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ABSTRACT: The FT-IR, FT-Raman and 1H and 13C NMR spectra of lithium, sodium, potassium, rubidium and
caesium picolinates were recorded, assigned and compared in the Li!Na!K!Rb!Cs series and analysed.
Experimental, vibrational and NMR spectra were interpreted with the aid of calculated data from density functional
theory at the B3PW91/6–311þþG** level. Distance, angles and dipole moments and also aromaticity indices
(HOMA, EN, GEO, I6) for the optimized structures of picolinic acid and sodium picolinate were calculated.
Comparison of theoretical and experimental (x-ray) data and the application of Bader’s theory enabled us to evaluate
the intramolecular interactions in picolinic acid. Also, the influence of the carboxylic anion structure and the
nature of metal–ligand bonding on the electronic charge distribution in the aromatic ring was investigated. The degree
of perturbation in the electronic system of the ligand under the influence of metal in the Li!Cs series was
investigated with the use of statistical methods (principal component analysis) and calculated aromaticity indices.
Copyright # 2005 John Wiley & Sons, Ltd.
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INTRODUCTION

In our previous work,1–3 the electronic structure of pyr-
idinecarboxylic acid (isonicotinic and nicotinic acids)
derivatives and their complexes with selected metals
were studied. The ligands were treated as models to
study enzymes and other biologically important mole-
cules. Preliminary results of our earlier investigations
allowed us to draw the interesting conclusion that there is
a correlation between the position of the metal in the
periodic table and the degree of electronic charge dis-
tribution or stabilization in the ligands studied. Alkali
elements and heavy metals, such as Hg(I), Hg(II), Pb(II),
Cd(II) and Ag(I), perturb the electronic system of ligands,
whereas 3d, 4f transition metals, e.g. Cr(III), Fe(III),
Zn(II) and Ln(III), and Al(III) stabilize it. In the case of
these metals stabilization of the electronic system of the
ligands increases with decrease in the ionic radius of
the central ion.4–6 An increase in the ionic radius of the
central ion, and a decrease in ionic potential (defined as
the charge to radius ratio), results in an increase in the
perturbation of the electronic system of the ligand.4,7

Further, from our previous work on transition metal
complexes,4,5 it follows that there is a relationship be-
tween the delocalization of the electronic charge in the
aromatic ring and in carboxylic anion and the delocaliza-
tion of f orbitals in coordinated lanthanide ions. An
increase in delocalization of f orbitals in central ions is
followed by an increase in delocalization of electronic
charge in the carboxylic anion and the aromatic ring.8–10

The aims of the present work were as follows:

1. to investigate the correlation between the vibrational
structure (spectroscopic study) and the electronic
charge distribution in the aromatic ring, carboxylic
anion and the metal ion;

2. to establish the theoretical structures of the studied
compounds (calculation of the bond lengths and
angles, dipole moments and aromaticity indices)
and to compare them with the real structures, allowing
for the intermolecular effects. Collection of new data
on the geometry and electronic structure of the studied
complexes will contribute to the study of the mole-
cular mechanisms of metal-induced perturbation or
stabilization of the electronic structure.

A further aim was to gather missing spectroscopic data
on alkali metal picolinates, from FT-IR, FT-Raman
and NMR (1H, 13C) studies. Available data on these
compounds are fragmentary and come mainly from the
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Raman spectra of picolinic acid.11 In the literature, there
is a lack of any IR, Raman and NMR spectral data on
rubidium and caesium picolinates.

To accomplish the above aims, it will be helpful to use,
in addition to the experimental data, also calculations of
aromaticity indices and quantum calculations for evalua-
tion of structure and electronic charge distribution.

In this work we examined a new set of compounds,
namely lithium, sodium, potassium, rubidium and cae-
sium picolinates. Picolinic acid and its complexes with
alkali metals were thoroughly investigated by different
experimental (IR, Raman, NMR) and theoretical
(B3PW91, B3LYP, HF) methods.

Picolinic acid (PA) is a very interesting model, as it
is a biologically important ligand incorporated into some
enzymes and its molecule is an active agent in some
drugs. The structures, chemical properties and biologi-
cal activities of picolinic acid and metal complexes of
picolinates have been widely investigated.12–19 PA is the
body’s prime natural chelator of vital trace elements:
chromium, zinc, manganese, copper, iron and molyb-
denum. Biosynthesized in the liver and kidneys from the
amino acid tryptophan, and stored in the pancreas during
digestion, PA is secreted into the intestine. PA is present
in dietary additives as a carrier of the divalent zinc or
chromium cation and these compounds are widely
distributed and consumed.20

EXPERIMENTAL AND
THEORETICAL CALCULATIONS

The alkali metal picolinates were obtained by dissolv-
ing PA powder in an aqueous solution of the appropriate
base in a stoichiometric ratio. Elemental analysis show-
ed that the metal-to-ligand ratio was 1:1. The results
of elemental analysis for sodium picolinate are %C¼
49.6 (theoretically 49.7), %H¼ 2.5 (theoretical 2.8),
%N¼ 9.5 (theoretical 9.6) and %Na¼ 15.6 (theoretical
15.8). The IR spectra were recorded with an Equinox 55
spectrometer within the range 400–4000 cm�1. Samples
in the solid state were measured in a KBr matrix; pellets
were obtained with a hydraulic press under 739 MPa
pressure. Raman spectra of solid samples in capillary
tubes were recorded in the range 400–4000 cm�1 with an
FT-Raman accessory of a Perkin-Elmer 2000 system. The
resolution of the spectrometer was 1 cm�1. The NMR
spectra of D2O saturated solution were recorded with a
Bruker unit at room temperature. TMS was used as an
internal reference.

To calculate optimized geometric structures, a few
quantum mechanical ab initio methods were used:
(i) Hartree–Fock (HF), (ii) the density functional theory
(DFT) hybrid method B3PW91, which uses the Becke’s
three-parameter functional with non-local correla-
tion provided by the Perdew-Wang 91 expression and
(iii) the DFT hybrid method B3 LYP with non-local

correlation provided by the Lee–Yang–Parr expression.
The calculation was carried out with two functional
bases: 6–311þþG** (for atoms H–Kr) and LANL2DZ
(for atoms H–Ba, La–Bi). All theoretical calcula-
tions were performed using the Gaussian 98W package
of programs21 running on a PC.

Experimental spectra were interpreted in terms of cal-
culated data from DFT at the B3PW91/6–311þþG**
level. Theoretical wavenumbers were calculated accord-
ing to the equation �scaled¼ 0.955�calculatedþ 25.7.22 The
chemical shifts were calculated using the GIAO (gauge
including atomic orbitals) method at the B3PW91/6–
311þþG** level. Chemical shifts (�i) were calculated
by subtracting the appropriate isotopic part of the shield-
ing tensor (�i) from that of TMS (�TMS): �i¼�TMS��i

(ppm). The isotropic shielding constants for TMS cal-
culated using the same basis set at the B3PW91/6–
311þþG** level were equal to 31.8676 ppm for the 1H
nuclei and 187.2388 ppm for the 13C nuclei.21

Additionally, the AIM theory of Bader23 was used to
localize bond critical points and to calculate their pro-
perties: electron densities at bond critical points (�RCPS)
and electron densities at ring critical points (�RCPS).
All AIM calculations24,25 were performed using the
AIM2000 program.26

The aromaticity indices (HOMA, GEO, EN, I6) were
calculated for optimal geometric structures of picoli-
nates.27–30

The HOMA (harmonic oscillator model of aromaticity)
index differs from all other geometry-based ones by
assuming another reference bond length.27–29 In this
model, instead of the mean bond length, a concept of
the optimal bond length is applied:

HOMA ¼ 1 � �

n

X
ðRopt � RiÞ2

where n is the number of bonds taken into account, �
is an empirical constant chosen to give HOMA¼ 0 for
the hypothetical Kekulé structure of benzene and
HOMA¼ 1 for the system with all bonds equal to the
optimal value Ropt, Ropt is a length of the CC bond for
which the energy of the compression to the length of a
double bond and expansion to the length of a single bond
in 1,3-butadiene is minimal (the same procedure can be
applied to bonds with heteroatoms) and Ri is an indivi-
dual bond length. Within the confines of the HOMA
model, it is possible to obtain two components which
describe different contribution to a decrease in aromati-
city, i.e. (a) due to bond elongation (the EN component)
and (b) due to bond length alternation (the GEO compo-
nent). Hence the final equation for HOMA is

HOMA ¼ 1 � � Ropt � Rav

� �2þ�

n

X
Rav � Rið Þ2

h i
¼ 1 � EN � GEO
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where

GEO ¼ �

n

X
Rav � Rið Þ2

and

EN ¼ � Ropt � Rav

� �2

The value of the HOMA index is equal 1 for the entirely
aromatic system, HOMA¼ 0 when the structure is non-
aromatic and HOMA< 0 for an anti-aromatic ring.27–29

I6, the Bird aromaticity index, is defined as

I6 ¼ 100½1 � ðV=VkÞ

where

V ¼ 100=Navð Þ �
Xn
r¼1

Nr � Navð Þ2=n

" #1
2

and

N ¼ a

R2
� b

R is the observed bond length, Nr is the individual bond
order, Nav is the mean bond order, n is the number of
bonds and Vk, a and b are constants.30 Bird’s index can be
used for hetero- and carbocyclic systems.

RESULTS AND DISCUSSION

Structure of picolinic acid and
sodium picolinate

According to an x-ray diffraction study,31 PA in a crystal-
line state takes the intermediate form between the neutral
molecule and zwitterion. The molecules are linked by two
symmetric minimum double hydrogen bonds, i.e. N—
H—N and O—H—O, with a small potential barrier.32

The C——O bond length indicates that this bond does
not possess a full double bond character, but the asym-
metric stretching �as(C——O) band is observed in the IR
spectrum of PA at 1720 cm�1.

Theoretical calculations at the B3PW91/6–311þþG**
level performed for an isolated molecule of PA indicate
that the most stable structure contains intramolecular
hydrogen bonding between the hydrogen of the carboxylic
group and the nitrogen atom in the ring [Fig. 1(c)].
According to these criteria, we can say that an H-bond
exists if the electron density at the H � � �Y bond critical
point is in the range 0.002–0.035 au. Based on Bader’s
AIM theory,23 a critical point was found between the
hydrogen atom of the carboxylic group and the nitrogen
atom in the PA ring. The electron density was calculated
as 0.031 au and confirms the presence of intramolecular
hydrogen bonding between the atoms considered. The
ring critical point value is 0.027 au (Fig. 2).

Bond lengths and angles in the compared structures
of PA quantified theoretically (neutral molecules and
zwitterion) and obtained experimentally from x-ray dif-
fraction are given in Table 1. Geometric aromaticity
indices, HOMA27–29 and Bird’s I6,30 were also calculated
for both structures. As can be seen in Table 1, there is
good compatibility between the experimental data and
theoretically calculated bond lengths, angles and aroma-
ticity indexes. Considerable differences occur only in the
case of the EN aromatic index.

The most stable structure for sodium picolinate was
found using the B3LYP/6–311þþG** data basis set. The
results of the calculations are given in Table 2 (intramo-
lecular distances, aromaticity indices and angles) (Fig. 3).

FT-IR and Raman spectra

In Tables 3 and 4, the wavenumbers, intensities and
assignments of the bands occurring in the vibrational
spectra of the studied picolinates are given. The spectral
assignment was based on literature data2,32,33 and theo-
retical calculations.21

Figure 1. Crystallographic (a) and theoretically by calculated structures (b)–(d) for picolinic acid
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The bands in the spectra were divided into two
groups: (i) those connected with carboxylic anion
vibrations and (ii) those connected with aromatic ring
vibrations.

In the first group, characteristic wide and intense bands
responsible for the asymmetric [�as(COO�): 1629–
1610 cm�1 IR spectra, 1626–1617 cm�1 Raman spectra]
and symmetric [�s(COO�): 1397–1393 cm�1 IR spectra,
1410–1391 cm�1 Raman spectra] stretching of the car-
boxylic anion were observed.

The bands assigned to the symmetric in-plane defor-
mation of the carboxylic anion (�sym: 856–840 cm�1

Raman spectra, 849–840 cm�1 IR spectra) and asym-
metric in-plane deformation of the carboxylic anion
were present (�as: 525–521 cm�1 Raman spectra, 548–
516 cm�1 IR spectra). The bands connected with the
aromatic ring vibration [�(CC), �(CH), �(CH), �(CH)
and �(CC)] were observed in the whole spectral range
(4000–400 cm�1).

The influence of the metal on the vibrational struc-
ture of the carboxylic anion bands in the series
Li!Na!K!Rb!Cs were small, but a characteristic

Figure 2. Location of bond critical points and ring critical
points for the theoretical (most stable) structure of Picolinic
acid

Table 1. Distances (Å), angles ( �), dipole moments, energies and aromaticity indices for picolinic acid (experimental and
theoretical, Fig. 1)

Experimental31 Theoretical (B3PW91/6–311þþG**)

Structure (a)a Structure (b) Structure (c) Structure (d)

Distances (Å)b

C1—C2 1.51 1.56 1.51 1.50
C2—C3 1.37 1.39 1.39 1.39
C3—C4 1.38 1.39 1.39 1.39
C4—C5 1.37 1.40 1.39 1.39
C5—C6 1.38 1.38 1.39 1.39
C6—N 1.34 1.40 1.33 1.33
N—C2 1.35 1.34 1.34 1.33
C1—O1 1.21 1.23 1.20 1.21
C1—O2 1.28 1.25 1.33 1.34
O2—8H 0.80 — — —
N—7H 0.91 1.06 0.99 0.97
Angles ( �)b

C2—C3—C4 119.9 118.5 117.9 118.2
N1—C2—C3 120.4 119.2 123.6 123.7
C4—C5—C6 118.7 119.0 118.8 118.5
O2—C1—O1 126.8 134.3 123.1 123.1
C2—N1—C6 120.0 124.4 118.6 117.4
C3—C4—C5 119.3 120.4 118.9 118.6
N1—C6—C5 121.8 118.6 122.6 123.5
Dipole moment (D) — 10.7053 5.9430 2.4873
Energy (hartree)c — �436.7853 �436.8128 �436.8067
Geometric aromaticity indicesd

HOMA 0.948 0.991 0.997 0.996
GEO 0.004 0.008 0.001 0.003
EN 0.047 0.000 0.002 0.001
I6 81.50 83.29 85.21 87.88

a The average estimated standard deviation of the carbon–carbon bond lengths is <0.005 Å.
b The atoms are numbered as in Fig. 1.
c 1 hartree¼ 2625.500 kJ mol�1.
dHOMA, harmonic oscillator model of aromaticity (HOMA¼ 1�EN�GEO); GEO, geometric contribution to the aromaticity; EN, energetic contribution to
the aromaticity; I6, Bird index, which describes the geometric contribution to the aromaticity.
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and general tendency might be observed. The wavenum-
bers of the bands �s(COO�) in the IR spectra and
�as(COO�) and �s(COO�) in the Raman spectra show a
general decreasing trend in the series Li!Na!K!
Rb!Cs. The wavenumbers of the �as(COO�) and
�as(COO�) bands in the IR spectra and �s(COO�) in
the Raman spectra show a general decreasing trend

(except for the Rb complex). The wavenumbers of the
�s(COO�) band in the IR spectra do not show any
tendency.

The wavenumbers of the �s, �as, �s and �as bands
were correlated with three parameters: electronegativity,
ionic potential and the reverse atomic mass. The wave-
numbers of these bands except �as correlate linearly with
all factors tested at the statistically important level. For
the symmetric stretching, the correlation coefficients are
0.83, 0.93 and 0.91 for electronegativity, ionic potential
and reverse atomic mass, respectively. The correlation
coefficients for the asymmetric stretching are small.
The correlation coefficients for the symmetric in-plane
deformation are 0.92, 0.98 and 0.96 for electronegativity,
ionic potential and reverse atomic mass, respectively.
Appropriate linear equations are y¼ 76.9xþ 778.5,
y¼ 1924.7xþ 828.3 and y¼ 114.2xþ 839.9 for electro-
negativity, ionic potential and reverse atomic mass,
respectively. The correlation coefficients for the asymme-
tric in-plane deformation are 0.83, 0.94 and 0.95 for elec-
tronegativity, ionic potential and reverse atomic mass,
respectively. Analysis of the correlation coefficients
shows that none of metal parameters examined relates
at the same high level to change in wavenumber of all

Table 2. Distances (Å), angles ( �), dipole moments, energies and geometric aromatic indices calculated for sodium picolinate
using three theoretical methods

HF/6–311þþG** B3PW91/6–311þþG** B3LYP/6–311þþG**

Distancea

C2—N7 1.32 1.33 1.34
N7—C6 1.32 1.33 1.33
C6—C5 1.39 1.39 1.39
C5—C4 1.38 1.39 1.39
C4—C3 1.38 1.39 1.39
C3—C2 1.39 1.40 1.40
C1—C2 1.52 1.52 1.52
C1—O8 1.25 1.27 1.27
C1—O9 1.23 1.26 1.26
O8—Na10 2.21 2.22 2.22
O9—Na10 2.20 2.21 2.21
Anglea

C2—N7—C6 118.4 117.7 117.9
N7—C6—C5 123.5 123.8 123.7
C6—C5—C4 118.0 118.2 118.2
C5—C4—C3 118.7 118.6 118.6
C4—C3—C2 118.6 118.8 118.9
C3—C2—C1 119.2 119.1 119.2
N7—C2—C1 118.1 118.1 118.1
C2—C1—O8 116.8 116.6 116.7
C2—C1—O9 119.4 119.2 119.3
O8—C1—O9 123.8 124.2 124.0
O8—Na10—O9 60.4 60.5 60.7
Dipole moment (D) 5.6207 5.6997 5.5030
Energy (hartree) �595.7500 �598.5201 �598.7443
Geometric aromaticity indices
HOMA 0.979 0.992 0.987
GEO 0.007 0.003 0.003
EN 0.230 0.005 0.010
I6 87.48 85.49 85.23

a The atoms are numbered as in Fig. 3.

Figure 3. Atom assignments for sodium picolinate
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carboxylic anion vibrations. This means that the analysis
of these data in such a way does not provide an answer
as to which of the proposed metal parameters is most
important in view of the influence of the metal on the
vibrational structure of carboxylic anion. Principal com-
ponent analysis was performed on wavenumbers of the
four above mentioned bands (�s, �as, �s and �as).

The wavenumbers of the aromatic 19b bands in the
Raman spectra (except for the caesium complex) show a
decreasing tendency and wavenumbers of the other aro-
matic bands do not change systematically (scatter) along
the metal series. The shift of the aromatic bands (regular
and irregular) expresses the influence of the metal on
the vibrational structure of the aromatic rings. The wave-
numbers of the 19a, 19b, 9a, 8a and 8b bands were
correlated with the same metal parameters as in case of
wavenumbers of the bands related to carboxylic anion
vibration. The correlation coefficients for the 18a and 18b
bands are very small and statistically unimportant. The
correlation coefficients for the 19a bands were 0.74, 0.67
and 0.59 for electronegativity, ionic potential and reverse
atomic mass, respectively. For the 19b band the correlation
coefficients were 0.86, 0.86 and 0.79 for electronegativity,
ionic potential and reverse atomic mass, respectively.

The correlation coefficients for the 8b bands were 0.94,
0.97 and 0.91 for electronegativity, ionic potential
and reverse atomic mass, respectively. For the 8a band
the correlation coefficients were 0.80, 0.95 and 0.98
for electronegativity, ionic potential and reverse atomic
mass, respectively. The correlation coefficients for the 9a
bands were 0.90, 0.91 and 0.85 for electronegativity,
ionic potential and reverse atomic mass, respectively.
The wavenumbers of the �(C–N), 6a and 6b bands do
not correlate with any of the metal parameters studied.

The wavenumbers of some other bands reflecting vi-
bration of the aromatic ring were analysed to estimate the
influence of the coordinated metal on the uniform electro-
nic charge distribution around the aromatic ring. How-
ever, the differences between correlation coefficients
obtained for electronegativity, ionic potential and reverse
atomic mass were too small to say which of the tested
parameters is mostly responsible for the influence of the
metal on the vibrational structure of the aromatic ring.

Principal component analysis
Principal component analysis (PCA) is a well-known
statistical technique which produces linear combinations
of the original data to reduce the number of input data.
That is, PCA is a factor analysis technique that reduces
the dimensions of a set of variables by reconstructing
them into uncorrelated combinations (one can use PCA
whenever uncorrelated linear combinations of variables
are of use). The first principal component produced
accounts for the largest amount of the input data variance.
The second principal component accounts for the next
largest amount of variance, and so on, until the total
sample is combined into component groups. Each succes-T
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sive component explains progressively smaller portions
of the variance in the total sample. All of the components
are uncorrelated with each other, assuming that the
obtained principal components represent variability of
the input data which are small in number.

PCA was performed on the data obtained from the IR
experiment. Wavenumbers of the 8a, 8b, 19a, 19b and 9a
bands were analysed. The PCA procedure extracted two
principal components. Together they account for 86.25%
of the variability in the original data. The FPC (first
principal component) accounts for 63.86% and the sec-
ond for 22.39%. The principal components and their
weights are given in Table 5. The components obtained,
treated as characteristic for changes in electronic charge
distribution along the series of analysed compounds,
were correlated with different parameters: ionic potential,
atomic mass, reverse atomic mass and electronegativity
of the studied alkali metals. There is no correlation at a
statistically important level between the second principal
component and any of studied parameters. On the other
hand, for FPC the correlation coefficients are 0.89,
� 0.60, 0.80 and 0.60 for ionic potential, atomic mass,
reverse atomic mass and electronegativity, respectively.
This observation confirms that ionic potential is the main
parameter responsible for changes in electronic charge
distribution in the aromatic ring.

A similar procedure was performed on wavenumbers
of the carboxylic anion band, �as(COO�), �s(COO�),
�s(COO�) and �as(COO�), to estimate changes in the
electronic charge distribution in this part of molecule.
The first and second principal components are given in
the Table 6 together with appropriate weights. Again,
correlations were established between the studied para-
meters and the obtained statistical data. Once again the
highest correlation coefficients were obtained for ionic
potential (0.99) and for reverse atomic mass (0.97). This
means that ionic potential is the most important para-

meter of the metal influencing the electronic charge
distribution in the molecule.

Theoretical IR spectra
Wavenumbers of IR vibrations for PA and for lithium,
sodium and potassium picolinates were calculated. Wa-
venumbers of the chosen spectral bands are compared
with those calculated theoretically at the B3PW91/6–
311þþG** level in Table 3. Wavenumbers obtained
theoretically were scaled up according to the equation
�scaled¼ 0.955�calculatedþ 25.7.22 Comparison of the cal-
culated band wavenumbers with those obtained experi-
mentally gave satisfactory results.

Aromaticity indices of alkali metal picolinates

The structures of lithium, sodium, potassium, rubidium
and caesium picolinates at the B3PW91/LANL2DZ level
were calculated. Additionally, the structures of lithium,
sodium and potassium picolinates at the B3PW91/
6-311þþG** level were calculated as well.21 Based on
the geometric data for the analysed compounds,
geometric indices of aromaticity were calculated.27–30

Comparison of the geometric index values for PA and its
derivatives with alkali metals is shown in Table 7.

From the results obtained we conclude that heavier
metals, such as rubidium and caesium, perturb the aro-
matic system of the acid to a greater extent than light
metals, such as lithium and sodium. Perturbation in-
creases generally in the series Li!Cs. With increasing
atomic number of the coordinated metal, its energetic
contribution to ring dearomatization increases (EN27,28),
whereas the geometric contribution remains the same
(GEO27–29). The HOMA and I6 values show a tendency to
increase. More precise calculations can be obtained using

Table 4. Experimental IR and Raman wavenumbers (cm�1) for rubidium and caesium picolinates

Rubidium picolinate Caesium picolinate Assignment and
normal mode of

Raman IR Raman IR the aromatic ring33

3062w 3045m 3062w 3045w �(CH)ar 7b
— 1610vs — 1612vs �as(COO�)
1587w 1585vs 1586w 1585s �(CC)ar 8a
1562vw 1565vs 1567w 1565s �(CC)ar 8b
1472vw 1466w 1471w — �(CC)ar 19a
1430vw 1422m 1434w — �(CC)ar 19b
1391w 1396vs 1391w 1393s �s(COO�)
1235vw 1229w — 1231w �(C–N)
1167w 1167vw 1166w 1166w �(CH)
1136w 1149vw 1146w 1149w �(CH)
1091vw 1086w 1089w 1086w �(CH) 18b
1042vw 1044m 1049w 1045w �(CH) 18a
842vw 840s 840w 840m �s(COO�)
697vw 698s 699w 698m �(CC) 6a
623vw 621m 622w 621w �(CC) 6b
525vw 520vw — 518vw �as(COO�)

Copyright # 2005 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2005; 18: 918–928
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the 6–311þþG** function base,21 but this base does not
contain data for rubidium and caesium. To compare the
whole set of investigated metal complexes, calculations
with the less precise database LANL2DZ were per-
formed; this database includes all H–Ba and La–Bi
atoms. The aromaticity of the analysed compounds re-
mains similar, but one can observe a distinct decreasing
trend in the order Li!Cs for geometric indices, which
was also confirmed by the spectroscopic results presented
in this paper.

NMR spectra

The theoretical and experimental NMR data for picoli-
nates are given in Tables 8 (1H NMR) and 9 (13C NMR).

The NMR assignment was based on literature data.34,35

The chemical shifts of protons (1H NMR) and carbons
(13C NMR) in the series of studied alkaline metals
express the influence of different metals on the electronic
charge around those atoms.

1H NMR spectra
When we replaced a hydrogen atom with metal we ob-
served a decrease in chemical shifts compared with the
ligand. This is evidence for an increase in the electron
density around protons (screen effect). The protons’
chemical shifts show a general decreasing tendency in
the series of Li!Na!K!Rb. Caesium has higher
values of chemical shifts than rubidium (Table 8). The
aromaticity shows a general decreasing tendency in the
series of HPic!Li!Na!K!Rb (increasing desta-

bilization of the aromatic system). Values of the proton 3,
4 and 5 signals show a general decreasing tendency in the
series Li!Na!K!Rb (Table 8). Values of the proton
6 signals change irregularly. The greatest differences in
the chemical shifts of the investigated complexes com-
pared with the ligand can be observed for proton 6.

The smallest differences in chemical shifts for all
protons compared with the ligand were observed for
lithium picolinate; higher values were observed for the
other picolinates.

1H chemical shifts were calculated using the GIAO
method at the B3PW91/6–311þþG** level for opti-
mized structures of Li, Na, and K picolinates and PA.
Theoretical values of the chemical shifts of the analysed
nuclei were deducted from the difference in the shield
tensor trace of TMS and the examined compound.22

The theoretical values of the chemical shifts obtained
were compared with the experimental values versus TMS
(Table 8). Good correspondence was found for the
calculated and experimentally obtained chemical shifts
of protons 6 and 4 (Fig. 2). In case of the chemical shifts
of protons 3 and 5 (Fig. 2), no satisfactory correlation
between the experimental and theoretical results was
found. Experimental chemical shift values of protons 5
were found to be much higher than the theoretical values
for the respective complexes. The greatest difference
between the experimental and theoretical shift values
for protons 3 was found for the potassium complex
(1.51 ppm). In the case of protons 3, higher values of
the calculated than the experimental chemical shifts were
found. For the chemical shifts of protons 4 and 6 no
differences greater than 0.5 ppm were found between the

Table 5. First and second principal components and their weights obtained for alkali metal picolinates using wavenumbers
of the 8a, 8b, 19a, 19b and 9a bands

First principal Second principal
Compound component Band Weight component Band Weight

Li picolinate 2.24 8a 0.52 �0.21 8a �0.33
Na picolinate 1.52 8b 0.38 �0.28 8b 0.36
K picolinate �1.64 19a 0.50 0.13 19a �0.24
Rb picolinate �1.57 19b 0.55 �1.28 19b 0.03
Cs picolinate �0.55 9a 0.16 1.64 9a 0.84

Table 6. First and second principal components and their weights obtained for alkali metal picolinates using wavenumbers
of the �as(COO

�), �s(COO
�), �s(COO

�) and �as(COO
�)

First principal Weight
Compound component Band component Second principal Band Weight

Li picolinate 2.55 �as(COO�); 0.38 �0.56 �as(COO�); 0.68
Na picolinate 0.58 �s(COO�); 0.32 1.56 �s(COO�); �0.73
K picolinate �0.83 �s(COO�) 0.62 �0.77 �s(COO�) 0.02
Rb picolinate �0.95 �as(COO�) 0.61 �1.03 �as(COO�) �0.05
Cs picolinate �1.35 0.80
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experimental and theoretical values for the investigated
complexes.

13C NMR spectra
The investigated complexes contain the carboxylic anion.
The presence of an oxygen atom in this group causes an
increase in the chemical shift of the carbon atom band.
This is evidence for a decrease in the electron density
around this atom. Analysis of the chemical shift values of
the metal complexes compared with the ligand shows an
increasing tendency for the C-1 and C-2 carbon atoms
(Fig. 2); for other signals it shows a decreasing tendency
(Table 9). The electron densities around the C-1 atom
are lower than for other carbon atoms, which is why we
see the largest chemical shift values for this atom. The
changes in the chemical shift values for the carbons of
picolinates are not regular. The chemical shift values for
C-1 and C-2 show an increasing tendency in the series
Li<Na<Rb<Cs (Table 9). The signal values for C-3,
C-4 and C-5 show a decreasing tendency (except for the
caesium complex).

13C chemical shifts were calculated using the GIAO
method at the B3PW91/6–311þþG** level for opti-
mized structures of Li, Na, and K picolinates and PA.
Theoretical values of the chemical shifts of the analysed
nuclei were deducted from the difference in the shield
tensor trace of TMS and the examined compound.22 The
theoretical values of the chemical shifts obtained were
compared with the experimental values versus TMS.

Good correspondence was found for the calculated
and experimentally obtained chemical shifts of carbon
atoms C-2, C-3, C-5 and C-6 (Fig. 2). In the case of
C-1 and C-4, considerable differences between the cal-
culated and experimentally obtained chemical shift va-
lues were observed.

CONCLUSIONS

The type of carboxylic anion structure and character
of the metal–ligand bond influence the structure and
electron charge distribution in the aromatic ring.

The investigation on the structure of alkali metal
picolinates proved that Rb and Cs cations perturb the
electron charge distribution in PA to a greater extent than
the light metals Na and K.

Calculated aromaticity indices (HOMA, I6) confirm
that heavy metals perturb the electronic charge distri-
bution more than light metals. Although the differences
in aromaticity indices are small, the general trend
Li<Na<K<Rb<Cs is noticeable.

The changes in aromaticity (uniform electronic charge
distribution) were confirmed by 1H and 13C NMR data.

Analysis of the correlation between the wavenumber
of one chosen band in the IR spectrum and analys-
ed metal parameters (ionic potential, electronegativity,T
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mass) did not give any unambiguous answer as to which
parameter determines the perturbation of the electronic
charge distribution. The answer to this question was not
obtained until we applied PCA. The PCA results imply
that the ionic potential of the metal is the parameter
that influences’ the electronic charge distribution to the
greatest-extent.

There is an intramolecular bond between the nitrogen
atom and hydrogen atom of the carboxylic group in the
most stable structure of PA. This conclusion is based on
data from the Bader theory (AIM).
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