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We have resolved and analysed the nuclear quadrupole hyperfine structure in the rotational 
spectra of 4-pyridinecarbaldehyde and 3-pyridinecarbaldehyde, C5H4NCHO. The results are dis­
cussed and compared to those of previously measured pyridine compounds. The electron withdraw­
ing effect of the aldehyde-function, in the 3- and 4-position at the ring system, has been calculated, 
and the differences in the results are discussed.

Introduction

The nitrogen nuclear quadrupole coupling has been 
investigated for 3-pyridinecarbaldehyde and reinvesti­
gated for 4-pyridinecarbaldehyde, by means of micro­
wave Fourier transform (MWFT) spectroscopy [1]. 
The results allow, because of their accuracy, an inter­
pretation of the coupling constants in terms of elec­
tronic parameters of the molecular environment of the 
nitrogen nucleus. These data are compared to those of 
pyridine [2], cyanopyridine [3] and to those which 
appear in the earlier literature [4, 5].

4-pyridinecarbaldehyde was first investigated by 
Georgiou and Roussy [4]. They used a Stark modu­
lated microwave spectrometer and reported the rota­
tional and quadrupole coupling constants. The latter 
were indicated to be similar to those of pyridine. 
3-pyridinecarbaldehyde was first investigated by 
Haeck and Roussy [5] with the same technique. The 
authors reported the ground state rotational constants 
for the O —N s-trans form but no quadrupole cou­
pling constants. Our studies with the higher resolution 
of MWFT spectrometers in the frequency range 
8-26 GHz [6-8] have led to more reliable values of 
the quadrupole coupling constants of 4-pyridinecarb­
aldehyde and to first determinations of these con­
stants of 3-pyridinecarbaldehyde. The improvement 
of the rotational constants was not our aim.

Reprint requests to Prof. Dr. H. Dreizler, Abteilung Chemi­
sche Physik im Institut für Physikalische Chemie, Christian- 
Albrechts-Universität, Ludwig-Meyn-Strasse 8, D-2300 
Kiel.

Experimental details and analysis

The substances, amber colored liquids, were pur­
chased from Aldrich Chemie, Steinheim, and purified 
by a vacuum distillation. The spectra were recorded in 
both cases at a temperature of approximately — 15°C 
and a pressure of about 2.7 Pa (20 mTorr). Although 
the pressure seems to be high, detection of the molecu­
lar signals was in general difficult and at lower pres­
sures as the above mentioned, no signals were ob­
tained. On the contrary, these conditions allowed a 
good resolution for the demands of a hfs analysis. Our 
measurements are given in Tables 1 and 2. All frequen­
cies used in the hfs analysis were determined by a least 
squares fit of the time domain signals of the multiples 
to minimize overlap effects [9],

The first order hfs analyses were carried out as in [2] 
for pyridine. The hypothetical unsplit transition fre­
quencies were evaluated by adding the hfs corrections 
to the frequencies of the strongest multiplet compo­
nent. For the hfs analyses, we used our programmes 
HT1NQ [10] and DH14KS [11], The rotational con­
stants were obtained by fitting these constants to the 
measured frequencies. For this calculation we used 
our programme DH9. The results are given in Table 3. 
The coupling constants have turned out to be in­
fluenced by the substitution-pattern of the ring sys­
tem.

Discussion

To calculate the withdrawing effect of the aldehyde- 
function, the experimental data have been used for a
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Table 1. Measured rotational transitions of 4-pyridinecarbaldehyde. v frequency of the hfs component. Av observed hyperfine 
splitting, referred to the strongest component. v0 hypothetical unsplit line frequency calculated from the measurements, 
A{Av) = Av~Avca,c deviation of the observed splitting from the calculated value, zfvcalc theoretical hyperfine splitting calcu­
lated with the constants from Table 3. v"10 calculated unsplit line frequency, ö0 — v0-Voalc.

J K _ K + J' F-F' v[MHz] zfv[MHz] vn[MHz] A(Av) 
[kHz]

yc a'c
[MHz] [kHz]

2 1 2 1 0 1 3-2 
2-1 
1-0 
2-2 
1-1

9167.544 
9167.811 
9165.999 
9166.350 
9169.689

+ 0.267 
-1.544 
-1.194 
+ 2.145

9167.523
-6  
-4  
+ 2 

+ 10

9167.500 + 23

3 2 1 3 1 2 4-4
3-3 
2-2

11484.819 
11 485.719 
11 484.497

+ 0.901 
-0.322

11485.039
+ 13 
-11

11 485.042 -3

3 1 2 3 0 3 4-4
3-3 
2-2

5252.844 
5253.732 
5252.534

+ 0.888 
-0.310

5253.069
-11 
+ 4

5253.051 + 18

3 2 2 2 1 1 4-3 
3-2 
2-1

20205.650 
20206.020 
20205.440

+ 0.370 
-0.210

20205.733
-9  

0

20205.728 + 5

3 2 1 2 1 2 4-3 
3-2 
2-1

21 340.840 
21 342.110 
21 340.150

+ 1.270 
-0.69

21 341.125
-3  
+ 1

21 341.110 + 15

4 3 2 3 3 1 5-4
4-3 
3-2

11 141.951 
11 140.518 
11 142.508

-1.433 
+ 0.557

11 141.602
+ 10 
-4

11 141.628 -26

4 3 1 4 2 2 5-5 
4-4 
3-3

20417.850 
20418.990 
20417.560

+ 1.140
-0.290

20418.155
-9  
+ 5

20418.178 -23

4 2 2 4 1 3 5-5 
4-4
3-3

11 035.993 
11036.471 
11 035.869

+ 0.477 
-0.124

11 036.119
+ 2 
-2

11036.111 + 8

6 1 5 6 0 6 7-7 
6-6 
5-5

8 766.377 
8767.151 
8 766.245

+ 0.774 
-0.131

8 766.597
+ 3 
-1

8 766.581 + 16

7 1 6 7 0 7 8-8 
7-7 
6-6

10627.744 
10628.528 
10627.630

+ 0.784 
-0.114

10627.972
+ 5 
-2

10627.977 -5

Table 2. Measured rotational transitions of 3-pyridinecarbaldehyde. Symbols as in Table 1.

J K K + J' K'+ F-F' v[MHz] zfv[MHz] vJMHz] A(Av) 
[kHz]

yc a'c
[MHz] [kHz]

2 1 1 1 1 0 3-2 
2-1 
1-0 
2-2

5975.332 
5 975.043 
5976.471 
5976.079

-0.289 
+ 1.139 
+ 0.747

5975.323
+ 8 
-7  
+ 6

5975.313 + 10

3 1 2 2 1 1 4-3 
3-2

8947.518 
8947.429 -0.088

8947.477
+ 8

8947.483 -6

3 2 2 2 2 1 4-3 
3-2 
2-1

8426.185 
8425.812 
8426.402

-0.373 
+ 0.217

8426.102
_2 

+ 10

8426.081 + 21

4 3 1 3 3 0 5-4
4-3 
3-2

11 285.861 
11 285.566 
11 285.985

-0.295 
+ 0.123

11 285.790
+ 2 
-1

11285.758 + 32

4 3 2 3 3 1 5-4
4-3 
3-2

11 279.869 
11 279.547 
11 279.996

-0.322 
+ 0.127

11 279.795
-15 
+ 1

11 279.762 + 33

5 4 2 4 4 1 6-5 
5-4 
4-3

14096.687 
14096.400 
14096.781

-0.287 
+ 0.094

14096.615
-8  
+ 6

14096.617 _2

6 5 2 5 5 1 7-6 
6-5 
5-4

16912.114 
16911.871 
16912.182

-0.243 
+ 0.069

16912.045
+ 12 
+ 4

16912.098 -53
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semiempirical "Townes-Dailey calculation". The point 
of a comparison between 4- and 3-pyridinecarbalde­
hyde was, that we expected the electronic environment 
of the ring system in the 3-aldehyde to be nearly un­
affected by the aldehyde-function, in contrast to the 
ring system of the 4-aldehyde. Due to these circum-

Table 3. Rotational and quadrupole coupling constants 
[MHz] of 4- and 3- pyridinecarbaldehyde, a standard devia­
tion of the fit, Av mean experimental splitting [MHz].

4-pyridinecarbaldehyde
Values from [4] This work Correlation

A = 5519.040(84) A =5519.114 (3)
B = 1559.174(32) B =1559.205 (2)
C =1216.114(22) C =1216.129 (2)

= 4.67 (9) = 4.900 (8) 1
x~ = -2.29 (17) y~ = -2.543 (11) -0.053 1
/uu = -4.67 (9) Xaa = -4.900 (8)
/„„ = 1.19 (26) Xhh = 1.179 (9)

= 3.48 (26) /„  = 3.721 (9) 
a_ = 0.007 
Av = 0.724

3-pyridinecarbaldehyde
Values from [5] This work Correlation

A = 5417.8 (4) A = 5414.2 (37)
B = 1583.289 (9) B = 1583.310 (14)
C = 1225.389 (9) C = 1225.384 (23)

X + 1.156 (10) 1
X = -5.768 (40) 0.033 1
Xaa = -1.156 (10)
Xbb = -2.306 (25)
Xcc 3.462 (25)
O 0.008
Av 0.315

stances, the polarisation of the n and o bonds of the 
3-substituted system ought to be similar to those of 
unsubstituted pyridine, whereas the polarisation of n 
and a bonds in the 4-substituted system ought to show 
a noticable effect.

For the interpretation of the nitrogen nuclear cou­
pling in substituted pyridines we followed Gordy and 
Cook [12].

Because of the equivalence of the two orbitals which 
form the C — N — C bonds, three electronic parameters 
can be considered as unknown: ia, the ionic character 
of the cr-bonds, iK, the polarisation of the 7r-bond, and 
a2, the hybridisation parameter.

We assume that the CNC angle is unaffected by the 
substituents; it is known to be 117° [13] from pyri­
dine. With this assumption, a2 can be evaluated to 
a2 = 0.312 [14], The normalized valence orbitals of the 
nitrogen atom are

xt/ l = (1-2a2)1/2 4- (2as2)1/2 y/Pz (lone pair),
^2.3=(«s2)1/2 V/s - ( l / 2 - a s2)1/2

±(1/2)1/2 y/Px (er bonds), 
t//4 = y/Py (7i bond) (1)

with a2 = amount of s character in the C —N bond, 
z = symmetry axis of the pyridine moiety, y = axis 
perpendicular to molecular plane, x = in-plane-axis.

If we assume that y/1 is occupied by the lone pair, 
then the population numbers of the orbitals to y/4, 
are as follows:

i) = 2; n(y/2) = n(i//3) = 1 + ia; 
n(y,4) = \ + i n . (2)
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Table 4. Ring nitrogen quadrupole coupling constants and derived electronic parameters of pyridine compounds. in, ia 
polarisation of n and a bond respectively.

Compound Coupling constants [MHz] Derived parameters

pyridine [2] Xxx — Xbb = +1.434 (3) in = 2.70%
Xzz = Xaa = -4.908 (3) /„= 18.96%

Xcc = +3.474 (3)
4-cyanopyridine [3] Xx* — Xbb = +1.41 (11) in= 1.0%

Xzz = Xaa = -5.02 (4) („= 18.4%
Xcc = +3.61 (12)

4-pyridinecarbaldehyde Xbb = + 1.179 (9)
Xaa = -4.900 (8)
Xcc = + 3.721 (9)
Xxx = + 1.37 in — —0.2%
Xzz = -5.09 is = 18.4%

3-pyridinecarbaldehyde Xbb = -2.306 (25)
Xaa = -1.156 (10)
Xcc = + 3.462 (25)
Xxx + 1.58 in = 2%
Xzz = -5.04 '„= 17%
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Fig. 1. The molecular geometry of 4-pyridinecarbaldehyde. 
The molecular geometry yields an angle 0 of 10 ° between the 
a axis and the C7 —C4 —N line of the molecule [4],

Fig. 2. The molecular geometry of 3-pyridinecarbaldehyde. 
Here the geometry yields an angle 0 between the a axis and 
the C4 —N line of 50°, calculated with the structural data 
given in [5].

We can then calculate ia and in as described in [15]. 
With our experimental data for xgg, g = x, z, we have 
obtained the results given in Table 4, wherein %xx and 
/ „  have been calculated by the assumption that the 
molecular geometry of 4-pyridinecarbaldehyde yields 
an angle of 0 = 10° between the a axis and the 
C7 —C4 —N line, see Figure 1. The quadrupole cou­
pling tensor is then transformed into the ring axis by 
a rotation of 10°. For 3-pyridinecarbaldehyde this 
transformation is given by a rotation of 6 — 50°, see 
Figure 2. With the unsubstituted pyridine chosen as a 
standard, the polarisation of the n bond becomes 
obvious due to the well known withdrawing effect of 
the aldehyde-function ( —M Effect). In the case of 
4-aldehyde, the aldehyde-function lowers the 
7r-electron density in the ring system in this substi­
tution position more than the less attractive cyano- 
function, as seen in Table 4. The aldehyde-function in 
the 3-position cannot act in the same way, which is

also indicated by the values of ycc in Table 4. This is 
well known in organic chemistry and described by the 
figurative description of mesomery. It is also notewor­
thy that no particular effect on ia in all substituted 
pyridines is shown; this is in good agreement with the 
localisation of the a-bonds. Finally it should be stated 
that because of the simplifying assumptions of the 
model, the results are not very exact but give a good 
reproduction of the relationship between the electron 
excess in and acceptor influences related to the substi­
tution position in aromatic ring systems.
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