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A quantum mechanical (QM) study is done to unveil the structural anc
electronic properties and spectroscopy analyses (IR and WW¥is) of the alkali

(Li, Na and K) and alkaline earth (Be, Mg and Ca) salts of the pertechnetz:
oxoanion (mTcOy) using density functional theory (DFT) method by the
popular B3LYP (Becke, three-parameter, LeeYangParr) exchange
correlation functional with 6-31+G(d,p) basis set. Also, the Lanl2DZ effectiv
core potential basis set of theory is used to compute the technetits9Om

radioisotopes. The frontier molecular orbitals (FMOs) calculations indicate
that the sodium and beryllium salts of pertechnetate anion are more
susceptible to react with electrondonating compounds and also, the oxyger
atoms, technetium99m radioisotopes and the cations (L, Na, K, Be,

Mg?+ and C&*) have negative, zero and positive electrostatic potentials
respectively.
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Introduction

A radiopharmaceutical or nuclear medicine is a special type of drug that uses radionuclides to
diagnostic and therapeuticgoals. The excretion and uptake of these radioisotopes can be detected
using the radiopharmaceutical imaging technologies. The two most popular techniques in this area
are positron emission tomography (PET) and single photon emission computed tomography
(SPECT). The main difference between these two techniques is the typetioé usedradionuclide.
The SPECT sms are used to detecgamma rays and xays emitted by radioactive tracers like
technetium-99m radioisotope. On the other hand, the PETechnology is used to detectthe
radionuclides with higher energy gammaays like fluorine-18 radioactive tracer [L"3].

Technetium-99m (Symbolized as 99mTc) is one of the main radioactive tracers in nuclear
medicines area.This radionuclide can be detected in the body internal organs using the SPECT
imaging technique. The technetiurr®9m radionuclide is the decay product of molybdenur9
radioisotope. This metastable isotope of technetium elemen®{nTc) is extracted from a @caying
Mo-99 source using a technetiur@9m generabr (Moly cow or technetium cow) [4]. The
molybdenum-99 radioisotope is used in the molybdate (Mog-) form in the moly generator.When
the molybdate ion decays,it produces the technetium-99m radioisotope in the form of

pertechnetate (TcQ’) [5]. The pertechnetate ion is an oxoanion compound that carries the
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technetium-99m isotopeandis used in a radiopharmaceutical. This oxoanion is the most important
starting compound for the technetium chemistry B]. The pertechnetate ion has various salts that
are usually colorless. Sodium pertechnetate is theost famous salt of this oxoanion T]. The halt
life of technetium-99m radionuclide is only six hours. So, the various chemical dimensions of the
pertechnetate salts are not known 4"8]. For this reason, the structural and spectral (IR and UVis)
properties of the sdts of alkali (Li, Na and K) and alkaline earth (Be, Mg and Ca) metals with
pertechnetate oxoanion #mTcQ) will be theoretically discussed using density functional theory

(DFT) computational method during the presenéd study.

Experimental
Computationalmethods

During the presented study, all computations were done using the Gaussian 03 softwar@][ The
geometries of allof the studied molecules were fully optimized with density functional theory
(DFT) computational method by the hyrid B3LYP functional using the 631+G(d,p) basis set10]
for the Li, Na, K, Be, Mg, Ca, O, and H atoms and the Lanl2DZ effective core potential basis set for the
Tc atoms. The vibrational frequency analyses were carried out to prevthat the optimized
geometries of the studied compounds were true minima. No imaginary frequency was observed for
all of the studied compounds. This confirms the accuracy and correctness of our computations. The
graph of the optimized geometries of all mecules, spectral (IR and UWis) analyses, density of
states (DOS) and molecular electrostatipotential (MEP) images were obtained using GaussView

6.0.16 and GaussSum 3.0 program packages.
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Scheme 1.The molecular structures under study

Results and discussion

Structural study of the pertechnetate salts
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Scheme lindicates the molecular structure of the salts of alkali (Li, Na and K) and alkaline earth
(Be, Mg and Ca) metals with pertechnetate oxoanior?*¢TcQ:). All molecular structures under
study were optimized using DFT/B3LYP method with 631+G(d,p) basis seaind the Lanl2DZ basis
set for the technetium atoms.

The optimized molecular structures are shown inFigure 1. The bond lengths data of albf the
studied compounds are listed inTable 1 As can be seen from thealata, in alkali salts of
pertechnetate anion the M"O and T¢ O3 bond lengths increase and decrease with cation van der
waals (VDW) radius increasing, respectively. So, the strength order of '@ (M = Li, Na and K) bonds
is Li"O>NaO>K"0.

We can see from theélable 2 the Li"O, NaO and K'O bond orders are 0.036, 0.015 and 0.011,
respectively. Thesame increase and decrease iE"O3 and T¢ O3 bond lengths of the monoanion
and dianion salts of alkaline earth metals are ab obsrved. On the other hand, the B4 bond length
order of monoanion salts isCad'H>Mg"H>Be"H. The bond orders 0.668, 815 and 0.508 are shown
for Be"H, Md'H and C&H bonds, respectively.

;D—O—J—J : *—d
E =CaH E=Ca

Figure 1. The theoretical geometric structures of the molecules under study
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Table 1. Bond lengths data of the molecular structures

Compound M1-0O3

M = Li 1.690 1.797
M = Na 2.262 1.757
M=K 2.613 1.753

E = BeH
E =Be
E = MgH
E =Mg
E =CaH
E=Ca

1.851
1.859
1.823
1.834
1.808
1.815

Tc2-03 Tc2-04

1.711
1.758
1.753
1.697
1.696
1.704
1.701
1.709
1.707

E1-O3

1.439
1.440
1.857
1.829
2.199
2.173

E1-O8

1.439

1.829

2.173

Table 2. Bond orders (B.O.) data of the molecular structures

Compound M1-03

M = Li 0.036 0.989
M = Na 0.015 1.247
M=K 0.011 1.263

E = BeH
E = Be
E = MgH
E =Mg
E = CaH
E=Ca

0.722
0.708
0.860
0.812
0.942
0.911

Stability and reactivity study

Tc2-O3 Tc2-04

1.463
1.249
1.261
1.546
1.551
1.504
1.518
1.480
1.491

E1-O3

0.222
0.213
0.111
0.100
0.054
0.039

E1-O8

0.213

0.100

0.039

E1-H7

1.320

1.681

2.077

E1-H7

0.668

0.615

0.508

Tc7-0O8 Tc7-09

1.859 1.696
1.834 1.701
1.815 1.707

Tc7-0O8 Tc7-09

0.707 1.551
0.812 1.519
0.911 1.490

In theoretical chemistry, the highest occupied molecular orbital (HOMO) andthe lowest

unoccupied molecular orbital (LUMO) are two main types of molecular orbitals that they are called

frontier orbitals [ 11]. The energy difference between these molecular orbitals (HOMQJMO gap)

can be used to study the stabily and reactivity of organicinorganic compounds [L2]. The global

reactivity descriptors like chemical hardnessj s (h
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the frontier orbitals [ 11"13]. These reactivity indices are achieved byhe following formulas [14]:
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The frontier orbitals energies and global reactivity indices of the compounds under study have
beenlisted in Table 3 From the data of theTable 3 the stability and chemical hardness orders of
the alkali and alkaline earth salts ofpertechnetate oxoanione are Li>K>Na and Ca (CaH)>Mg
(MgH)>Be (BeH), respectively. It can be deduced that sodium pertechnetate has low stability and
chemical hardness property among alitli salts. So, it can be easily reduced by reductant agents such
as SnGl compound. On the other hand, the electrophilicity index orders ofhe molecules under
study are Na>Li>K and Be (BeHMg (MgH)»Ca (CaH). These orders indicate that the sodium and
beryllium salts of pertechnetae anion are more susceptible toreact with electron-donating
compounds.

Figure 2indicates the graphs of the density of states (DOS) of the molecules under study. The
DOS graphs show that all title compourgl are more susceptible to accept electron from other
electron-donating compounds. This is due to more density of virtual oitals to the occupied
orbitals. Another important parameter for reactivity determination of organic-inorganic
compounds is molecularelectrostatic potential (MEP) graph [L5].

The MEP graphs of the molecules are gathered Figure 3. In these graphs, the negative, zero
and positive electronic potential areas have been indicated with oranggreen and blue colors,
respectively. It can be deduced from the MEP graphs, the oxygen atoms, techneti@®m

radioisotopes and the cations have negative, zero and positive electrostatic potentials, respectively.

Spectral study of the title compounds

Two important spectroscopic methods for characterization and identification of inorganic
molecules are infrared (IR) and UWisible spectroscopy (UWis) [16]. Figures 4and 5 are related
to the IR and UW/is spectrag respectively.

As can be seen from th&igure 4, the IR spectra of the molecular structures under study show

the sharp peaks. Here, the main harmonic frequencies (¢tof the structures are discussed.
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Table 3. Global reactivity indices of the molecular structures

Compounds H(Ce)\l\//;O LUMO (eV) GAP(eV) ? | / u(eV) ev) Sevr 5
M = Li -7.93 -2.73 5.20 533 -533 2.60 0.19 5.46
M = Na -8.16 -3.12 5.04 5.64 -5.64 2.52 0.20 6.31
M=K -7.73 -2.56 5.17 5.15 -5.15 2.59 0.19 5.13
E = BeH -9.53 -4.37 5.16 6.95 -6.95 2.58 0.19 9.36
E =Be -9.72 -4.64 5.08 7.18 -7.18 2.54 0.20 10.15
E = MgH -8.76 -3.57 5.19 6.17 -6.17 2.60 0.19 7.34
E =Mg -9.24 -4.10 5.14 6.67 -6.67 2.57 0.19 8.66
E =CaH -7.09 -3.19 3.90 5.14 -5.14 1.95 0.26 6.77
E=Ca -8.79 -3.60 5.19 6.20 -6.20 2.60 0.19 7.41
] M = Li | M = Na o . M=K
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Figure 2. The density of states (DOS) graphs of the molecules under study
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Figure 3. The molecular electrostatic potential (MEP) graphs of the molecules under study

M=Li: 39.1367, 296.8281, 298.6263, 325.7347, 338.1941, 340.6935, 600.9861, 963.4779,
988.9628, 990.1558, and 992.7843.

M=Na: 78.4710, 199.8120,259.2694, 323.2526, 338.4619, 342.7936, 400.3492, 879.4927,
906.6228, 988.9984, and 996.3728.

M=K: 58.9757, 156.9324, 190.7586 323.1539, 331.6191, 342.2002, 379.7935, 894.0051,
915.0587, 982.9436, and 990.0596.

E=BeH: 58.4347, 61.8781, 261.0801, 261.5382, 317.7671, 347.1301, 347.5196, 563.4909,
564.8220, 601.6540, 1010.8256, 1010.9332, 1011.1695, 1203.9433, and 2225.7329.

E=Be:16.7067, 20.6904, 21.9314, 25.8320, 156.0676, 237.0291, 237.1998, 257.7410, 257.9013,
319.8231, 346.3514, 346.7326, 347.1070347.4233, 357.3725, 375.3481378.3365, 668.6213,
1003.8497, 1006.4453, 1006.5526, 1007.7230, 1007.8586, 1009.1091, 1023.3127, &y 0.0160.

E=MgH: 41.2733, 42.8564, 275.7278, 276.0033, 300.8635, 330.7938, 330.8980, 343.6128,
344.5428, 419.7342, 939.8354, 1000.4057, 1008598, 1002.3307, and 1683.2218.


















