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Quantum Chemical Studies on Nicotinato Lead(Il) Complex [Pb(II)}(CsH.NCOO),]
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The title compound of nicotinato lead(Il) complex [Pb(C:H,NCOO)-] has been optimized at B3LYP/
LANL2DZ and HF/LANL2DZ levels of theory. The calculated results show that the lead(Il) ion adopts 2-
coordinate geometry. which is the same as its crvstal structure and different from the 4-coordinate geometry of
isonicotinato lead(II) complex. Atomic charge distributions indicate that during forming the title compound,
each nicotinic acid ion transfers their negative charges to central lead(II) ion. The electronic spectra calculated
by BSLYP/LANL2DZ level show that there exist two absorption bands, which have some red shifts compared
with those of isonicotinato lead(II) complex and the electronic transitions are mainly derived from intraligand
7-7 transition and ligand-to-metal charge transfer (LMCT) transition. CIS-HF method is not suitable for the
svstem studied here. The thermodynamic properties of the title compound at different temperatures have been
calculated and corresponding relations between the properties and temperature have also been obtained. The
second order optical nonlinearity was calculated. and the molecular hyperpolarizability was 1.147754 x 107
esu.
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Introduction

It 1s well known. lead has been used in electric storage
batteries. paint pigments, gasoline additives, pipes, ammuni-
tion, solder. ez for many vears due to its abundance and
physical properties. which makes it be as one of the most
important pollutants."> On the other hand. since it is slowly
eliminated, lead accumulates in liver. kidnevs. bones, and
other parts of the body.> So. the design of drugs to counteract
the effects of lead poisoning requires establishing the pre-
ferred ligands of Pb(Il) and their stereochenustry. Conse-
quently. synthesis of antidotes for lead(II) ion toxicosis has
attracted more and more attention, and numerous reports
concerning experinental coordination chenustry of lead(Il)
have been published.*” Nicotinic acid is a tvpical ligand for
metallic ions and its biological importance has been
described in several literatures.”" It can be used as antidote
for lead(Il) ion toxicosis, resulting in the formation of the
title compound of nicotinato lead(II) complex [Pb(C:H;N-
COO)]. However, for nicotinato lead(Il). apart from its
crystal structure reported by Cingi ez /. in 1975." there are
no more experimental and theoretical studies on it available
till now. As a matter of fact, with computational chemistry
significantly advanced in the past decade, theoretical model-
g of non-transition metal chemistry becomes much more
mature than ever. Many unportant chemical and phvsical
properties of chemical svstems can be predicted from the
first principles by various computational techniques.'> By
using quantum chemical calculations, we have made investi-
gations on isonicotinato lead(Il) complex'” and bis(p-amino-
benzoato)-lead(I[) complex.”® Here. we wish to report the

calculated results for the title compound of mcotinato
lead(IT) complex [Pb(I[)(CsH:NCOO):] and make a com-
parison with our early reports.

Calculational Method

The crystal structure of the title compound was used as
mitial molecular geometry, then it was optunized by using
MM+ molecular modeling and semi-empirical AMI
methods"® (HYPERCHEM 6.0. Hypercube. Ont., Canada).
In the next step, ab infto calculations with B3LYP/
LANL2DZ and HF/LANL2DZ levels of theory by the
Berny method'® were performed with Gaussian 03 software
package.!” respectively. The vibrational frequencies calcu-
lated prove that the structure 1s stable (no imagnary
frequencies). The thermodynamic properties of the ttle
compound at different temperatures were obtained accord-
mg to vibration analyses. Based on the optimized structure,
electromic absorption spectra were predicted by using TD-
DFT'™" and CIS-HF" methods. respectively. Natural Bond
Orbital (NBOY'~* analyses were also performed on the
optimized structure. By using couple-perturbed Hartree-
Fork (CPHF) method.”** the molecular hyperpolarizability
value was also calculated.

All calculations were performed on a Pentium [V
computer and DELL PE2630 server using the default
convergence criteria.

Results and Discussion

Optimized geometry. Figure | shows the molecular
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Figure 1. Molecular structure with atomic numbering scheme for
the title complex.

Table 1. Selected structwal parameters by X-ray and theoretical
calculations

. B3LYF/ HF/
Bond length (A) Exp. LANLODZ LANLIDZ
Pb(1)-0O(1) 2.390(2) 22679 2216l
C{6)0(1) 1.257(2) 1.3247 1.3026
C{6)>0(2) 1.223(2) 1.2977 1.2667
C6)xC(2) 1.328(1) 1.4783 1.4689
C(2»C(3) 1.387(3) 14113 1.3968
C3»C4) 1.422(2) 1.4040 1.3918
CE»C(5) 1.380(2) 1.4096 1.3957
N(1C(5) 1.261(3) 1.3597 1.3395
o B3LYPF/ HF/

Bond angle (*) Exp. LANIIDZ LANI2DZ
O(1-PH{1-0(14) 82.64(2) 90.5120 87.7902
O 1-Ciey0(2) 121.29(1) 117.6075 116.3866
O(1-Ci(6)yC(2) 116.60(2) 119.9047 120.1686
C3-C(2)-C(1) 120.00(2) 118.9297 119.0683
C3rC(-C(5) 118.22(3) 118.6394 118.4268
Cldr-C(3)-N(1) 124.80(3) 123.3499 123.0407
CO3RN(1TC(1) 117.62(2) 1177316 118.6747
N(1-C(1}C(2) 123.61(3) 1228001 122.2479
Torsion angle (°) Exp. B3LYF/ HF/ .

< LANL2DZ  LANL2DZ
Pu(1)-O(1)-C(6)-0O(2)  13.30(2) 0.0471 1.349
O(1)-C{6)}-C(2)-C(3) 13.75(1) 0.0436 0.3551
O2y-C{6)}-C2)-C( 1) 13.30(2) 0.3742 0.1026
C2YC(3)-C4)r-C(» 1.70(1) 0.043 0.0273
CRYC(1)-N1C(H 2.37(2) 0.0839 0.0845
C3Y»C(4)-C(3)-N( 1.45(2) 0.0686 0.0472
CEYyCOo-NIC(  =0.04(2) -0.0492 -0.0193

structure of the title compound with atomic numbernng
scheme. The selected optumzed geometric parameters
obtained at B3LYP/LANL2DZ and HF/LANL2DZ levels
are listed in Table 1. In view of the molecular symmetry,
only half of the molecular geometric parameters are listed.
Although the nicotinic acid molecule is also a typical
chelated-form ligand just as the isonicotinic acid molecule.
the Pb(1l) ion in the title compound only adopts 2-coordinate
geometry and is coordinated by two oxygen atoms from two
nicotinic acid ions. which is the same as its crystal struc-
ture'’ and different from the d4-coordinate geometry of
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isonicotinato lead(Il) complex [Pb(CsH:NCOQ):]."> The
title complex has (- synunetry with two-fold axis passing
through the Pb(I) ion and the centre of O(1) and O(1A)
atoms, which 1s the same as that i the 1sonicotinato lead(Il)
complex.” In view of the bond lengths, all of values
obtained by HF/LANL2DZ are shorter than those by
B3LYP/LANL2DZ and most of the theoretical values are
longer than those of experimental values. The biggest
difference between the experimental and theoretical values
mamly occurs at bond of Pb(1)-O(l), with the predicted
value shorter than the experimental value being 0.1221 A for
B3LYP method and 0.1739A for HF method. As for the
bond angles, the theoretical values obtamed by two methods
are comparative and the biggest different between the
experimental and theoretical values mamly takes place at
O(1)-Po(1)-O(1A) bond angle, with the predicted value
bigger than the experimental value being 7.872° for B3LYP
method and 5.1502¢ for HF method. Seen from the torsion
angles listed in Table 1, for each nicotinic acid 1on, all of the
atoms are almost coplanar with the Pb(Il) 1on. which is
slightly different from that in the crystal structure.” It is
evident that in the solid state. the exist of crystal field makes
the molecule of mcotmato lead(Il) complex [Pb{CsHsNCOO);]
have some torsions, while in the calculations, the molecule 1s
m the gas-phase at 0 K and interactions among molecules
are ignored. Despite of the differences mentioned above. the
optimized geometries can reproduce the crystal structure on
the whole. which are the bases for our discussion below.

Atomic charge distributions. At B3ALYP/LANL2DZ and
HF/LANL2DZ levels of theory. the NPA atomic charge
distributions on the atoms of the title complex and nicotimic
acid 1on are calculated based on the optimized structures and
listed m Table 2 (in view of the molecular symmetry. only
one nicotinic acid ion is given).

Comparing the atomic charges in the title compound with
those in each free nicotinic acid 1on. one can find that the

Table 2. NPA atomic charge distributions for the title complex and
nicotinic acid 1on

Atom B3LYP/LANL2DZ HE/LANL2DZ
[Pb(ID)- CsHINCOO)® [Ph(Il})- CsHiNCOO"
(CsHUNCOO)) (CsHINCOO)]

Pbil) 1.47534 1.64347

N(I) —0.49249 —{1.33138 —0.34803 —1.37741
(D 0.10213 0.06085 0.16277 0.11303
C(2) —0.19335 —1.13257 —0.24902 —{1.19393
C(3) —0.14362 —{1.18529 —0.09367 —{).14623
C(4) —0.25163 —1.27920 —0.27968 —{1.29889
C(3) 0.07033 0.01601 0.12951 0.06703
C(6) 0.82276 0.77601 0.99773 0.96132
Ol —0.82443 —{).78624 —0.96752 —).89777
O2) —0.73860) —{).77877 —0.87223 —{1.88940
H(l) 0.23413 0.22516 022783 0.22799
H(3) 0.24909 0.24112 0.24248 (0.24443
Hi4) 0.23099 1.20476 022188 0.20279
H(3) 0.21698 (.18933 0.20720 0.18704
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Table 3. Calculated electronic absorption spectra values
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TD-DFT CIS-HF
the title compound tree ligand of nicotinic ucid ion the title compound tree ligand of nicotimic acid ion
wavelength oscillator wavelength oscillator wavelength oscillator wavelength oscillator
(nm) strength (1) strength (nm) strength (num) strength
253.62 0.1415 234.37 (.0309 200.47 04308 200,39 0.0778
248.04 0.1118
231.25 0.3095 211.40 (.1633

atonuc charge redistributions occur on all of the atoms. In
order to form the title complex of [Pb(C:HiNCQO):], each
free ligand of mcotimic acid 1on transfers their electrons to
the central Pb(II) 1on and the transferred electronic numbers
are —0.26233 ¢ m B3LYP/LANL2DZ -calculations and
—0.17727 ¢ in HF/LANL2DZ calculations. Namely, durning
forming the title complex. the central Pb(I) ion accepts
—0.52466 ¢ (B3LYP) and —0.35454 ¢ (HF) negative charges
from nicotinic acid ion. respectively. Mavbe it is one of the
reasons that the change of atomic charges on the lead 1on
results in the Pb(II) ion losing its toxicity on intelligence in
human populations.

Electronic absorption spectra. Electronic absorption
spectra values calculated for the title compound and the free
ligand of nicotinic acid 1on by using TD-DFT method and
CIS-HF method are given in Table 3. By using CIS-HF
method, the electronic transition bands for the title complex
(200.47 nm) and the free ligand of nicotinic acid ion (200.39
nm) are almost the same. To some extent. for coordination
complex. this result 1s not corresponding to the ordinary rule
of electronic absorption spectra and we can deduce that CIS-
HF method is not suitable for predicting the electronic
spectra for the svstem studied here. For the title complex. the
B3LYP/LANL2DZ calculated results show that there are
two absorption bands. one broad shoulder band is from
253.62 to 248.04 nm and another peak 1s at 231.25 nm, both
of which are shifted to lower energy comresponding to the
free ligand of nicotinic acid ion. Natural population analyses
indicate that the frontier molecular orbitals are mainly com-
posed of p atomic orbitals. so above electronic transitions
are mainly derived from the contribution of infraligand (IL)
7z-7 transition and ligand-to-metal charge transfer (LMCT)
transition, which are similar with those in the 1sonicotinato
lead(ITy complex."” Compared with the electronic absorption
spectra of the free ligand of 1sonicotinic acid 1on (232.05 and
209.11 nm).”* two electronic spectra peaks of free ligand of
nicotinic acid 1on have some red shifts, respectively. The
similar situation can be found between the isonicotinato
lead(Il) complex and nicotinato lead(Il) complex. where the
two electronic spectra bands of the later (Table 3) have some
red shifts compared with those of the former [227.32-224.40
nm (broad) and 218 nm (namrow)]."* Aforementioned pheno-
mena indicate that conjugative effects between the pyvridine
ring and the carboxylic group in the nicofinic acid ion are
stronger than those in the isonicotinic acid ion. Figure 2
shows the surfaces of HOMO. HOMO-1. LUMO and
LUMO+! of the title complex. Seen from Figure 2. HOMO

HOMO

o
e

LUMO+1

LUMO

Figure 2. Some frontier molecular orbital stereographs for the title
complex.

and HOMQ-1 of the title complex are principally delocali-
zed among the atoms of nicotinic acid 1on, while LUMO and
LUMO+] are delocalized among the atoms of micotinic acid
ion as well as the Pb(Il) ion. Namely. as a non-transition
metal complex. the title compound has no electronic
transition band located at visible light range. indicating that
the fully occupied ¢ atomic orbitals of the lead(Il) ion do not
take part in the electronic transitions. However, during the
electronic transition. the outer p orbitals have to assist the
charges transfer, which will finally change the electronic
cloud shape of Pb(Il) ion and maybe finally decrease its
ability to influence the intelligence of people.
Thermodynamic properties, Based on vibrational analy-
sis at B3LYP/LANL2DZ level and statistical thermo-
dynamics. for the title compound. standard thermodynamic
functions-heat capacity (C',,). entropy (S’») and enthalpy
(H"») were obtained using our own program and listed in
Table 4. The scale factor for frequencies 1s 0.96, which is a

Table 4. Thermodynamic properties of the title compound at
different temperatures at B3ALYP/LANL2DZ level

/K %, (JmolK) 8% (JmolK)  H°, (kI/mol)
2000 20013 31503 2348
298.1 269.86 60791 4854
300.0 27117 609.538 49.04
4000 337.34 696.89 79.54
300.0 391.91 T78.23 116.11
600.0 434.87 833.66 137.54
700.0 468.39 923.33 202.78
800.0 49344 OR7.72 251.03
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tvpical scale factor for the B3LYP/LANL2DZ level of
calculations.

As observed from Table 4, standard heat capacities.
entropies and enthalpies increase at any temperature from
200.0 to 800.0 K, due to that the intensities of molecular
vibration increase while the temperature increases. Com-
pared with the isonicotinato lead(I) complex.’? although
thev have the same molecular weight, the title compound has
the bigger values of S, and A", than isonicotinato lead(Il)
complex at any temperature. As for the C*,,.,, before 300.0
K. the (.‘"p__m values of the title compound are bigger than
those of isonicotinato lead(Il) complex. while after 400.0 K.
the ¥, values of the title compound are smaller than those
of 1sonicotinato lead(ID complex. For the title compound.
the correlation equations between these thermodynamic
properties and temperature 7 are obtained by using the least-
squares method and listed as follows:

" = 42,3060 + 0.8958 T—4.0881 x 1077~
S = 2952000+ 1.1495 T-3.5832 10777,
H’, = 63260 + 0.10817 —2.6982 x 107>,

These equations will be helpful for the further studies of
the title compound. For instance. when we go on to
investigate the interactions between the title complex and
DNA, above thermodynamic properties of S, and H",, will
be used to calculate the change of Gibbs free energy of the
reaction and assist us to judge the spontaneity of the
reaction. This work is in progress by our group.

Nonlinear optical property calculations. Using couple-
perturbed Hartree-Fock (CPHP)method.™™ the molecular
first hyperpolarizability value. £, the vector component
along the dipole moment direction. of the title compound
was calculated to be 1.147754 x 107" esu, which is greater
than that of urea (0.72137 x 107" esu. calculated using the
same method) and smaller than that of 1sonicotinato lead(ID)
complex (3.62365 x 107" esu).”> This result suggests that
the studied comiplex is a noncentrosymmetric compound and
atonuc charge transfers exist umiversally among all the
atoms of the compound. which are consistent with the
discussion above. During the process of electronic transition.
the Pb(I) ion acts as a bridge to participate in the electron
transfer, resulting mn the loss of the Pb(II) ion toxicity on
intelligence in human populations.

Conclusions

Ab initio calculations have been performed on the title
compound of [Pb(ID{CsHsNCOO):] by using B3LYP and
HF methods with LANL2DZ basis set. The calculated
results indicate that both the optinuzed geometries adopt 2-
coordinate conformation with C:; svmmetry, which can
reproduce the crvstal structure on the whole. NPA atomic
charge distnibutions show that. during formung the title
complex. the two free ligands of nicotinic acid ion have
transferred their charges to the central Pb(Il) cation and all
of the atoms of the title compound take part in the charge
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redistributions. Electromic absorption spectra calculations
suggest that CIS-HF method 1s not suitable for the system
studied here. while TD-DFT method can give two reason-
able absorption bands. which can mainly assigned to mtra-
ligand (IL) 7-7 transition and ligand-to-metal charge
transfer (LMCT) transition. Based on vibrational analysis,
the thermodynamic properties of (%pm. S and H' at
different temperatures have been calculated and the corre-
lation equations between these thermodynamic properties
and temperature 7 are also obtained. By using CPHF
method. the molecular first hyperpolanizability value was
predicted to be 1.147754 x 107 esu, which is greater than
that of urea.
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