The Rotational Zeeman Effect of 1,2,4-Trifluorobenzene
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The rotational Zeeman effect of 1,2,4-trifluorobenzene has been studied for 8 low-J rotational
transitions in magnetic fields between 1.9 and 2.4 Tesla. The observed susceptibility anisotropies
and molecular g-values are: (2 y,,— #ps— 7ee) =37-85(69) - 10 erg G > mole ™', (27— Zee— Zaa)
=56.85(54)- 10 ®erg G *mole 1, g,,=—0.0393(3), g,,=—0.0277(3), and g¢.,=0.0042(2). The
Zeeman parameters have been used to derive the molecular electric quadrupole moments and
vibronic ground state expectation values for the electronic second moments. The observed out-of-
plane quadrupole moment is discussed with reference to an additivity scheme proposed earlier. The
observed out-of-plane component of the molecular magnetic susceptibility tensor is in excellent
agreement with the value predicted earlier from the CNDO/2-n-electron density alternation at the

ring atoms.

Introduction

In the following we present a rotational Zeeman
effect study of 1,2,4-trifluorobenzene. It forms part of
a systematic investigation of substitution effects on the
magnetic properties of fluorinated benzenes [1-5] and
pyridines [4-6]. It was initiated to check a linear corre-
lation postulated earlier to hold between the CNDO/2-
electron charge density alternations at the ring atoms
and the nonlocal n-electron contribution to the mag-
netic susceptibility perpendicular to the plane of the
ring [4]. The latter serves as a quantitative criterion
for the aromaticity of ring compounds with (2n+2)
n-electrons (compare Refs. cited in [4]).

Experimental

Eight low-J rotational transitions of 1,2,4-trifluoro-
benzene, whose microwave structure is shown in
Fig. 1, were measured in the frequency range between
7 and 17 GHz. For the Zeeman measurements the
waveguide absorption cells were placed in the gap of
a high field electromagnet [6]. At the lower frequencies
between 7 and 12.4 GHz we have used our standard
Stark-effect modulated microwave spectrometer [7, 8]
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to record the spectra. Above 12.4 GHz we have used
our superheterodyne bridge spectrometer [3, 9]. Phase
stabilized Klystrons and, above 12.4 GHz, phase sta-
bilized backward wave oscillators were used as radia-
tion sources. In order to reduce collision broadening,
sample pressure were kept below 0.9 Pa (6.8 mTorr) at
cell temperatures close to 220 K. Typical experimental
linewidths were 100 to 150 kHz full width at half
height. Signal averaging of up to 256 digital frequency
sweeps was used to achieve satisfactory signal to noise
ratios.

Our new microcomputer based experiment control
and data handling system is described in detail in [10].
Our observed zero field frequencies and Zeeman mul-
tiplets are listed in Table 1.

Analysis of the Zeeman Multiplets
and Derived Molecular Parameters

For the analysis of the Zeeman spectra we have
used the standard effective Hamiltonian of a rigid
rotor molecule rotating in an exterior magnetic field
(see Egs. (II1.11) and (I11.12) of [11]). Because of the
small molecular g-values and large magnetic suscepti-
bility anisotropies which are typical for aromatic ring
compounds (see Fig. 1.4 of [11]), the second order
Zeeman effect dominates at fields close to 2 Tesla
(20 kGauss) as used here. This leads to very asymmet-
ric Zeeman patterns. As examples we present the Zee-
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Table 1. Zero ficld frequencies and rotational Zeeman splittings of 1,2,4-trifluorobenzene. Also given are the calculated splittings which follow from the optimized &

g-values and susceptibility anisotropies presented in Table 2. Magnetic field strengths are mean values averaged over the effective length of the absorption cell. For ~ <°
peaks from unresolved satellites the seventh column gives the intensity weighted means of the constituent satellites.
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man multiplets of the 220 « 111 rotational transition
observed under AM =0 and AM = +1 selection rule
in Figure 2.

The three diagonal elements of the molecular
g-tensor and the two linearly independent mag-
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Fig. 1. Partial r-structure of 1,2.4-trifluorobenzene [12] also
showing the orientation of the principal inertia axes system.
The authors have accounted for deformations of the ring by
substitution effects but they had to use the simplifying as-
sumption that the peripheral bonds bisect the respective
endocyclic angles. This structure was used to calculate the
second moments of the nuclear charge distribution.

220~ 111
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netic susceptibility anisotropies (2 y,,— /p» — Zcc) and
(2 7pp— Zee— 7aa) Were fitted to the total of 43 observed
Zeeman splittings listed in Table 1. They are presented
in Table 2. Two sets of g-values are compatible with
the observed Zeeman splittings. The second set (1I)
however can be discarded since it would correspond
to a negative value of the vibronic ground state expec-
tation value for the out-of-plane second electronic
moment (0|3 ¢ |0) (see below).

)
For further analysis we have used these Zeeman
parameters together with our rigid rotor rotational

Table 2. g-Tensor elements and anisotropies in the diagonal
clements of the molecular magnetic susceptibility tensor of
1,2,4-trifluorobenzene. Two sets of g-values, which only differ
in sign, are compatible with the observed splittings. Set (II)
can be discarded, however, since it would lead to an unrea-
sonable negative value for the out-of-plane second electronic
moment (see text). Uncertainties are single standard devia-
tions of the least squares fit to the observed splittings.

I I

Yaa —0.0393(3)  0.0393
9rp —0.0277(3)  0.0277
Gic 0.0042(2) —0.0042
2 fwa—Top—Fee 37.85(69)  37.85-10 ®ergG *mole !
2 op—Aee—aa 56.85(54)  56.85-10 °erg G *mole !

2.3585 T
N_— 7

5
’
s
10581.970 MHz ‘vo 10584.222 MHz
1.8836 T
N—— Fig. 2. Recordings of the Zeeman patterns of
the 220 « 111 rotational transition observed
under AM =0 (upper trace) and AM = +1 se-
T lection rule (lower trace). The computer sim-
ulations were calculated from the optimized
g-values and susceptibility anisotropies (Table 2)
under the assumption of Lorentzian lineshapes
with full widths at half height of 150 kHz and
110 kHz, respectively. The insert shows the
b orientation of the waveguide cross section in
t i the gap of the magnet. (The electric vector of
= {_ the incident microwave radiation is polarized

i

10581.640 MHz

Vo 10583.892 MHz

perpendicular with respect to the broad face of
the waveguide.)
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Table 3. Additional input data and derived molecular param-
eters of 1,24-trifluorobenzene. The rigid rotor rotational
constants result from a least squares fit to our observed zero
field frequencies. Given uncertainties are single standard
deviations from least squares fits to experimental data (rota-
tional constants and bulk susceptibility) or follow from
experimental uncertainties by Gaussian error propagation
(quadrupole moments etc.).

Rotational constants

A 3083.997(2) MHz
B 1278.360(1) MHz
(&4 903.697(1) MHz

Bulk susceptibility
1/3(aat XopF Zec)

1

—70.2(10) 10" %erg G~ % mole”

Second moments of the nuclear charge distribution

Y Z,a? 191.82(10) A2
> Z,b? 87.86(19) A?
Y Z,c? 0.00(00) A?
Molecular electric quadrupole moments
Qua —11.21(114) 10" *° esu cm?
Ous 10.27(120) 10~ 2° esu cm?

I 0.94(162) 10~ 2°esu cm?
Molecular magnetic susceptibilities
Taa —57.58(123) 10" °erg G~ ? mole ™!
Tie —51.21(118) 10" ®erg G™* mole ™!
Lee —101.77(141) 10 °erg G~ ? mole !
Second moments of the electronic charge distribution
0¥ a? 0> 204.1(9) A2
O3 b210> 97.2(9) A?
0] 20> 10.6(9) 2%

* Calculation with set IT of Table 2 gives —9.0(9)2\3‘

constants to calculate approximate vibronic ground
state expectation values for the molecular quadrupole
moments (see chap. I.B of [11]) according to

| I nuclei
2 2 2
Quuz ) Z Zn(zan_bn—(n)
< n

Q

clectrons
—or " 20—t 10))

hlel (290 Gus

§tM | 4 B C |

2mc?

_W'z"Z%aa_lbh_lrc;' (1)

The symbols have the following meaning: M = proton
mass, m=electron mass, e =electron charge, ¢ = veloc-
ity of light (the cgs-system is used throughout),
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Table 4. Local and nonlocal contributions to the in-plane
((#4a+ 755)/2) and out-of-plane (y, ) susceptibilities of 1,2.4-
trifluorobenzene. The value for the n-electron density alter-
nation and the local atom increments for the susceptibilities
were taken from [4].

Koot Xen)2  Xec

Experimental —54.4 —101.8 10 °erg G *mole™*
local, calc. —49.1 — 658 10 %erg G *mole™!
nonlocal — 53 — 360 10 ®erg G 'mole !

CNDO/2-n-density-alternation: 0.458.

N =Avogadro’s number, fi=Planck’s constant di-
vided by 2n, Z,=atomic number of n-th nucleus,
a,=a-coordinate of n-th nucleus, a;=a-coordinate of
i-th electron etc.

With the second moments of the nuclear charge
distribution calculated from the microwave ry-struc-
ture [12] and with the liquid phase bulk susceptibility
measured recently with the Faraday-balance method
by Boéttcher [13], we are also in the position to present
the individual values for the diagonal elements of the
magnetic susceptibility tensor as well as for the second
moments of the electronic charge distribution. The
latter were calculated according to

electrons

(a*)=<0] X a0}
s 2 h th (I('c qau
_ 7 a2 Gov | Gec _ ¢
T < B C 4
2mc?
2N Ubp T dec™ Laa) - )

As was already the case with the quadrupole moments
they closely correspond to vibronic ground state ex-
pectation values.

In Table 3 we present these additional input data
together with our derived molecular quantities. Note
that all values presented here are referred to the
molecular principal inertia axes system of 1,24-tri-
fluorobenzene.

Discussion

We will first have a look at the molecular electric
quadrupole moment. As outlined earlier in [4] (Figs. 5
to 7). a linear relation appears to hold between the
out-of-plane component of the molecular quadrupole
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moment and the number of fluorine substituents at the
ring, ng. Since for molecules with nonzero electrical
dipole moment the molecular quadrupole moment de-
pends on the choice of the coordinate system, the center
of the aromatic ring was used as the common point of
reference for this comparison. The relation which trans-
forms the experimental Q. value into this common
reference system (compare [11], p. 102) is given by

Q. =0..+Aapu,+Abp, . (3)

Here Aa=—0.27 A and Ab=—0.29 A are the coordi-
nates of the center of the ring with respect to the molec-
ular principal inertia axes system of 1,24-trifluoro-
benzene, and p, = —0.884(10) D and p,= —1.088(4) D
[14] are the experimental values for the components of
its molecular electric dipole moment. The result, Q =
+1.49(162) - 10~ 2% esu cm? nicely matches the least
squares straight line through the experimental values in
Fig. 7 of [4] at ng=3. (The comparatively large uncer-
tainty reflects the sensitivity of the derived Q.. value
with respect to minor uncertainties in the experimental
g-values and susceptibility anisotropies.)

Second we will consider the nonlocal (i.e. #-ring cur-
rent) contribution to the out-of-plane component of the
magnetic susceptibility tensor, ...

Flygare and coworkers have proposed this value as
a clear-cut quantitative criterion for “aromaticity” [15].
It is calculated as the difference between the experimen-
tal out-of-plane susceptibility minus the sum of the
corresponding local atom susceptibilities. For 1,2,4-tri-
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fluorobenzene these local contributions to y.. add up to
7ol = —65.79 - 10~ ®erg G~ ?mole ™ % (see [4], Table 5).
Together with our experimental value listed in Table 3
this leads to y""*'= —36.0- 10" %erg G~ ' mole ™.

As mentioned already, Hiibner, Stolze, and Sutter
have presented evidence for a linear correlation be-
tween this nonlocal out-of-plane susceptibility and the
CNDO/2-n-density alternation at the ring atoms (com-
pare p. 340 of [4]). Using this linear correlation and the
CNDOQO/2-n-density alternation of 0.458 (see Table 8 of
[4]) Hiibner et al. have predicted the nonlocal out-
of-plane susceptibility of 1,2.4-trifluorobenzene as
—36.6-10"%erg G2 mole ! (compare Fig. 4 of [4]).
This is in quite satisfactory agreement with our ob-
served value of —36.0-10"°ergG~ 2 mole™'. We are
therefore confident that the linear correlation will also
be valid for the prediction of the magnetic susceptibility
anisotropies in other hitherto unmeasured molecules
of the substituted benzene and pyridine families.
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