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Abstract 

In order to shed some light on the origin of the shifts of the vibrational frequencies of pyridine adsorbed on metal oxides, ab 
initio calculations have been performed. SCF methods may be used to assign and identify the pyridine vibrations of interest, 
although coupling of certain vibrational modes hamper the interpretation. The effect of the ligands on the vibrations of pyridine 
is rather complex. It appeared that the shifts are mainly due to the direct effect of the ligand on the force constants and to changes 
in the extent of coupling with the in-plane bending vibrations of the hydrogen atoms, and, in case of proton transfer, the N-H 
group. Protonation, however, severely influences the geometry of pyridine, which may also have a considerable effect on the 
vibrational frequencies. 

1. Introduction 

Pyridine is often used as a probe molecule to 
examine the acidity of metal oxide catalysts. 
Owing to its electron donor capabilities, the 
strength of electron pair acceptor sites can be mon- 
itored [ l-51. These sites can be studied with infra- 
red spectroscopy in the region 1700 to 1400 cm - ’ . 
In this part of the spectrum, where most metal 
oxides show an infrared window, pyridine has 
strong absorptions, i.e. v8,, v8,,, I, ,9a and Y 19b fol- 
lowing Wilson’s mode number for the assignment 
of the vibrations of benzene [ 6].* These modes 
are weak in Raman spectroscopy, where the ring 
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breathing region ( v, and v12 modes) is a better 
choice to study the interactions of pyridine with 
surfaces. 

Adsorption of pyridine at different acidic sites 
may result in a change in centre, intensity and 
profile of the vibrational bands as compared to the 
corresponding bands in the free, unperturbed mol- 
ecule. The general position of a specific vibration 
of pyridine interacting with a given type of adsorp- 
tion site can be found from model systems. When 
pyridine interacts with an acid site, the frequency 
of the ring vibrations is seen to increase, which 
corresponds to a strengthening of the bonds lead- 
ing to increased force constants. The assignment 
of the vibrational modes of pyridine adsorbed on 
different sites is presented in Table 1. 

We operationally define a Bronsted site as an 
OH group which is, at room temperature, acidic 
enough to transfer its proton to pyridine forming 

* Corresponding author. 
’ Present address: AT1 Unicam, York Street, Cambridge, CBI 

?PX, UK. 
’ Although these benzene modes are degenerate. the correspond- 

ing pyridine vibrations may show slightly different energy. 
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Table 1 
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Vibrational frequencies of the infrared ( I+&, vXbr vITs. v,~~) [ I ] and Raman ( Y,, v,?) [ 16,181 modes (cm- ’ ) of pyridine used in the 

characterisation of surfaces as determined from model systems. Argon matrix values from [30]. Assignment of modes according to Wilson 

161. 

Mode Symm. Ar matrix Liquid Hydrogen 

bonded 

Bronsted 

sites 

Lewis sites 

vu0 A, 1582 1582 1590-1600 1640 1600-1633 

VXh Bz 1577 I575 1580-1590 1620 1580 

y19, A, 1483 1482 1485-1490 1485-1500 1488-1503 

VI% Bz 1441 1438 1440-1447 1540 1447-1460 

VI? A, 1031 1031 1032-1040 1025-1035 1040-1050 

VI A, 991 991 9961005 1007-1015 1016-1028 

a pyridinium ion, whereas association with an OH 
site will be referred to as hydrogen bonded pyri- 
dine. In the literature [2,4,7,8] the interaction 
between pyridine and OH groups (hydrogen 
bonded pyridine) is often described as ‘physisor- 
bed’. Following adsorption at lower temperatures 
( < lOO”C), however, pyridine species are 
observed which have (almost) liquid-like features 
and we would like to adopt the word ‘physisorbed’ 
for these, i.e. indicative of a weak (non-specific) 
association. The different interactions are 
depicted in Fig. 1, 

The assignments provided in Table 1 are usu- 
ally used as a guide for the interpretation of the 
vibrational spectra of pyridine adsorbed onto 
metal oxides. The literature, however, indicates 
that discrepancies exist between different authors, 
and the Raman spectra are most often not com- 
pared with infrared results [ 9-221. The situation 
is further complicated by the fact that the shifts 
and relative intensities of the ring modes of 
adsorbed pyridine in infrared and Raman spec- 
troscopy seem to depend on the nature of the cat- 
alyst, thus making the assignment of bands even 
more difficult [ 23-261. 
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Fig. I. The different interactions of pyridine with zeolite surfaces. 

Theoretically, the origin of the shifts of pyridine 
has not been fully elucidated. A model in which 
the donation of electrons from the nitrogen lone 
pair to the ligand orbitals decreases the 7~ or (T 
electron density in the ring would predict negative 
shifts upon complexation, whereas a blue shift is 
observed. Ab initio methods may be used to study 
the association of pyridine with probe molecules 
and to analyse the effect of complexation on the 
vibrations of the aromatic. In 1975, Del Bene [ 271 
performed SCF calculations using the ST03G 
basis set on hydrogen bonded pyridine complexes. 
An SCF/4-31G study of the vibrational changes 
upon protonation of pyridine was published by 
Ajito et al. [28]. Wiberg [29] calculated the 
vibrational spectrum of pyridine using the 6-3 1 G * 
and 6-3 1 + G * basis sets. Recently, Destexhe et 
al. [ 301 reported on the experimental vibrational 
shifts of matrix isolated pyridine and pyridine- 
water, together with its SCF/6-3 1 + / + G * * pre- 
dicted frequencies. 

In the present work, we report on quantum 
chemical calculations of the vibrational frequen- 
cies of pyridine and several pyridine complexes. 
The main goal of this work was to identify and 
assign the different vibrational modes used in the 
studies of pyridine adsorbed onto surfaces. Fur- 
thermore, the effect of the ligand on the nature 
and frequency of the vibrations has been examined 
and additionally, the use of SCF calculations has 
been assessed. Finally, we have tried to rationalise 
the changes and shifts which occur upon com- 
plexation. 



It is emphasised that the calculations are by no 
means intended to mimic the ‘real’ situation, i.e. 
to give complete agreement with experiment. The 
main purpose of the present quantum chemical 
calculations is to provide some understanding of 
the shifts observed in the Raman and infrared 
spectra of pyridine adsorbed onto metal oxides. 

2. Method of ab initio calculations 

The complexes of pyridine with H20, the dimer 
of water, NaCl and HCl, and its protonation were 
selected as model systems for our calculations. 
The computations were carried out at the restricted 
Hat-tree-Fock level with the ab initio program 
GAMESS-UK [3 1,321 on an HP 7500 system. 
Computation of the vibrational frequencies was 
performed by calculating the analytical second 
derivatives of the energy surface. In general, 
geometries were optimised with the ST03G basis 
set, and the vibrational frequencies were calcu- 
lated then with the 6-31G’ basis set. The latter 
basis set was preferred for the calculations of the 
frequencies, because the work of Wiberg 1291 
showed that the band positions of pyridine are in 

reasonable agreement with the experimental val- 
ues, after correction for anharmonicity and over- 
estimation of the force constants by the SCF 
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procedure (by using a scaling factor of approxi- 
mately 0.9). No attempts were made to correct for 
the basis set superposition error (BSSE), It has 
been shown that at a given geometry of the com- 
plex, the BSSE has only a small effect on the 
stretching frequencies in SCF calculations [ 33 1. 
This leaves, however, the possibility that the 
ST03G estimated geometry of the complexes is 
affected by the BSSE [34] and this will be 
addressed to below. 

The geometries were constrained to the highest 
possible symmetry. Hence, except for the pyri- 
dine-water compounds, all complexes possessed 
C, symmetry. The C, symmetry was adopted for 
the pyridine-H,O complex, i.e. with the plane of 
the water molecule perpendicular to the plane of 
the ring, which is energetically the most favoura- 
ble conformation [ 27,341. We assumed that the 
pyridine-water dimer complex would maintain 
this symmetry, with the second water molecule in 
the same plane as the first one (and thus perpen- 
dicular to the plane of the pyridine ring). 

3. Results and discussion 

3.1. The ring vibrutions of pyridine 

The ST03G optimised geometry of pyridine is 
displayed in Fig. 2a. A comparison with the cor- 
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Fig. 2. Calculated geometries of pyridine and its complexes (for details see text). Bond lengths are in A, bond angles in “. 
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Table 2 
Experimental geometries of pyridine and pyridinium chloride 

Pyridine [ 401 Pyridinium chloride [ 281 

Bond (A) Angle (“) Bond (A) Angle (“1 
length length 

N&O, 1.338 C2-N,& 116.9 N,-C2 1.32 C,-N,-C, I28 
C&J 1.394 N,-C-CJ 123.8 Cz-CJ 1.42 N,-C2-C, I18 

c,-C, 1.392 C,-C,-C, I 18.5 C,C, I .40 C,-C-C, I I5 
C,-H 1.086 C,-C,-C, I 18.4 C2-H - C,-C,-C, 125 
C,-H 1.086 C,-H - 
C,-H 1.081 Ch-H - 

responding experimental values (Table 2) 
reveals that the obtained geometry is in reasonable 
agreement with experiment, which was also 
observed by Del Bene [ 271. 

Table 3 presents the 6-3 lG* calculated wav- 
enumbers of the normal vibrations used in vibra- 
tional spectroscopy studies of pyridine adsorbed 
onto metal oxides. The assignments are based on 
a visual inspection of the displacements vectors 
of the atoms for the vibrations of interest (Fig. 3). 

Compared to the normal vibrations of benzene, 
it appears that the modes of the pyridine ring have 
acquired some character of the in-plane hydrogen 
bending modes, i.e. some coupling (mixing) 
takes place. According to the present calculations, 
the vibrations used in Raman ( V, and v,~) are 
mixed with v iga, viz. a symmetric in-plane bend- 
ing vibration of the hydrogens (observed at 1073 
cm-’ in the unperturbed molecule [ 301) . A sim- 
ilar behaviour is observed for the infrared active 
modes, which show a large contribution of in- 
plane bending vibrations of the hydrogens. Note 
that this effect may affect the shifts upon com- 
plexation. When the frequencies of the vibrations 
of pyridine alter due to association with another 
molecule, it is possible that the extent of the cou- 
pling changes, resulting in turn in a shift of the 
frequency. Therefore, the observed differences 
may be brought about by a mutation in the nature 
of the normal mode, rather than reflecting the 
effect of, for example, water upon the force con- 
stants or the geometry of pyridine. 

Examination of the calculated wavenumbers for 
pyridine shows that the frequencies are overesti- 
mated by approximately lo%, which corresponds 
with earlier work [ 28,291. Scaling factors were 
determined, following Ajito et al. [ 281, by divid- 
ing the experimental value by the calculated one. 
These factors were used to correct the computed 
wavenumbers of the pyridine complexes and the 
pyridinium ion, which has been rationalised on 
the concept of the group frequency [ 281. 

As shown in Fig. 3, the V, mode is mainly 
dependant on the force constants of the ring sys- 
tem, whereas the vg and vi9 modes are also 
severely influenced by the hydrogen vibrations. 

3.2. Complexation of pyridine with water 

In order to assess the usefulness of SCF calcu- 
lations in the determination of the vibrational 
shifts of pyridine complexes, the frequencies of 
several pyridine-H,O complexes were calculated 

Table 3 
Calculated and scaled frequencies (cm _ ’ ) of pyridine upon interaction with water. Experimental values from Table I. For an explanation of 
the complexes, see Fig. 2 and text 

Mode Pyridine ..H20 .HZO .Dimer HzO. HZ0 Pyr-Hz0 

Exp. Calc. Scaling 2.2 A experimental 

VI 991 1058 0.937 999 995 1002 1000 996-1005 
VIZ 1031 1121 0.919 1034 1032 1035 1036 1032-1040 
V!Yh 1441 1585 0.909 1443 1444 1445 1454 1440-1447 
v14s 1483 I648 0.900 1486 1485 1487 1486 1485-1490 
“Xh 1577 1752 0.900 1578 1578 1579 1587 1580-1590 
rJKu 1582 1782 0.888 1585 1584 1586 1584 1590-1600 
lJ I xs 1073 1167 0.919 1074 1074 1074 1073 _ 
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Fig. 3. Vibratmns of pyridine of interest for studies of pyridinr 

adsorbed onto acidic w-faces, as calculated with SCF/6-3 IG’ li 

ST03G (The last basis set detines the one used for optimisation 01 
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frequency ). The displacement vectors are multiplied by IO. 

and compared with those of unperturbed pyridine. 
The calculations were performed in a number of 
separate steps to partition the effects which lead 
to certain shifts [ 33 1. It appears that association 
with water hardly influences the character of the 
modes under consideration. The frequency of the 
V, mode is considerably affected, whereas all 
other vibrations reveal similar, though more mod- 
erate effects (Table 3). Therefore, we will 
mainly focus on the vI mode. 

Fig. 2b shows the ST03G calculated confor- 
mation of the pyridine-water complex. Kemem- 
ber that the use of this minimal basis set may lead 
to errors in the geometry as it gives too short 
intermolecular separations for hydrogen bonded 
complexes [ 341. As expected, re-optimisation of 
the geometry of this complex with the 6-3 1 G * 

basis set coOmputes a N . . H distance of 2.12 1 A, 
some 0.14 A longer than at the ST03G level. 

The blue shift of several wavenumbers upon 
complexation of pyridine with water coincides 
with experimental observations (Table 3). When 
using SCF/6-3 1 + / + G.” for optimisation of the 
geometry and frequency calculation of the pyri- 
dine-H?0 complex, the same trend was observed 
[ 301. In that study the V, mode shifts + 4 cm ’ 

upon complexation as compared to the shift of 
+Scm ’ in the present 6-3 1 G ’ / /ST03G work. 
When the 6-3 1 G ’ basis set is applied for optimi- 
sation of the geometry of both pyridine and pyri- 
dine-H,O, prior to the calculation of the 
frequency, a shift of + 5 cm ’ is found. We attrib- 
ute these differences to the elongation of the N. . H 
distance upon using a larger basis set. The fre- 
quency of the ST03G optimised pyridine-H,O 
complex with the hydrogen of water positioned at 0 
a distance of 2.2 A from the nitrogen of pyridine 
was calculated in order to check the influence of 
the N. H distance on the frequency shift. Again. 
the same trend is observed, and the perturbations 
of the vibrations of the molecule are now smaller 
(the V, mode shifts + 4 cm _ ’ only. Table 3). 
This indicates that the calculated shifts are sensi- 
tive to the length of the hydrogen bond. 

The shift of a few more wavenumbers of the V, 
mode in the pyridine-water dimer complex 
(Table 3) agrees well with the observed values 
in these kind of systems 13%371. This is often 
attributed to the induction effect of the second 
water molecule on the acidity of the associating 
proton, but it may also be due to the decrease of 
the N. . H distance by 0.13 A. 

The frequency shifts are provoked by the 
change in the geometry of pyridine (dk,,,,,,,,,) and 
by the direct effect of the ligand on the force con- 
stants of the ring originating from the non-zero 
second derivatives of the interaction energy of the 
dimer -- retaining the unperturbed pyridine geom- 
etry (ilk,,,,,,) [ 331. In order to determine the 
relative importance of these mechanisms, ab initio 
calculations of pyridine with the geometry of pyr- 
idine-H,O, and of the pyridine-t-l,0 complex 
with the geometry of pyridine were performed. 
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Fig. 4. Effect of association with water, with and without change of 
geometry according to optimisation with ST03G and frequency cal- 
culation at the 6-3 I G’ level. (0) Pyridine-water, geometry of com- 
plex optimised with ST03G, (0) Pyridine-water, with the geometry 
of pyridine, and ( + ) Pyridine, with the geometry of the pyridine- 
water complex. 

Fig. 4 shows the shifts upon complexation as com- 
pared to the unperturbed molecule, after scaling 
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Fig. 5. Normal vibrations of pyridinium ( .H+-A), which are of 
interest for studies of pyridine adsorbed onto acidic surfaces, as 
calculated with SCF/6-31G*//ST03G. The displacement vectors 

are multiplied by 10. 

by the factor of approx. 0.9. Obviously, the effect 
of the geometry change ( N 1 cm- ’ ) is smaller 
than the direct effect of water on the force con- 
stants (Akdirect) of the complex. 

Ajito et al. [ 281 found that the optimised struc- 
ture of pyridine in the water complex obtained by 
SCF/4-3 1G calculations scarcely deviated from 
pyridine itself. They suggested that hydrogen 
bond formation with more molecules need to be 
considered in order to obtain the vibrational fre- 
quencies. It now becomes evident that not the 
change in geometry is the determining factor, but 
the direct effect of water on the force constants of 
pyridine. 

Interaction of one water molecule with the lone 
pair and another one with the hydrogen at the para 
carbon atom of pyridine reveals the same trends, 
i.e. a slight deviation of the geometry and small 
blue shifts of the frequencies ( H20. * H20, 
Table 3). The B, normal modes (the ones anti- 
symmetric with respect to C2 and a,) show larger 
shifts as the hydrogen atom at the para carbon 
atom plays an important role in these normal 
vibrations (see Fig. 3). 

3.3. The e&feet of protonation on the vibrations 
of pyridine 

The ST03G optimised geometry of pyridine is 
severely affected by protonation (Fig. 2d). Fur- 
thermore, the character of the B2 modes, viz. vsb 
(1575 cm-‘) and Vi9b (1438 cm-‘), is seriously 
influenced by the transfer of the proton to the 
nitrogen (Fig. 5). It seems that the in-plane bend- 
ing vibration of the N-H group affects the char- 
acter of these normal modes (vide infra), which 
is also reflected in the large change in frequency 
of these modes (see - .H+-A, Table 4). The 
character of the other normal vibrations hardly 
varies, and their shifts are mainly induced by 
changes in the force constants and/or the geom- 
etry of the ring. 

In order to evaluate the different effects 
(Akdirect and Akindirect) on protonation, we calcu- 
lated the vibrations of pyridinium with the geom- 
etry of pyridine ( . . H+-B), and of pyridine with 
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Table 4 

Calculated and scaled frequencies (cm- ’ ) of protonated pyridine and after interaction with HCI and NaCI. Experimental values from Table I. 
For an explanation of the complexes, see Fig. 2 and text 

Mode Pyridine .H+ .H+ ,HCI .HCI .HCI NaCl Bronsted 

Exp. GeoPH+ A B A B C exp. 

VI 991 968 976 991 1033 988 1005 1022 1007-1015 

“12 1031 1012 1029 1041 I045 1022 1025 IO46 1025-1035 

IJ ,4h 1441 1455 1559 I558 1453 I548 I549 I446 IS30 

“IV., 1483 1453 1478 1498 I490 1373 1484 1492 1485-1500 

UXh 1577 I542 I609 1615 I579 1571 1591 1574 I620 

vz+r 1582 1580 1583 1585 I590 I595 I597 I593 I640 

v I K., 1073 1032 1047 1084 1076 1040 1060 1074 

the geometry of pyridinium (pyridine GeoPH+ , 
Table 4). 

In the . . H +-B case, again large shifts of the 
B2 modes are observed as compared to neat pyri- 
dine. Furthermore, all frequencies shift to higher 
energy, except that of the V, mode. This latter 
effect is probably caused by the apparent weight 
change of the N-H entity, since the replacement 
of 14N by its isotope “N shifts the vI mode con- 
siderably further down than the other vibrations 
(12cm-’ versus less than 5 cm- ’ ) . 

Changing the geometry of pyridine to the one 
of the pyridinium ion results in frequencies of 
lower energy. The v,~, mode in particular shows 
a considerable red shift, which may affect the cou- 
pling with the V, and v,* modes. Examining the 
character of the v ,* mode of pyridinium (Fig. 5 ) 
and pyridine (Fig. 3), clearly shows the addi- 
tional contribution of the in-plane hydrogen bend- 
ing vibrations, indicating that this change in 
coupling might well take place. These waven- 
umbers should therefore be used with care. Obvi- 
ously, the change in geometry of the pyridinium 

cation (AkindIrect) is of great importance for the 
computed wavenumbers. 

In practice, the charge of the pyridinium entity 
is balanced by an anion in its vicinity (for zeolite 
surfaces, the Si-O--Al unit). Therefore, we 
decided to add a chloride ion to compensate for 
the positive charge. Upon optimisation of the 
geometry of this complex with the ST03G basis 
set ( . . HCl-A, Table 4), the distance between 
the nitrogen and proton is ‘overestimated’, and 

proton transfer does not occur (Fig. 2~). How- 
ever, this kind of calculations is based on gas 
phase complexes and in practice the solvation 
effect of the matrix (i.e. the molecules/surface in 
the vicinity of the complex) may induce proton 
transfer. To mimic this situation, we performed 
calculations on two more pyridinium-Cl com- 
plexes. Firstly, a chloride ion was added to the 
(ST03G optimised) pyridinium at the same 
N. * Cl distance as in the pyridine * * HCl-A com- 
plex, prior to 6-3 1 G * calculation of the vibrational 
frequencies ( . * HCl-B, Table 4). Secondly, the 
geometry of the pyridine molecule of the latter 
complex was optimised at the ST03G level, while 
the N. . H and H. . Cl distances were fixed 
( 1 . HCl-C, Table 4). Table 4 displays the com- 
puted values after scaling with the 0.9 factor. The 
influence of the transfer of the proton to the ring 
on the nature of the v,~~ mode is shown in Fig. 6. 

Addition of a charge-balancing anion to pyri- 
dinium (compare . . H+-A and . . HCI-B) causes 
the vibrations to shift to lower frequencies. There 
are, however, two exceptions, viz. the V, and vXa 
mode which shift to higher frequencies. Relaxa- 
tion of this complex (compare . . HCl-B and 
. . HCl-C) results in upward shifts of all 
vibrations. A similar behaviour was observed 
upon relaxation of the pyridinium cation, once 
more indicating that the geometry change of pyr- 
idine to pyridinium substantially affects the fre- 
quencies of the vibrations. 

Fig. 6 shows that upon transfer of the proton to 
the ring, the character of the v,9b mode changes 
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Fig. 6. Change of vlVh mode upon association with HCI. The dis- 

placement vectors are multiplied by IO. For an explanation of the 

different complexes. see text. 

considerably. The N-H bending vibration 
becomes more prominent and simultaneously the 
direction of the motion of four carbon atoms ( C2, 
Cj, C5 and C,) and of two hydrogens (at carbon 
atom C3 and C,) changes. The Q, mode shows a 
similar behaviour, although the effect is smaller. 
It appears that the v ,9h mode strongly couples with 
the in-plane bending of the N-H group - which is 
computed at about 1300 cm- ’ after scaling. How- 
ever, the coupling between the vibrations is further 
complicated since the antisymmetric in-plane 
bending mode of the hydrogens ( v14 mode 
observed at 1363 cm- ’ [ 301 and calculated- after 
scaling with a factor of 0.9 -at about 1370 cm- ’ ), 
also affects the B2 modes. 

The nature of V, 9a and vs, modes hardly varies, 
which is confirmed by the relatively smaller fre- 
quency shifts. Considering the complexes with 
‘pyridinium’ geometry ( pyridine GeoPH+, 
. .H+-A and . . HCl-B) and their ‘pyridine’ 
geometry counterparts (pyridine, . . H+-B and 
* * HCl-C, respectively), we conclude that the 
shift of the v,8a mode to lower frequency (and 
thus the change in coupling with the V, and v,~ 
mode) is mainly due to the large change of the 

geometry of the pyridinium cation as compared to 
that of pyridine, i.e. Akindirect. 

It seems that relaxation of the pyridine ring and 
proton transfer in the pyridinium chloride com- 
plex ( * * HCl-C, Table 4) is crucial to achieve an 
adequate description of the effect of a Bronsted 
site on the vibrations of pyridine. A comparison 
of the calculated (and scaled) wavenumbers of 
the pyridine. . HCl-C complex with the experi- 
mental values reveals that the shifts of the v,, v,~ 
and v,~ modes are reasonably well reproduced. 
The vg, and vgi, modes, however, show large dis- 
crepancies compared to the experimental values. 
Wong and Colson [ 381 mentioned that these 
modes are Fermi-perturbed, which might explain 
the observed disparity, as this is not included in 
the harmonic vibrational analysis. Furthermore, 
the literature values are determined from surface 
complexes and it is possible that these modes are 
mixed with the vibrations of surface species, e.g. 
the bending mode of adsorbed water. 

Fig. 7 shows the geometry of pyridine * . HCl- 
C. It appears that especially the length of the C- 
N bond (a shortening from 1.367 to 1.353 A) 
changes upon optimisation of the geometry, while 
the bond angles of the pyridine ring hardly differ 
from those of the pyridinium ion. 

The proton of HCl is not transferred to the pyr- 
idine ring upon association and optimisation of 

Pyridine-HCl-C 

1.086 

Fig. 7. ST03G optimised geometry of the pyridine . HCI-C com- 

plex, with the proton and chloride ion placed at fixed positions. 
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the geometry of the total complex with the ST03G 
basis set ( . . HCl-A) . Although the frequencies 
of the normal vibrations are severely affected, 
their character is hardly changed. As outlined for 
the pyridine 3 . Hz0 complex, the observed shifts 
are mainly caused by the direct effect of the asso- 
ciating molecule, which is approx. 5 times larger 
in the HCl complex than in the one with H20. The 
same trends are observed in a complex like pyri- 
dine-NaCl (weak Lewis site, N. * Na = 2.075 A; 
Na. .Cl= 2.287 A) and the observed shifts are 
attributed to the direct effect of the ligand on the 
force constants of the ring (Table 4). 

3.4. .Tfect qf complexation on the vibrations of 
pyridine 

Several theories have been postulated to explain 
the shifts observed upon complexation of pyri- 
dine. According to Crookell [ 51, the high pK, of 
pyridine suggests that the lone pair lies at some 
small angle out of the plane of the ring. Therefore, 
it is possible that the lone pair donates electrons 
to the lowest unoccupied molecular 7~ orbital, 
which is anti-bonding, resulting in a lowering of 
the force constants of the bonds in the ring. Asso- 
ciation with specific sites which use the electrons 
of the lone pair, would remove the possibility to 
donate electrons into the anti-bonding orbital, thus 
raising the vibrational frequencies. In our work, 
however, no interaction with the n system is pos- 
sible since the free pyridine molecule was taken 
to be planar, and since the frequency shifts are 
reasonably well predicted, another explanation is 
needed therefore. 

Emsley (protonation) [39] and Del Bene 
( interactions with HF and H20) [ 271 showed that 
complexation results in substantial variations of 
the u electron density and a polarisation of the r 
cloud towards the nitrogen atom of the pyridine 
ring. According to them, the electron redistribu- 
tion leads to an increased ionic attraction between 
nitrogen and adjacent carbon atoms resulting in 
an increased bond strength and a decreased C-N 
bond length. In this work, the same polarisation 
effect is observed, though it is most pronounced 

in the 7~ cloud of the pyridinium ion, where the 
frequency of the breathing vibrations is lowered 
and the distance between the nitrogen and carbon 
atoms is increased ( . . H+-A, Table 4 and 
Fig. 2). This suggests that the polarisation of the 
7~ system of the ring is not (only) responsible for 
the observed frequency shifts. A further partition- 
ing of the effects which lead to the frequency 
shifts, i.e. first-order and second-order interaction 
energies and their individual contributions could 
give more insight into the relative importance of 
these kind of changes. 

In our opinion the shifts have to be attributed 
to a combination of effects. When we focus on the 
V, mode (A, symmetry, Table 3 and Table 4), 
some principal features are apparent; (i) associ- 
ation with either H20, NaCl or HCl as well as (ii) 
optimisation of the pyridine geometry in the pyr- 
idinium-Cl complex results in blue shift, whereas 
(iii) protonation induces a red shift. Thus, asso- 
ciation with a small neutral molecule or with a 
proton leads to an upward shift of the ring 
breathing mode, i.e. an increase in force constants. 
As we have shown, this is due to the direct effect 
of the ligand rather than to the (small) change of 
geometry. A red shift is calculated when the geom- 
etry of the molecule changes from the ‘pyridine’ 
to the ‘pyridinium’ geometry. In case of the V, 
and v, 7 modes, this seems to be mainly due to the 
shift of the v ,8a mode to lower wavenumber, 
resulting in a change of coupling between these 
modes. 

Similar effects are observed for the modes used 
in infrared assays, although the B2 modes are 
severely affected by the transfer of the proton to 
the ring too. This results in a prominent contri- 
bution of the N-H group to the antisymmetric 
normal vibrations and a simultaneous change of 
the nature of the ring vibration which accounts for 
the observed shifts. 

4. Conclusions 

The calculations presented in this work dem- 
onstrate that it is possible to use ab initio methods 
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to identify the vibrations of pyridine used in the 
characterisation of surfaces. However, the assign- 
ments might be hampered by the coupling of 
vibrations with the same symmetry. Note that this 
effect may lead to frequency shifts upon complex- 
ation which are caused by deviations in coupling, 
and therefore the outcome of the calculations 
should be handled with care. 

SCF methods may be applied to predict the 
variation in character and frequency of the normal 
vibrations of pyridine upon complexation as long 
as the experimental vibrations are not disturbed 
by Fermi resonance. A minimal basis set for 
optimisation of the geometry of pyridine and its 
complexes may be used to calculate the frequency 
shifts with the 6-3 lG* basis set. 

The effect of different ligands on the normal 
vibrations of pyridine is rather complex. The cal- 
culations presented here demonstrate that the 
shifts depend on three principal features: (i) the 
direct effect on the force constants of the ligand 
(which depends on the length of the hydrogen 
bond), (ii) the change in the geometry of pyridine 
(mainly the C-N bond length), and (iii) the cou- 
pling with the in-plane bending vibration of the 
hydrogens of the pyridine ring and - in case of 
proton transfer - the N-H group. 
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