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The quadrupole coupling of the two nitrogen nuclei was investigated by microwave Fourier
transform spectroscopy. The results contribute to a comparison of substituent effects in different

pyridine derivatives.

We investigated the nitrogen hyperfine structure
(hfs) in the rotational spectrum of 4-cyanopyridine
or isonicotinonitrile, CdH4N,, by use of microwave
Fourier transform (MWFT) spectroscopy [1]. This
paper is the third in a series, in which the effects of
different substituents on the electronic environment
of the pyridine ring nitrogen nucleus are compared.

The pure rotational spectrum of 4-cyanopyridine
has been analysed by Ford [2], who reported the
rotational constants and the dipole moment. He
could not resolve the complex hyperfine structure.

Using our MWFT-spectrometers in the range
from 5.3 to 26 GHz [3—6] we recorded some thirty
rotational transitions at pressures of 0.4—1.5 mTorr
(0.05-0.2 Pa) and temperatures between +25°C
and —20°C. The hyperfine structure could not
always be completely resolved, but the information
gained proved sufficient to distinguish the two
nitrogen nuclei and allowed an interpretation of the
quadrupole coupling.

The white, crystalline substance (mp.: 78 °C) was
purchased from FLUKA, Neu-Ulm, and sublimat-
ed for purification.

A selection of the measurements is given in
Table 1. The complete list is available under TNA 6
at the Universitédtsbibliothek Kiel*. The multiplets
were simulated by line shape analysis [7] to account
for interference of neighbouring components. A
sample of the recordings is given in Fig. 1, showing
the K-doublet transitions Jg_g, =87 — 74 and

* Westring 400, D-2300 Kiel.

Reprint requests to Prof. Dr. H. Dreizler, Institut fiir Phy-
sikalische Chemie, Universitit Kiel, Olshausenstr. 40,
D-2300 Kiel.

872 — 74 split into nine hyperfine components by the
coupling effects of the two nitrogen nuclei.

The nuclear quadrupole coupling energies being
small compared with the rotational energy, a first
order hfs analysis [8] is sufficient. Because the
coupling energies of the ring and cyano nitrogen
nuclei are of equal magnitude we predetermined
the hfs by use of the three possible coupling
schemes (/, = I (ring N), I, = I (cyano N))

F|=J+1|; F|+12=F',
F|=J+12; F1+1]=F;
1=11+12,.,+I=F

We used the coupling constants of pyridine (y,,=

—4.908(3) MHz, y55 = 1.434(3) MHz, 7. =3.474(3)
MHz, n=(xss— Xcc)/Xaal = 0.416(2) [9]) for the

22185.0 MHz 22188.0 MHz

Fig. 1. Rotational transitions Jx_x, = 87,—74 and 87,77,
of 4-cyanopyridine, showing nuclear quadrupole hyperfine
structure (/ and F quantum numbers given). A range of
3 MHz out of a 25 MHz recording, polarizing frequency
22187 MHz, cell temperature 8 °C, gas pressure 0.4 mTorr
= 0.05 Pa, 8 - 10° averaging cycles, sampling interval 20 ns.
1024 data points were supplemented by 3072 zeros prior to
Fourier transformation.

0340-4811 / 87 / 0100-0083 $ 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 verdffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fiir 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.



84 N. Heineking and H. Dreizler - The Rotational Spectrum of 4-Cyanopyridine

Table 1. Selection of measured rotational transitions of 4-cyanopyridine. v observed frequencies,
Av hyperfine splittings referred to strongest multiplet components. v, unsplit transition frequen-
cies, 4 (4v) deviations of the splittings from calculated values, 4v, deviations from rigid rotor
specltrum. The latter two were calculated with the quadrupole and rotational constants from
Table 2.

J K K,—J'K'K. I'-I", F=F" v a % AW 4v
[MH7  [MHZ [MHZ] [kHz] [kHz]
202 -1 01 1-1, 3-2 5518130 —0.294 0
1-1. 2-1 5518259 —0.165 +34
2-2) 4-3 5518424 5518.222* <11
2-2. 3-2 5518518 +0.094 +12
211 =1 10 1-1, 3-2 5849378 —0.706 +11
2-2, 4-3 5850084 5849.538 % +12
212 -1 1 1  1-1, 3-2 5218999 —0.774 —»
2-2) -3 5219713 5219.190* +10
303 -202 2-2, 2-1 8236660 —0.793 +17
2-2) 3-2
o 3_2} 8237.141  —0.312 — 4
I-1. 4-3
It 3_2} 8237.271  —0.182 ~30
2-2) 5-4
2 4_3} 8237.453 8237.327* -2
1-1. 2-1  8237.552 +0.099 +15
312 -2 1 1 2-2, 3-2 8763349 —0.832 +5
33, -]
T } 8763.735  —0.446 —12
=], 3=
i1’ 4_3} 8763.820 —0.361 + 8
0-0. 3-2
e 4} 8764.181 8763.946 * +3
1-1. 3-2" 8764262 +0.081 4+ 3
313 -2 1 2 2-2, 3-2 7818306 —0.888 +16
33" 3]
o 4_3} 7818700 —0.494 +14
1=, 2=
Tl 2 } 7818.833  —0.361 +27
3.3, 1=0
-y 3_2} 7819.083  —0.111 ~28
2-2, 5-4
ek 3_2} 7819.194 7818.917* .y
321 -2 20 2-2, 3-2 8363716 —2.669 — ¥
-2, 2-3 8364321 —2064 -29
2-2) 4-3 8364403 —1982 ~19
1-1. 2-1 8364595 —1.790 < ]
1-1. 4-3 8365374 —1011 — 8
2-1, 4-3 8365435 —0.950 ~19
2-2) 5-4 8366385 8365.724* -3
-1, 3-2
327 31
ooTr 3TAL s3e68s3 +0des ~16
9-3° -1
1-0. 3-2
b0’ 33 b 8367242 +0.857 ~14
322 -2 21 2-2, 3-2 8299480 —2.704 —14
2-2. 4-3 8300169 —2015 ~10
1-1. 2-1 8300311 —1873 ~36
1-1. 4-3 8301189 —0995 11
2-2, 5-4 8302184 8301.520* ~10
=1, 3-32
322 3) 8302671 +0.487 -9
0-0. 3-2 8303054 +0.870 -5
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ring nitrogen and those of benzonitrile (y,,=
—4.187(70) MHz, x4, =2.301(53) MHz, y..=
1.886(53) MHz, n=0.099(30) [10]) for the cyano
nitrogen. All calculations gave the same result. In
Table 1 we give the quantum numbers of the third
coupling scheme.

For each multiplet, the hypothetical unsplit tran-
sition frequency was calculated by adding the hfs
correction to the frequency of the strongest compo-
nent. The low-J-transitions (up to J = 3) were used
for a rigid rotor analysis to refine the rotational con-
stants. This refinement did not influence the hfs
analysis. We used our programs Q2SIM [11], Q2FIT
[12], and QUAD?2 [13] for the hfs- and DH9 [14] for
the rotational analysis. The rotational and nuclear
quadrupole coupling constants are given in Table 2.
The assignment to the two nitrogen nuclei was
based on a comparison with the coupling constants
of pyridine and benzonitrile.

An interpretation of the ring nitrogen coupling
will be given in a forthcoming paper. The discussion
of the cyano nitrogen coupling is comparable to that
of the chlorine coupling in aryl chlorides [15]. Un-
fortunately one has to make more assumptions:

The cyano nitrogen is ¢ bonded by a partially
s-hybridized p. orbital, and = bonded by two p, and
p, orbitals, respectively. The counterhybridized

Table 2. Rotational and quadrupole coupling constants of
4-cyanopyridine. ¢ standard deviation of the fit. |(B, C)|
maximum correlation coefficient; derived parameters be-
low the line, 7= | (xpp — Xcc)/Xaa|- Quoted errors are single
standard errors.

A =6001.2(5) MHz
B = 1541.175(2) MHz
C = 1226.002(2) MHz
o = 10 kHz
|(B, C)] = 0792

Xaa (ring N) = -5.02(4) MHz
Xbb (ring N) = 1.41(11) MHz
Xaa (€yano N) = —4.28(4) MHz
Xbb (cyano N) = 2.37(10) MHz
o = 21 kHz
[ (Xaq (ring N), 244 (cyanoN))[ = 0.891

Xec (ring N) 3.61(12) MHz

n (ring N) = 0.438(45)
Xec (cyano N) = 191(11) MHz
7 (cyano N) = 0.107(48)
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orbital contains the lone pair electrons. Because the
polarisations i,, i, , and i, of the o, n,, and =,
bonds and the hybridization parameter a? are un-
knowns there are four parameters and only two
experimental data. We assume that the 7, bond in
the molecular plane is entirely homeopolar, i.e.
i,,=0, and that the ionicity of the ¢ bond is 25%.
This follows from the electronegativities of nitrogen
and carbon with an empirical relation [16]. The
occupation numbers of the nitrogen p orbitals are
then given by

ne=1, ny=1+1i,, n.=(+i,) (1—ad) +2a% (1)

With the charge correction [17] applied, the follow-
ing expressions result [18]:

aZ(1—i,) + iy —%in,
ltegiz+ &t iy

Xzz= Xaa = eQqno, (2)

1 .2 s 1 ] -
—Eas(l_la)_ila_iln,
I tE=iz+ ey,

Xxx = Xbb= eQ4qo,
where y,, are the nuclear quadrupole coupling con-
stants, g = x, z, a, b; e Q g, is the quadrupole cou-
pling of an electron in nlm =210 state; &= the
shielding constant.

Equations (2) yield

Ik g0,

g e (3a)
* —3e0dno .
Xaa+2Xbb
and withe- i, <1+e-i,
— (l+e-i iy
ag= (Xaa Xbb) ( 3 Ia) _ ! (3b)

3€Qqn0° (1-1iy) (—ip)

With the experimental results for the coupling con-
stants (see Table 2) and the values ¢ = 0.3 [17] and
eQqs0=—9.38 MHz [19], we get

ir,=3.5% and al=34%.

Because these values are rather sensitive to the
assumptions no standard errors are given.

It should be noted that the hybridization parame-
ter a2 cannot (according to (3)) reach 50% (“sp”-
hybridization) unless the ¢ bond polarity is nearly
zero, what would leave unexplained the high dipole

moment of approximately 4D of the cyano group.
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