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The rotational Zeeman effect of the most abundant isotopic species of pyrazole and of imidazole
has been studied under AM =0 and 4M = * 1 selection rules. With field close to 1.9 Tesla, the
nuclear Zeeman effect uncouples the rotational angular momentum and the spins of the two
nonequivalent '“N quadrupole nuclei. The observed g-tensor elements are g,,=— 0.07498(14),
gpp=—0.12531(13), and g, =0.06346(12) for pyrazole and g,,=—0.09339(16), g,p=
—0.10444(14), and g..= 0.06051(15)_for imidazole. The values for the magnetic susceptibility

anisotropies in units of 107%erg/(G2mol) are 2., — ¥pp — Xec = 39.53(24) and 2ypp — Xec — Xaa
= 51.20(21) for pyrazole and 2y,,— ypp — xce =45.76(31) and 2ypp — xcec — Xaa = 42.19(41) for
imidazole. (Given uncertainties are single standard deviations of the fit.)

The so-called nonlocal (z-ring current) contributions to the out of plane components of the
susceptibility tensor, yforlocal derived as differences between the observed susceptibilities and
values calculated from additivity rules for local atom susceptibilities, are compared to those
derived earlier for other aromatic five membered ring molecules.

Introduction

Aromatic molecules, i.e. molecules with a planar
ring system containing (4 n + 2)-n-electrons, usually
show an excess of the magnetic susceptibility tensor
element perpendicular to the plane of the ring if
compared to related open chain molecules [1, 2, 3, 4].
Microwave rotational Zeeman spectroscopy [5, 6], by
which the susceptibility anisotropies of free molecules
are measured directly, is an ideal tool to study this
magnetic characteristics of delocalization. In the
following contribution we present the results of such
a rotational Zeeman effect investigation for the low
J rotational spectra of pyrazole and imidazole. We
found such an investigation of special interest, since
a thermodynamic comparison of these two pyrrole
related aromatic rings has been reported [7], in which
imidazole is assigned only about one half the reso-
nance energy of pyrazole. Would this difference in
resonance energies translate into a corresponding
difference in the nonlocal contribution to the out of
plane susceptibility?

Pyrazole and imidazole, both crystals at room
temperatures with melting points of 70°C and
90 °C respectively [8], were purchased from EGA-
Chemie and were purified by vacuum sublimation.
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Where ever possible the spectra were recorded in
the superheterodyne bridge spectrometer with
additional 5 kHz Stark effect square wave modula-
tion described earlier [9]. Only two Q-band transi-
tions of imidazole, the 1,,—2;, transition at
32893.824 MHz and the 25,—3p; transition at
33416.088 MHz, are recorded with a conventional
Stark effect moduled spectrometer (30 kHz square
wave modulation, compare too [10, 11]). The absorp-
tion cells of the bridge system were rectangular
brass waveguide cells with central Stark electrode
and an inner cross section of 34.8 mm by 15.8 mm.
Their effective length was 2m (= length of the
Stark septum used for modulation). The cells used
for the Q-band measurements were rectangular
brass cells with an inner setion of 45.7 mm by
10.2 mm and an effective length of 1.8 m. Sample
pressures ranged between 0.2 Pa and 0.5 Pa (1.5 and
3.8 mTorr) at cell temperatures of —35 °C (pyrazole)
and +20°C (imidazole). To get signal to noise
ratios of at least 10:1, digital signal averaging was
used throughout (FABRITEK instrument computer
model 1072). Typical line widths were 25 kHz to
60 kHz half width at half height. In order to record
the Zeeman spectra, the absorption cells were
loaded into the gap of a specially designed electro-
magnet [12, 13], which was operated at a field of
approximately 19 kG (1.9 Tesla) at a gap width of
5 cm. In Fig. 1 we demonstrate the typical quality of
the observed multiplet patterns. It shows the zero

0340-4811 / 87 / 0100-0049 $ 01.30/0. — Please order a reprint rather than making your own copy.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fir Naturforschung
@ @ @ in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der
BY ND Wissenschaften e.V. digitalisiert und unter folgender Lizenz veréffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fir Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution-NoDerivs
3.0 Germany License.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung*) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher
Nutzungsformen zu erméglichen.

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.



50 M. Stolze and D. H. Sutter - The Rotational Zeeman Effect of Pyrazole and Imidazole
% pyrazole [ 000_701
SN2)----
I
Q@% 3a) [ }\ zero magnetic field
/\ ;‘i\k f { H=0.0 Tesla

f\\ | / \k\ / ok /\

! i I\ .

MM N A [ W/ ‘(.‘\ \ g .

s %r\ﬂ,/\i’j /\\ st " 1\ Nt \-\\\-L,-Lw/u / l \\ M\q ¢‘|‘~ ‘\W ; N‘"l.',-.«““-w'\'.ﬂ\~\}"v‘ ‘glwm ’/ ,1 '“AHN»‘,

% / \ Fik s 500 kHz / \ ’,“ \ 2 |
VL (N RN wii
PoLoLd A I i

8] /\\/ H=1888 Tesla s
( = —]
| by =4 f \ N\
H=1.888 Tesla ;/

c) /\/\W J’ wi::/\/ \V /—ﬂ

L I

Fig. 1. Spectra of the 0gy — 1o, rotational transition of pyrazole, showing the average resolution obtained in this study;
a) zero field nitrogen quadrupole hyperfine multiplet; b) multiplet recorded at a magnetic field of 1.8878 Tesla under
AM; =0 selection rule; ¢) multiplet recorded at the same magnetic field but under 4M; = =* 1 selection rule. Also shown
are the corresponding multiplets calculated from the molecular parameters given in Tables 3 and 4. Lorentzian lineshapes
with a linewidth of 45 kHz half width at half height were assumed for these simulations. The rigid rotor frequency of the
transition (marked by v) is 14 168.392 MHz. The inserts at right show the cross section of the waveguide cell between the
pole faces of the magnet. The electric field vector of the incident microwave radiation is polarized perpendicular to the
broad face of the waveguide.

field quadrupole hfs multiplet of the 0¢y—1g,
rotational transition of pyrazole as well as the corre-
sponding Zeeman multiplets observed under 4M;=0
(electric vector of the microwave field parallel to

Analysis of the Spectra
a) Zero Field Spetra

The zero field microwave spectra of pyrazole and

the magnetic field vector) and 4M; = * | selection
rule (microwave field polarized perpendicular to
the magnetic field).

imidazole are well known [14, 15, 16, 17, 18]. These
earlier studies have lead to the knowledge of the
structures, the '*N quadrupole coupling tensors of
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Table 1. Zero field '*N quadrupole hfs multiplets observed for pyrazole. We have also analysed the following transitions:
000 — 1115 202=2115 212— 231, 32— 321, 31235, and 35— 33,. The complete frequencies listings are available upon request

(see text).
Je k. —Jk Vobs. (v— vc)exp. Fy F Fi F’ (V= Vo) aale. exp. —calc.
Veenter (MH2) (MHz) (kHz) (kHz) (kHz)
090 — los 14167.097 — 1295. 1 0 0 1 - 1297. 2
1 1 0 1
14 168.392(6) MHz 1 2 0 1
14167.419 - 973. 1 1 2 2 — 978. 5
1 2 2 2
14 167.745 — 647. 1 1 1 0 — 642. =3 B
14 168.525 133. 1 2 2 3 128. 5.
14 168.864 472. 1 1 1 2 464. 8.
1 2 1 2
14 170.497 2015. 1 0 2 1 2028. - 13.
1 1 2 1
1 2 2 1
2,—2y; 13 968.146 — 1862. 2 3 2 2 — 1859. — 3.
13 968.257 — 1751. 2 2 2 2 — 1750. = ]I
13 970.008(9) MHz 13 968.444 — 1564. 2 3 3 3 = 1565. 1.
2 1 2 1
13 968.552 — 1456. 2 2 3 3 — 1459. 3.
13 969.046 — 962. 3 2 2 2 — 965. 3.
13969.128 — 880. 2 3 2 3 — 886. 6.
13 969.385 — 623. 3 4 3 3 — 607. - 16.
3 2 2 1
13 969.641 — 367. 3 3 3 3 — 370. 3.
13 969.758 — 250. 2 3 1 2 — 258. 8.
13 969.851 — 157. 1 1 2 2 — 162. 5.
2 2 1 2
13 970.001 =T, 1 2 3 3 — 10. 3.
2 2 1 1
13970.079 * 71. 1 2 2 1 73. -2
13 970.220 212. 1 1 2 | 204. 8.
13970.336 328. 3 3 2 3 313. 15.
13 970.522 514. 3 4 3 4 502. 12.
13970.958 950. 3 2 3 2 958. = 8.
13971.294 1286. 1 0 1 1 1276. 10.
3 3 3 2
1 2 1 2
13971.425 1417. 1 1 1 2 1428. —11.
1 2 1 1
13 972.089 * 2081. 1 1 1 0 2084. - 3.

the two nitrogen nuclei, the electric dipole moment
components, and, from transitions involving states
with higher values of the rotational angular
momentum J, to centrifugal distortion analyses for
the two molecules.

In view of the fact that in the Zeeman spectra the
number of satellites in each rotational transition
multiplet increases rapidly with J, the present inves-
tigation was restricted to rotational transitions
involving only low J rotational states with J = 3.
Eight such transitions were studied in the case of
pyrazole and six in the case of imidazole. Since the
knowledge of rotational constants and quadrupole
coupling constants as accurate as possible is a pre-

requisite for the analysis of the Zeeman multiplets,
we also reanalysed the zero field quadrupole hfs
patterns. In Tables 1 and 2 we present our results for
two rotational transitions for each molecule. The
complete frequency listings are given in [19]. They
have been also deposited under file number TNA7
at the Universitatsbibliothek Kiel (Westring 400,
D-2300 Kiel) and may be obtained upon request.
These zero field spectra were analysed with a
corrected version of the program Q2SIM, provided
by M. Winnewisser, Giessen, to give the rigid rotor
rotational constants and the quadrupole coupling
listed in Table 3. In Q2SIM the following coupling
scheme is used to set up the matrix of the
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Table 2. Zero field '“N quadrupole hfs multiplets observed for imidazole. We have also analysed the quadrupole
hyperfine structure in the following low J transitions: 2p5,—25;, 312—331, 3»—35, and 2p,—3p3. As in the case for
pyrazole, the complete frequency listings are available upon request.

‘IK; O J;(i K: Vobs. (v— vc)cxp, F /i Fi F (v = vo)cale. exp. —calc.
Veenter (MHz) (MHz) (kHz) (kHz) (kHz)
090 — 101 14 144.643 — 1270. 1 0 0 1 - 1269. — 1
1 1 0 1
14 145.913(3) MHz 1 2 0 1
14 144.931 — 982. 1 1 ) 2 — 983. 1.
1 2 2 2
14 145.231 — 682. 1 1 1 0 - 675. = .
14 146.051 138. 1 2 2 3 135. 3.
14 146.357 444. 1 1 1 2 443. 1.
1 2 1 2
14 147.947 2034. 1 0 2 1 2031. 3.
1 1 2 1
1 2 2 1
11o— 2y 32891.720 — 2104. 0 1 2 2 - 2104. 0.
32891.987 — 1837. 0 1 2 1 — 1834. —35;
32 893.824(8) MHz 32 892.590 * — 1234 2 2 2 2 = 1251 17.
32892.771 — 1053. 0 1 1 2 - 1052. =1
0 1 1 1
2 2 3 3
32893.144 — 680. 2 3 2 2 —672. - 8.
0 1 1 0
2 2 2 3
2 1 2 2
32893.353 —471. 2 3 3 3 — 464. - 7
32893.708* — 116. 2 3 2 3 - 109. -7
32 894.025 201. 2 3 3 4 201. 0.
1 2 3 3
32 894.368 544. 2 1 3 2 544. 0.
1 2 2 3
32 894.834 1019. 1 2 1 2 1009. 10.
32 895.559 1735. 1 1 1 2 1722. 13.
1 1 1 1
32 895.907 2083. 1 1 1 0 2100. = 7.

Hamiltonian. First the rotational angular momen-
tum, J, is coupled to the spin of the first quadrupole
nucleus, the pyrrolic "N nucleus in our case, to give
an intermediate angular momentum, F;. Second,
this intermediate angular momentum is coupled to
the spin of the second quadrupole nucleus, the
pyridinic nitrogen nucleus in our case, to give the
final angular momentum, F. The matrix of the
effective rotational Hamiltonian is set up in this
coupled basis and is diagonalized numerically,
Since matrix elements which are off diagonal in the
rotational state quantum numbers J, K_ K, are
neglected, which leads to smaller submatrices to be
diagonalized, the resulting energies are only approx-
imate. In the case of nitrogen nuclei, where the
neglected matrixelements are on the order of
1 MHz, while the differences in the connected

diagonal elements are typically on the order of
GHez, this approximation is feasible.

This coupling scheme: J+ I, =F,, F,+ I,=F, is
also used to label the hfs satellites in Fig. 1. The
zero field spectrum can be directly compared to
Fig. 1, trace b, of [15]. The reader is reminded
however, that in [15] a different coupling scheme
was used by the authors. They first coupled the two
nitrogen spins to give an intermediate (spin-)
angular momentum, I;,, which was then coupled to
the rotational angular momentum, J to give the
final angular momentum, F. Thus their labelling of
the satellites differs from ours.

As expected, the superior resolution of the super-
heterodyne bridge spectrometer lead to consider-
ably reduced experimental uncertainties for the
quadrupole coupling constants.
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Table 3. Rotational constants and nuclear quadrupole
coupling constants of pyrazole and imidazole, fitted to the
zero field frequencies and splittings of eight rotational
transitions of pyrazole and of six rotational transitions of
imidazole respectively. The index (1) refers to the pyrrolic
nitrogen nucleus. The index (2) refers to the pyridinic
nitrogen nucleus. Uncertainties (in brackets) are single
standard deviations of the least squares fit and are given in
units of the least significant digit.

Pyrazole Imidazole
A/MHz 9618.762(18) 9725.272(11)
B/MHz 9412.521(18) 9373.959(11)
C/MHz 4755.867(18) 4771.919(8)
%o (1)/MHz 1.391(6) 1.281(7)
10 (1)/MHz 1.662(6) 1.278(7)
1. (2)/MHz — 3.960(5) — 3.981(5)
10 (2)/MHz 3.140(5) 1.753(8)

Table 4. Zeeman parameters of pyrazole and imidazole
from a least squares fit to 123 experimental satellite
frequencies of 8 rotational transitions in the case of
pyrazole and of 77 satellite frequencies of 6 rotational
transitions in the case of imidazole. Only the relative sign
of the g values can be determined from a high field
Zeeman study as reported here [24]. In our case however,
the choice with opposite signs can be discarded, since it
would lead to unresonable values for the components of
the molecular electric quadrupole moment tensor and to a

negative value for the out of plane second moment of the
electrons
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Table 5. Molecular electric quadrupole moments and elec-
tronic ground state expectation values for the anisotropies
in the second moments of the electron charge distribution
of pyrazole and imidazole, all referred to the principal
inertia axes systems, i.e. center of mass systems. The
equations used to calculate the quadrupole moments and
anisotropies are:

Q= am 4 B C
2m c? .
- {2Xaa — Xbb ™ Xees s
electrons
O Y (t2-cdoy
nuclei
h Ibb gcc)
=Y zb-¢ +—(———
2 2=+ g\
4m c?
352 {(2xbb_Xaa—ch)_(2Xt'c_Xau_Xbb)}-

(and cyclic permutations).

Pyrazole Imidazole
0,./107% esu cm? - 3.55(22) - 0.92(27)
0p5/107% esu cm? 9.79(20) 6.79(33)
Qcc/107% esu cm? — 6.24(35) — 5.87(53)
{a?-b%)/A? 0.523(84) — 0.154(94)
(b2—c?)/A2 29.756(114) 29.976(134)
{c?—a?)/A? —30.279(115) — 29.822(126)

electron charge distribution, (0| Y. ¢2[0).

Pyrazole Imidazole
Gaa —0.07498(14)  —0.09339(16)
T —0.12531(13)  —0.10444(14)
Gee 0.06346(12) 0.06051(15)
2 Xaa = Xbb— Xec 39.53(24) 45.76(31)
/107% erg G2 mol ™!
B85~ T Ko 51.20(21) 42.19(41)

/107% erg G2 mol !

B) Zeeman Spectra

All Zeeman spectra were recorded at fields in the
range between 18.8 and 18.9 kG. Just as in the case
of pyrrole [20], pyridine [21], and the fluorine sub-
stituted pyridines [22, 23], the nuclear Zeeman
effect quite effectively uncouples molecular rotation
and the spins of the quadrupole nuclei "N. Thus
the uncoupled basis, |J,K_K,, M)y, |I;, M),
|1, M,), already gives good first order energies and
was used to set up the matrix of the effective

Hamiltonian. Again, as in the zero field case, the
matrixelements off diagonal in J,K_K, were
neglected.

For improved approximation of the Zeeman
energies of the different rotational states, the corre-
sponding M;, M,, M,-submatrices, they are of rank
2QJ+1) RI;+1) (2I,+ 1), were subjected to a
third order perturbation treatment. This leads to
kHz accuracy of the energies, well below our experi-
mental resolution.

Due to the very effective uncoupling of the spins,
the observed Zeeman multiplets correspond to
transitions, which obey 4M, =0 and 4M, = 0 selec-
tion rules for the spins, and, depending on the
orientation of the microwave electric field vector
with respect to the magnetic field axis, AM;=0 or
AM;=* 1 selection rules for the projection of the
rotational angular momentum J on the magnetic
field axis. For a demonstration of the change in the
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selection rules when proceeding from the coupled
case at low fields to the uncoupled case at fields
above approximately 10 kG, the reader is referred
to Fig. 5 in [24]. For details of the theory of the
rotational Zeeman effect of molecules containing
nuclei with nuclear quadrupole coupling and for the
matrixelements of the effective Hamiltonian we
refer to [12] and [6], Egs. (II1,9) through (III,13),
(111,20) through (II1,24) and Chapter IV.

In the case of pyrazole and imidazole, the Zeeman
multiplets corresponding to a specific rotational
transition typically stretch over a frequency range of
* 3.5 MHz. Due to the many satellites in such a
multiplet, it was not possible to resolve them all as
isolated lines, even not with the high resolution
power of the superhet bridge system. Thus, in the
fit of the g-values and susceptibility anisotropies,
we used only the well resolved satellites and some
selected features in the spetra, where the frequency
of the observed “lines” could be approximated as
the intensity weighted means of the overlapping
satellites [25].

In our assignment of the Zeeman satellites we
started out from susceptibility anisotropies predict-
ed from local increments [26, 27] and a nonlocal
(m-ring current contribution) estimated from pyrrole
[20]. Analysis of the /=0 to J =1 Zeeman spectra,
observed under 4M; = 0 selection rule, which, apart
from N quadrupole hfs, predominantly depend on
the susceptibility anisotropies, then lead to im-
proved susceptibility anisotropies. In the next step
initial g tensor elements could be calculated from
the susceptibilities, the known structures, and from
second moments of the electron charge distribution
obtained from a CNDO/2 calculation [28]. With
these approximate g values Zeeman spectra could
be predicted, which came sufficiently close to the
observed patterns in order to make an assignment
possible. In all, 123 frequencies were used to fit the
g values and susceptibility anisotropies of pyrazole,
and 77 frequencies were used to fit the correspond-
ing values of imidazole. The Zeeman multiplet
listings are again deposited under file number
TNA7 at the Universitatsbibliothek Kiel and are
available upon request. In Table 4 we present the
results of the least squares fit.

With the Zeeman parameters listed in Table 4
and the theoretical treatment described above, the
observed multiplet patterns are reproduced typical-
ly within better than 10 kHz.

Table 6. Comparison of the nonlocal out of plane (z-ring
current) contribution, y°™oc2l of the magnetic susceptibil-
ity tensor for some aromatic S-membered ring molecules.

nonlocal
Xt Ref.

/10'6erg G2 mol”!

furane l:ﬁ\ -24.0 (35
isoxazole Io_jN -26.0 (36)
oxazole ‘Z‘DN -225 (36)
pyrrole l:& -31.9 (20)
pyrazole I:jN =333 this work
imidazole l—NN =347 this work
thiophene Is—j\ -36.4 (35)
isothiazole l:,(N -37.2 (27)
N
thiazole A -39.5 (@7

From the known structures [16, 17], and from the
theoretical expressions for the rotational constants
and for the g- and p-tensor elements [29], the
experimental rotational constants, g-values and
susceptibility anisotropies can be used to derive
“experimental” vibronic ground state expectation
values for the components of the molecular electric
quadrupole moment tensor and for the anisotropies
in the second moments of the electron charge dis-
tribution [30, 31]. These values are given in Table 5.
The reader is reminded that the values are referred
to the principal inertia axes systems of the two
molecules. In both molecules the molecular electric
quadrupole moment tensor for instance certainly
has a nonvanishing off diagonal element Q,,, if
referred to this axis system. However pyrazole and
imidazole are both molecules which, as far as their
moments of intertia are concerned, come very close
to the limiting case of an oblate symmetric top, and
isotopic substitutions lead to considerable changes
of the orientation of the a- and b-axes of the
principal inertia system with respect to the nuclear
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frame without affecting the electron distribution
appreciably. Thus the Zeeman study of deuterated
species should lead to the knowledge of the com-
plete molecular electric quadrupole tensor as well as
the knowledge of the complete molecular suscep-
tibility tensor for the two molecules. Such a study is
currently under way at our laboratory.

Discussion

We restrict our discussion to the nonlocal out of
plane component of the susceptibility tensor. We
calculate it from the experimental out of plane
minus average in plane susceptibility and from the
corresponding local susceptibility anisotropy as [32]:

,nonlocal .__

Kee = Wee (Zaa + be)/z}exp
~fpee = G 1 W T ey

The local susceptibilities were calculated as sums of
the corresponding atomic contributions from Table 6,
ref. [27]. When proceeding like this, we assume that
essentially no nonlocal contribution is present in the
Zaa and ypp elements, an assumption which of cause
holds only as an approximation [33, 34]. We note
that the so calculated y"™°® jis invariant under
rotations about the c-axis and its evaluation does
not require the knowledge of an experimental value
for the bulk susceptibility. As indicated already in
the introduction, its value has been proposed as a
measure for “aromaticity”. We therefore present a
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