisingly the trichlorinated
anisoles have not been the subject of any studies.
So, we chose 2,4,6-trichloroanisole (TCA) as the sub-
ject compound. The angles between the C—Cl bonds
of TCA and their bond character were studied by the
Zeeman effect of ®*Cl NQR using a single crystal.

Experimental

TCA was a commercial product (Tokyo Kasei)
and was purified by recrystallization in ethanol. A
single crystal of TCA was grown using the
Bridgeman method. The Zeeman effect was examined
by means of the zero-splitting cones method [5].

The loci were analyzed by the least squares method.
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The *Cl NQR spectra were recorded with a super-
regenerative spectrometer [6]. The resonance fre-
quency was determined with an accuracy of 1 kHz by
a frequency counter. Temperature was determined by

use of a copper-constantan thermocouple.
Results and Discussion

There exists two types of chemically different
chlorine atoms, i.e., chlorine atoms at the ortho po-
sitions and the one at the para positionin TCA.
Therefore the TCA is expected to give two resonance
lines, if the TCA molecule is symmetric. In reality,
TCA gave three resonance lines, the frequencies of
which decreased monotonously with an increase in
temperature. The temperature depéndence of the
resonance frequencies is shown in Figure 1. The
resonance frequencies are listed in Table 1. The NQR
spectrum at room temperature is comprised of the
resonance lines that are distributed at nearly regu-
lar intervals. It 1s noteworthy that the v, has a
tendency to approach to some extent, the v; line
with a decrease in temperature, as seen in Fig. 1.
However, the assignment of the resonance lines to
particular chlorine atoms is difficult to make from
the spectral pattern alone. Information on the orien-
tations of the axes of the electric field gradient
(efg) tensor and the NQR parameters is available

for the assignment of the resonance lines.
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Fig. 1. Temperature dependence of ®Cl resonance
frequencies of 2,4,6-trichloroanisole.

Table 1.¥Cl NQR parameters for 2,4,6-trichloro-
anisole at 297 K.

Line Frequency/MHz" n e’Qqh™/MHz
V) 35.252 0.083%0.001 70.424+0.002
Va 35.778 0.116%0.001 71.425+0.003
Vs 36.241 0.11920.003 72.31310.005

a) The corresponding resonance frequencies at 77 K
are 35.708, 36.322, and 36.766 MHz for v,, v, and
Vs, respectively.

Figure 2 shows the zero-splitting patterns ob-
tained from the Zeeman effect of the resonance lines
of TCA at room temperature. The directions of the
efg axes are represented by x, y, and z at the *Cl
nucleus contributing to the v line. Each resonance
line gave a pair of locl. These are related to each
other by the twofold axis (C) which is determined
from the distribution of the efg axes, suggesting
that the crystal of TCA is monoclinic [7]. The di-

rections of the efg axes and the asymmetry
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Fig. 2. Zero-splitting patterns of *Cl NQR lines in
2,4,6-trichloroanisole. xi, vy, and z indicate the di-
rections of the principal efg axes at the halogen nu-
cleus giving a v, line.

parameter (7) were determined using the following

relation;
sin?@, = 2/(3 - ncos 2 ¢o), e9)

where 6, and ¢, are polar and azimuthal angles,
respectively. The quadrupole coupling constants
(¢ Qqh™') were calculated from the following

relation;
2v = eQqh™'(l + 5%/ 3)'°%. 2

The values of the asymmetry parameters and the
coupling constants are listed in Table 1 along with
the resonance frequencies. It is noteworthy that the
value of the asymmetry parameter {or the v, line
1s almost the same as that for the v; line and 1s
1.5 times that for the v line. The chlorine atoms
that the v, and v; lines should be assigned to ap-
pears to be chemically equivalent, since the asym-
metry parameter is closely related to the bond
character.

The angles between the efg axes are given 1n
Table 2. In halegenated organic compounds the efg
z and x axes at the halogen atoms are related to
the directions of the sigma and pi orbitals, respec-
tively. The three C—Cl bonds in a molecule are in-
clined at an approximate angle of 120" to one
another. Therefore, the angles between the C—Cl
bonds in the molecule situated at a particular crys-
tal site can be estimated on the basis of the efg
axes. The results are shown in Fig. 3. The v. and
vy lines were assigned to the chlorine atoms at the
ortho positions and the remaining v line to the
chlorine atom at the para position. These assign-

ments are based on the asymmetry parameters and
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Table 2. Angles (degrees) between the efg principal
axes in 2,4,6-trichloroanisole.

a) Angles between the z axes

Axis Zn, ZZ[ Za Za Z3 C.

Zia 32.23 11891 103.36 117.69 124.54 73.86

Zu 103.32 119.00 128.97 117.62 73.93
Zza 54.31 123.39 11243 62.87
Zn 112.39 123.37 62.82
Z 21,33 79.35
Zs 79.32

b) Angles between the x axes

Axis X Xoa X Xsa X C.

Xie 52.75  1.37  54.16  3.36  556.68  26.27

X 53.93 1.43 55.93  3.00  26.48
X 55.33  2.04 56.87  27.66
Xa 57.35 1.56 27.68
X 58.88  20.67
Xap 29.21

Iig. 3. Angles between the C—Cl bonds in 2,4,6-
trichloroanisole.

the angles between the C—Cl bonds.

As described above, the asymmetry parameters
for the v, and v, lines are very similar in magni-
tude and are fairly greater than that for the v,
line. Furthermore, the angle between the C—Cl; and
C—CL bonds 1s considerably greater than the other
corresponding angles. In the TCA molecule the
methoxy group lies between the two ortho chiorine
atoms. It 1s therefore presumed that the steric
repulsion between this group and the two chlorine
atoms pushes the two chlorine atoms toward both
sides. In the related compounds such enlarged

angles were observed ; for example, 122.1" in 2,4,6-

trichloronitrobenzene [8], 125.1 in 2,6 dichlorobenzyl
-bromide [9], 125.1"in 2,6-dichlorobenzyl chloride
[10], and 129.0" in 2,6-dichlorobenzaldehyde [11].

The three C—Cl bonds are somewhat out-of-plane.
It is of interest to know which bond deviates from
the ring plane. Unfortunately the exact plane cannot
be deflined from the Zeeman experiment except that
all the efg z axes in a molecule are completely co-
planar. Referring to the plane made up of the C—
ClL and C—Cl bonds, the deviation of the C—Cl
bond from this plane are calculated to be 0.78 *0.
02 . This discrepancy may result from the repulsion
between the methoxy group and the ortho chlorine
atoms, as not fully understood.

The populations of the p orbitals, N, on the chlo-
rine atom are related to the coupling constant and
the asymmetry parameter as follows:

eQqh™ = ¢’ Qqh ' [(N, + N)/2 —N,], (3
and

ne'Qqh™ = 3/ 2)e’Qqoh ™[N, — N,], )
where the atomic quadrupole coupling constant,
eQah™, is 109.74 MHz for *Cl1[12]. The calculated
populations thus obtained are given in Table 3. The
values of N, for the Cl. and Cli atoms are very
similar in magnitude and are less than that for the
Cli atom. This supports the above assignments of
the resonance lines. The Cl. and Cls atoms differ in
the N. value from one another, suggesting that an

increase in the ionic character of the C—Cl; bond

Table 3. Orbital populations in 2,4,6-trichloroanisole.

Atom N. N, ® N.
Cli 1.964 @ 1.337
Cl, 1.950 @) 1.324
Cl; 1.948 @ 1.315

a) Assumed to be 2.
lowers the resonance frequencies of the Cl, atom.
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