XYPHAJT CTPYKTYPHOUNU XUMMUU

2015. Tom 56, Ne 7 Lexabpo C. 1377 - 1388

UDC 548.737:541.6:543.422

THEORETICAL STUDIES ON THE STRUCTURAL, SPECTROSCOPIC,
THERMODYNAMIC, AND ELECTRONIC PROPERTIES OF ZOLEDRONIC ACID

Q.Z. Liu'%, Y. Wang'?, L. Qiu"?, T.F. Wang'?, S.N. Luo"?, H.L. Yuan®, J.G. Lin’

'School of Chemical and Material Engineering, Jiangnan University, Wuxi, P. R. China
E-mail: qiuling@jsinm.org (Ling Qiu)

*Key Laboratory of Nuclear Medicine, Ministry of Health & Jiangsu Key Laboratory of Molecular Nuclear
Medicine, Jiangsu Institute of Nuclear Medicine, Wuxi, P. R. China
E-mail: linjianguo@jsinm.org (Jianguo Lin)

Received December, 14, 2014 Revised — February, 21, 2015

The structure, spectroscopic, thermodynamic, and electronic properties of zoledronic acid (ZL,
1-hydroxy-2-(1H-imidazol-1-yl)ethane-1,1-diyldiphosphonic acid), typical third-generation ni-
trogen-containing bisphosphonates (N-BPs), have been investigated systematically. Six confor-
mations are taken into account, including three unprotonated and three protonated structures.
They are optimized by four different density functional theory (DFT) methods combined with
four different basis sets to evaluate their performance in predicting the structural and spectral
features of ZL. Thermodynamic properties are calculated based on the harmonic vibrational

analysis, including the standard heat capacity (C;()),m)’ entropy (51(1)1 ), and enthalpy (H 21). The 'H

and °C NMR chemical shifts are calculated using the GIAO method and compared with the ex-
perimental data. Molecular electrostatic potential (MEP) and frontier molecular orbital (FMO)
analyses are also performed to study the electronic characteristics of the title compound.
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Keywords: zoledronic acid, different conformations, spectroscopic properties, thermody-
namic properties, electronic characteristics.

INTRODUCTION

Bisphosphonates (BPs) are known as an important group of drugs which exhibit high affinity to
calcified matrices in bones, such as hydroxyapatite (HA) [ 1 ]. Therefore, they have been used widely to
treat a variety of diseases caused by increasing bone resorption, such as osteoporosis, Paget's disease,
hypercalcemia due to malignancy, and bone metastases of several cancers [ 2—4 ]. In general, BPs con-
sist of a P—C—P backbone and two side chains (R; and R»,) covalently bonded to the middle carbon
atom. In the past decades, a great deal of researches have been focused on changing the side chains to
get diverse structures and improve biological activities. Up to date, three generations of BPs have been
indentified according to their different substituents [ 5]. The first generation was non-nitrogen BPs,
such as clodronate and etidronate. The second generation is characterized by an amino terminal group,
including pamidronate, alendronate, and ibandronate. The third generation contains a nitrogen-bearing
heterocyclic ring substituted at the side chain, such as zoledronate and risedronate. Due to the better
antiresorptive activity of nitrogen-containing bisphosphonates (N—BPs) than non-nitrogen containing
BPs [ 6 ], the third-generation N—BPs have attracted considerable and increasing attention.

Among these BPs, ZL was the most potent one in inhibiting bone resorption and has been widely
used in clinical trials. Apart from its role in bone preservation and reduction of skeletal related events,
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preclinical and also clinical evidence suggest that it has a direct anticancer effect [ 7 ]. This is mainly
associated with the side chains in ZL. One of the two side chains is a hydroxyl group and another is
the imidazole ring. In general, the hydroxyl group acts as a "bone hook” and is essential for the effi-
cient bone resorption activity, and the nitrogen-containing imidazole ring inhibits the enzyme farnesyl
diphosphonate synthase (FPPS) by binding to its active site via the participation in a cluster consisting
of three Mg*" with the phosphonate groups. In particular, ZL usually acts as a bond "shield” incorpo-
rated into the skeleton, attaining therapeutic concentration and thus inhibiting bone resorption by a
cellular effect on osteoclast.

It is acknowledged that many physical, chemical, and biological properties of compounds have a
connection with their geometric and electronic structures. With the rapid development of computer
techniques and computational chemistry, theoretical modeling and calculation have become an effec-
tive way to study the structure and properties of various systems at the atomic level as a complement
to the experiment. It provides an insight into the electronic structures of compounds and has strongly
stimulated the development of traditional experimental chemistry [ 8 ]. A suitable quantum chemical
study is helpful to clarify experimental phenomena and to economically predict molecular properties.
Currently, density functional theory (DFT) has been recognized as a popular approach for the study of
the structure, spectra, and electronic properties of compounds [ 9 | and for the efficiency and accuracy
with respect to the evaluation of a number of molecular properties [ 10 ].

In this work, four different DFT methods with four basis sets were employed to study the struc-
tures and spectral properties of ZL. Six conformations were taken into account, including three unpro-
tonated and three protonated structures. The performances of different DFT methods in predicting the
geometry and spectra of ZL were investigated, as well as the effect of different basis sets. The second
purpose was to investigate the structure and properties of ZL by a more reliable method, including the
structure, IR, Raman, and "H/"*C NMR spectra, thermodynamic properties, electrostatic potential, and
frontier molecular orbitals. These results can not only provide basic information for studying the struc-
ture-activity relationships of BPs and stimulate experimental investigations on the BPs, but also will
be instructive for the design and synthesis of novel potential BPs drugs.

COMPUTATIONAL METHODS

The crystal structures of ZL determined by X-ray diffraction [ 11, 12 ] were used for theoretical
computations. Three protonated structures were obtained directly from the Cambridge Crystallo-
graphic Data Centre (CCDC), and the unprotonated structures were obtained by modifying the proto-
nated structures with the GaussView5.0 program [ 13 ]. All computations were performed using the
Gaussian09 software package [ 14 |. Four DFT methods, including B3LYP [ 15 ], LC-@oPBE [ 16, 17 ],
MPWI1PW [18] and PBEIPBE [19], and four different basis sets (6-31G* [20], 6-31+G* [21],
6-311G** [22] and 6-311++G** [22,23]) were employed to evaluate the performance of each
method in predicting the structural and spectral features of the title compound. Geometries of six dif-
ferent conformations of ZL were fully optimized without any symmetry restriction. To characterize the
nature of each stationary point and determine the zero-point vibrational energy (ZPVE) correction, the
harmonic vibrational analysis was performed subsequently on each optimized structure at the same
level. According to the previous studies, the DFT calculated harmonic vibrational frequencies were
usually larger than those observed experimentally, so the scale factors of 0.96, 0.95, 0.95, and 0.99
were used to take into account the systematic overestimation of vibrational frequencies in the B3LYP,
MPWI1PW, PBE1PBE, and LC-oPBE calculations respectively [ 24—27 ]. Based on the scaled har-
monic frequencies, thermodynamic properties were derived by the statistical thermodynamics method
[ 28 ]. The gauge-independent atomic orbital (GIAO) [ 29, 30 ] method introduced by Wolinski, Hitlon
and Pulay [ 31] was used for calculating 'H and "*C magnetic shielding constants of ZL. The relative
chemical shifts (8) were then estimated using the corresponding shielding constants of TMS (tetrame-
thylsilane) calculated at the same level as the reference (3/ppm = d1ms — Ocate)-

To evaluate the accuracy of all the methods for predicting the geometric parameters of the title
compound, the overall mean percent deviation (A) was calculated according to the following equation
[32]:
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where y; and x; are the theoretical and experimental values of a given parameter, respectively, and # is
the number of geometric parameters considered.

To evaluate the accuracy of the predicted vibrational frequencies, the mean unsigned error (MUE,
in cm ") was also calculated according to the following equation [ 16 ]:
Z;’=1| Vih = Vexp |

. )
where vy, is the theoretical vibrational frequency, ve, is the corresponding experimental frequency,
and n is the number of normal modes considered.

A:

100 (1)

MUE =

RESULTS AND DISCUSSION

Molecular structures. The optimized structures of six different conformations of ZL were illus-
trated in Fig. 1, where IM, IT, and IT,, denoted the molecular structures taken from the monoclinic
(IM) crystal structure, the triclinic (IT) crystal structure without water, and the triclinic (IT) crystal
structure with three water molecules, respectively. The symbols "n” (neutral) and "i” (ionic) represent
the unprotonated and protonated zwitterionic forms, respectively. In Table 1, the geometric parameters
of six different conformations optimized at the B3LYP/6-31+G* level were listed and compared with
the corresponding experimental data.

In comparison with the X-ray data on the monoclinic unprotonated conformation ("IM), the dif-
ference in the optimized bond lengths was found to be within 0.1 A, except the O—H bond lengths of
hydroxy groups with the difference increasing to 0.2 A. As for the bond angles, most of them are in
good agreement with the experimental data, and the major difference mainly occurs in the phospho-
nate groups, especially in the O—P—O bond angles within the deviation of 15°. These differences
may be due to the fact that the calculated results belong to the single molecule in the gas phase without
considering the intermolecular interaction or the environment effect of peripheral molecules, while the
experimental data are obtained in the crystal filed and intermolecular interactions make the bond
lengths shorten, and hence, make them difficult to stretch. This also implies that intermolecular inter-
actions play an important role in determining the structure and properties of the compounds.

Fig. 1. Optimized structures of six ZL conformations at the relatively accurate calculation level along with the
atomic numbering
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Table 1
Optimized geometric parameters of Six ZL conformations at the B3LYP/6-31+G* level
Parameter | Exp.® | "IM | ™ | Exp.® | MT | T | Exp.® | "T, | 1T,
Bond length, A

P1—05 1.516 | 1.487 | 1.521 | 1.498 | 1.489 [ 1.493 | 1.513 | 1.480 | 1.495
P1—06 1.549 [ 1.593 | 1.663 | 1.554 | 1.624 | 1.629 | 1.569 | 1.616 | 1.664
P1—O08 1.498 | 1.627 | 1.500 | 1.548 | 1.592 | 1.581 | 1.503 | 1.627 | 1.523
P1—C16 1.842 | 1.875 | 1.929 | 1.858 | 1.877 | 1.880 | 1.860 | 1.880 | 1.933
P2—09 1.544 | 1.613 | 1.605 | 1.505 | 1.601 | 1.503 | 1.522 | 1.620 | 1.585
P2—O11 1.522 | 1.499 | 1.483 | 1.527 | 1.493 | 1.525 | 1.501 | 1.482 | 1.503
P2—012 1.552 [ 1.599 | 1.655 | 1.555 | 1.609 | 1.651 | 1.563 | 1.642 | 1.632
P2—Cl16 1.847 | 1.869 | 1.875 | 1.856 | 1.885 [ 1.898 [ 1.845 | 1.889 | 1.870

N14—C17 1.476 | 1.452 | 1.485 | 1.472 | 1.458 | 1.479 | 1.470 | 1.454 | 1.484
N14—C20 1.333 | 1.375 | 1.331 | 1.340 | 1.371 | 1.334 | 1.328 | 1.376 | 1.335
N14—C24 1.370 | 1.387 | 1.385 | 1.372 | 1.391 | 1.386 | 1.376 | 1.385 | 1.384
N15—C20 1.336 | 1.314 | 1.340 | 1.324 | 1.317 | 1.340 | 1.328 | 1.315 | 1.342
N15—C22 1.362 | 1.379 | 1.385 | 1.359 | 1.375 | 1.385 | 1.357 | 1.379 | 1.385

Bond angle, deg.

05—P1—06 109.5 | 113.7 | 106.2 | 113.6 | 117.1 | 112.1 | 107.7 | 113.7 | 109.6
05—P1—08 115.0 | 116.2 | 126.6 | 112.7 | 113.8 | 118.9 | 116.0 | 115.4 | 124.8
05—P1—C16 109.7 | 109.6 | 107.6 | 112.5 | 108.1 | 106.0 | 105.9 | 114.5 | 106.3
06—P1—08 114.0 | 107.7 | 110.2 | 108.2 | 107.3 | 105.5 | 112.3 | 106.1 | 108.1

06—P1—C16 102.7 | 108.2 | 101.9 | 104.9 | 100.1 | 106.0 | 104.9 | 103.8 | 97.1
08—P1—C16 105.0 | 100.3 | 101.6 | 104.3 | 109.5 | 107.6 | 109.3 | 102.0 | 107.3
09—P2—O011 114.1 | 1125 | 120.5 | 111.2 | 111.4 | 1239 | 114.0 | 115.5 | 114.1
09—P2—012 114.0 | 101.8 | 100.1 | 112.2 | 102.5 | 108.7 | 109.1 | 101.9 | 106.9
09—P2—C16 103.6 | 106.9 | 102.6 | 110.5 | 109.9 | 105.8 | 106.7 | 107.2 | 105.2
011—P2—012 107.0 { 1179 | 1109 | 1104 | 1179 | 108.2 | 1123 | 1142 | 111.9
011—P2—C16 112.4 | 112.2 | 115.1 | 109.6 | 111.1 | 105.9 | 109.0 | 115.7 | 115.3
012—P2—C16 105.4 | 104.3 | 1059 | 102.6 | 103.4 | 102.1 | 105.3 | 100.5 | 102.3
Cl17—N14—C20 | 125.8 | 126.6 | 1253 | 128.2 | 128.0 | 124.8 | 125.8 | 125.3 | 126.8
C17—N14—C24 | 124.7 | 127.1 | 125.6 | 123.1 | 125.8 | 125.8 | 125.2 | 128.2 | 124.1
C20—N14—C24 | 109.5 | 106.2 | 109.0 | 108.6 | 106.2 | 109.0 | 109.0 | 106.3 | 109.1
C20—N15—C22 | 108.7 | 105.3 | 109.2 | 109.6 | 105.4 [ 109.4 | 109.1 | 105.2 | 109.8
P1—C16—P2 1144 | 112.5 [ 107.0 | 114.1 | 113.2 | 112.6 | 1143 | 116.0 | 112.1

* Experimental data were taken from [ 12].  ® Experimental data were taken from [ 11 ].

A comparison of the monoclinic and triclinic structures shows that there are two obvious differ-
rences. One is the opposite orientation of the imidazole ring, and the other is the hydrogen atom taking
part in the proton transfer reaction. For the monoclinic protonated conformation (‘IM), in which the
N15 nitrogen atom was protonated by the H26 hydrogen atom originally bonded with the O8 oxygen
atom, the P1—O8 bond type changed from a single bond to a double bond and the bond length de-
creased by about 0.12 A, whereas the N15—C20 bond length increased by 0.03 A. Due to this proton
transfer reaction, the increments for the O5—P1—O08 and O6—P1—O08 bond angles were nearly 10°
and that for the C20—N15—C22 angle was about 4°, whereas the decrement for the O8—P1—C16
bond angle was nearly 6°. For the triclinic structures without water molecules (IT), the P2—09 bond
length has a slightly larger change (about 0.1 &), but the double N15—C20 bond changes little (about
0.03 &). On the whole, the changes in the C—N—C bond angles are about 4° and those in the O—P—O
bond angles are the largest (about 10°). This may be also due to the fact that the effect of intermolecu-
lar interactions was not taken into account in the theoretical calculations. For the triclinic struc-
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Fig. 2. Comparison of the calculation accuracy of different methods. The 6-31G*, 6-31+G*, 6-311G**, and
6-311++G** basis sets were denoted as I, 11, 111, and IV, respectively

tures with three water molecules (ITy), its unprotonated and protonated conformations are both differrent
from those of the IT structures, not only in the existence of water molecules but also in the orientations
of substituents. Here, it should be pointed out that during the optimization of unprotonated and proto-
nated IT,, conformations of ZL in the present work, water molecules were deleted for clarity. A compari-
son of the optimized unprotonated and protonated IT,, conformations ("ITy, vs 'IT,) also showed that
when the H26 proton transferred from the O8 oxygen atom to the N15 nitrogen atom, the P1—O8 bond
length was found to decrease by about 0.1 A and the N15—C20 bond length was found to increase by
about 0.03 A. At the same time, the O5—P1—O08 bond angle increased remarkably (about 10°) and
0O8—P1—C16 increased by about 5° due to the decreased steric hindrance on the O8 oxygen atom.

In order to get a better computational method, the overall mean percent deviation (A/%) was cal-
culated according to Eq.(1), which was used as a criterion to judge the performance of methods in pre-
dicting the structural parameters. From Fig. 2, it is found that all the deviations are very close on the
whole, and those for the protonated structures are smaller than those for the unprotonated structures.
except for the structure of 'IT. At the same calculation level, the smallest deviation is for the 'IT,, and
the greatest one is for 'IT. From a careful comparison of the overall mean percent deviations obtained
at all the levels, the LC-oPBE method was found to produce the smallest deviation and the second was
B3LYP, and the 6-31+G* and 6-311++G** basis sets can give better results for predicting the geomet-
ric parameters of the unprotonated and protonated structures, respectively.

In addition, from the calculated energy of six conformations at all the levels, it is found that the
energies of protonated structures are lower than those of the unprotonated structures by about 25—
40 kJ-mol™", 2—10 kJ-mol ™", and 20—45 kJ-mol™' for IM, IT, and IT,, respectively. Therefore, it is
deduced that the stability of the protonated conformations is higher than that of the unprotonated ones,
which coincides well with the experimental fact that protonated BPs can often be obtained in the
chemical synthesis.

Spectroscopic properties. In this section, the IR, Raman, and NMR spectra of six conformations
were calculated and analyzed in detail. It should be pointed out that the LC-wPBE method cannot pro-
duce the Raman intensity due to the limitation of this functional as implemented in the Gaussian09
program [ 16 ] that cannot perform the calculation of polarizability derivatives. Thus, only the IR and
NMR spectra were calculated for ZL by the LC-owPBE functional. To the best of our knowledge, the
IR spectrum of ZL has not been described in detail in any publication due to the complexity of its
structure. Based on the observed IR [ 33 ] and Raman spectra [ 34 ], the vibrational bands of ZL were
simulated and analyzed in detail in the present work. According to the rule of (3N-6) normal modes
where N is the number of atoms in the molecule, ZL possesses 72 vibrational normal modes since it has
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Fig. 3. Simulated IR spectra of the unprotonated and protonated structures of ZL

26 atoms. Here, only the strong and distinguished vibrational modes were analyzed and assigned in
detail.

In order to evaluate the accuracy of each functional and basis set in predicting the vibrational fre-
quencies of ZL, the mean unsigned error (MUE) was calculated based on the experimental and theo-
retical data. On the whole, the smaller the basis set used, the lower the MUE produced for the unpro-
tonated structures. For the protonated structures, however, the larger basis set leads to the lower MUE
value. Combining with the overall mean percent deviation (A) for the optimized geometry, a relatively
precise method can be obtained to accurately predict the geometry and vibrational spectrum of ZL. For
the unprotonated structures, B3LYP/6-31+G* is the best method for predicting its conformational and
spectral properties, while B3LYP/6-311++G** is the better method for the protonated structures.
Hence, all subsequent calculations were performed at these two levels respectively.

Fig. 3 shows the IR spectra of the unprotonated and protonated structures simulated at the
B3LYP/6-31+G* and B3LYP/6-311++G** levels, respectively. For the unprotonated and protonated
structures of IM, it was noted that the frequencies moved to the low wave numbers when a proton
transfer reaction took place. There was no obvious change in the IR intensity except for the peaks at
700—1200 cm . For the structures of IT, there were no evident changes in the frequencies and the
intensities of the bands less than 2100 cm'. However, in the range of high wave numbers, the peak at
2200 cm™' moved to 3050 cm ' and the IR intensity doubled, and the intensity for the wave number
3500—3700 cm ' became weaker than that for the unprotonated structure. For the structure of IT,,
two new peaks appeared in the IR spectrum of the protonated structure at 2600 cm™' and 3000 cm ',
and the intensities were stronger than those in the unprotonated structure. The major difference for the
unprotonated structures is that there is no peak for IT,, at 3100 cm . However, for the protonated
structures, the major difference is the shift of the peaks.

The hydroxyl stretching and bending bands are very broad and strong, and can be identified easily
due to the extent of hydrogen bonding. For the title compound, there are two types of O—H stretching
vibrations. One is P—OH in the phosphonic acid groups, and the other is C—OH. The wave numbers
of both hydroxyl groups locate over 3200 cm ', but the latter is smaller than the former by about
100 cm™'. Since the imidazole ring is aromatic, the C—H vibrations of the imidazole ring in ZL occur
in the band region 3000—3100 cm ', and they are assigned to the symmetric and asymmetric stret-
ching vibrations. For the CH, group in the framework, the asymmetric and symmetric stretching vibra-
tions of C—H locate at around 2925 cm™' and 2850 cm ', respectively. And the CH, bending vibration
occurs in the region of 1465+10 cm™'. The C=C and C=N stretching vibrations generally occur in the
regions of 1695—1540 cm' and 1690—1590 cm ', respectively, which are hard to distinguish. The
vibrational bands at 1500 and 1550 cm ' were assigned to the C=N and C=C stretching vibrations for
the unprotonated and protonated structures, respectively. The P=O and P—OH vibrations were present
in most vibrations, so only the primary vibrations were assigned. The stretching bands in the regions
of 1350—1250 cm ' and 1250—1140 cm ' correspond to the free and associated P=O bonds, respec-
tively. The P—OH stretching vibrations appeared in the region of 1100—950 cm™'. As compared with
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Table 2
Experimental and calculated "H and >C NMR chemical Shifts (ppm) for Six ZL conformations
Atom Exp. * "M ™ "IT T "I Ty Ty
H18 4.60 4.52 4.46 4.42 5.07 4.20 4.38
HI19 4.60 4.20 4.91 4.33 3.92 4.52 5.62
H21 7.86 7.33 8.05 7.66 8.46 6.86 12.05
H23 6.99 7.01 7.02 7.14 6.94 7.06 6.91
H25 7.37 6.70 8.36 6.49 8.77 7.38 7.37
Cl6 79.55 80.84 82.27 80.61 80.22 85.43 80.27
C17 54.00 | 50.40 | 61.91 51.91 63.23 | 50.96 | 60.46
C20 141.93 | 133.15 | 141.28 | 134.69 | 138.77 | 129.84 | 147.77
C22 124.66 | 127.49 | 121.19 | 128.96 | 120.64 | 128.53 | 120.12
C24 127.72 | 114.27 | 134.65 | 111.71 | 138.20 | 117.24 | 134.60
MUE, % ° 3.16 2.33 3.24 3.08 3.69 3.00

* Experimental NMR chemical shifts were taken from [35]. ® MUE: mean unsigned error.

the experimental data, most of the vibrations were slightly overestimated. This may be due to that the
experimental values are measured in the solid state which contains water molecules or other solvents.
On the whole, the theoretical values are in good agreement with the experimental data.

Table 2 lists the calculated 'H and *C NMR chemical shifts for the unprotonated and protonated
conformations of ZL at the B3LYP/6-31+G* and B3LYP/6-311++G** levels, respectively. As com-
pared with the experimental data [35 ], about a half of the calculated chemical shifts were overesti-
mated. For the protonated structures, the calculated data agree well with the experimental ones and the
MUE values are smaller than those of the unprotonated conformations. For the carbon atoms, the larg-
est difference is 13.5 ppm and mostly it is less than 10 ppm; and for the hydrogen atoms, most differ-
rences are less than 1 ppm. However, there is a special chemical shift at 12.05 ppm for 'IT,,, which is
not assigned to the group of the imidazole and it is not reasonable data. On the whole, the calculated
values correlate well with the experimental data, which further demonstrates the reliability and suita-
bility of the methods applied.

Thermodynamic properties. Based on the harmonic vibrational analysis, the standard thermo-
dynamic functions for the title compound at different temperatures were obtained, such as the heat ca-

pacity (Cg,m), entropy (Sgl), and enthalpy (H I?l), which have been shown in Fig. 4. It is clear that these

thermodynamic functions increase with an increase in the temperature. This is due to that the vibra-
tional movement is intensified at a higher temperature and makes more contributions to the thermody
namic functions, while at a lower temperature the main contributions to the thermodynamic functions
come from the translations and rotations of the molecules.

The quantitative correlations between the thermodynamic properties and the temperature can be
expressed by quadratic equations, as listed in Table 3. It is obvious that as the temperature increases,
the increments for both Cg’m and Sf; decrease but that for Hgl increases constantly. However, since

the coefficients of 7° are very small, these correlations can be approximated by linear equations. In
other words, the thermodynamic functions of the title compound increase linearly with the temperature

increasing on the whole. Based on these relationships, one can obtain the Cg’m, 51(1)1 and HI?] values at

any temperature, which may be helpful for further studies on other physical and chemical properties of
the title compound. For example, according to the equation AG = AH — TAS, the changes in Gibbs free
energies can be calculated for chemical reactions or intermolecular interactions, which will help us to
judge the possibility of the spontaneity of the reaction [ 36 ].

Other thermodynamic parameters were also studied, such as the zero-point vibrational energy
(ZPVE), thermal energy, specific capacity, entropy, and dipole moment. The ZPVE values are similar
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Table 3

Correlations between the thermodynamic functions and the temperature for Six ZL conformations *

"IM M
C) = ~0.0005T> +0.97T +42.15 | R*=0.9996 | C =-0.0005T +0.99T +28.46 | R*=0.9996
S% =-0.0004T 2+ 1.17T +252.48 | R =1.0 S% =-0.0003T>+ 1.13T +242.49 | R*=1.0

HY =0.0002T2+0.17T— 1841 | R#=0.9998 | {7 =0.0002T2+0.15T—18.00 | R*=0.9998

"IT 0T
€Y =—0.0005T>+ 0.99T +33.82 | R*=0.9995 | C° =-0.0005T*+0.99T +28.23 | R* =0.9996
S% =-0.0004T>+ 1.15T +244.55 | R =1.0 S% =-0.0003T%+ 1.13T +244.14 | R*=1.0

H’ =0.0002T2+0.16T 1830 | R*=0.9998 | [° =0.0002T>+0.15T ~17.55 | R*=0.9998

"IT,, 1T,
C), =-0.0005T +0.95T +49.07 | R*=0.9995 | C) '=-0.0005T> + 0.98T +21.19 | R*=0.9997
S% =-0.0004T> + 1.19T +254.21 | R°=1.0 S% =-0.0003T>+ 1.08T +239.28 | R*=1.0

H® =0.0002T° +0.17T — 1886 | B©=0.9998 | £® =0.0002T> + 0.14T~ 1695 | R =0.9998

a ~0 0 0 . -1 -1 -1 -1 -1 .
Com> S and H, areinJ-mol™ -K™, J-mol"-K™ and kJ-mol ", respectively.

to each other within the unprotonated (474.31—476.26 kJ-mol™") or protonated structures (480.16—
482.15 kJ-mol "), and the former is higher than the latter by about 6 kJ-mol™'. The dipole moment re-
flects the molecular charge distribution and is given as a vector in three dimensions. Therefore, it can
be used as a descriptor to depict the charge movement across the molecule [ 37 ]. Since the dipole
moments of the protonated structures (18.43, 13.50, and 13.91) are all higher than those of the unpro-
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Fig. 5. Molecular electrostatic potential maps for six ZL conformations

tonated structures (2.94, 3.08, and 4.91), thermal stability of the former is higher than that of the latter.
This is in good agreement with the conclusion drawn from the total energy calculations.

Electronic characteristics. Molecular electrostatic potential (MEP) surfaces for six ZL confor-
mations are presented in Fig. 5. Red and blue represent negative and positive electrostatic potentials,
respectively. It is known that the MEP surface is useful for understanding the molecular polarity [ 38 |
and determining the intermolecular interaction, active site, shape and size of the molecule [39]. It
gives the information about the net electrostatic effect produced at that point by the total charge distri-
bution (electron+proton) at a point in the space around the molecule [ 40 ]. Moreover, it can also help
to predict the electrophilic and nucleophilic reactions of a wide variety of chemical systems and to
study the biological recognition processes and hydrogen bonding interactions [ 41, 42 ].

From Fig. 5, it is seen that the region around the —OH associated with phosphorus shows the
most positive potential for the unprotonated structures, and the N15 atom and the P=O double bond
possess the maximum negative potential. However, the MEPs of the protonated structures are different
from those of the unprotonated ones. With the proton transferred from the oxygen atom to the nitrogen
atom of the imidazole ring, a more positive electrostatic potential covers the imidazole ring and the
P=0 double bonds possess a more negative potential. Therefore, it is inferred that the protonated con-
formations might have better binding affinity for calcified matrices in a bone, such as HA, by the hy-
droxy group and the N—H bond. Moreover, this strong intramolecular charge transfer may be one of
the important reasons for the biological activity of ZL protonated conformations.
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Fig. 6. Frontier molecular orbitals (HOMO and LUMO) and energy levels for six ZL conformations

As is well known, the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) are the main orbitals taking part in chemical stability and play an important
role in characterizing chemical reactions [ 43 ]. To a certain extent, the HOMO electron density and
energy can be employed to represent the stability to donate the electron while the LUMO electron den-
sity and energy represent the ability to obtain the electron. Usually, the atoms with a higher HOMO
density should have a stronger ability for detaching electrons, whereas the atoms with more occupa-
tion of LUMO should more easily gain electrons. The electronic absorption corresponds to the transi-
tion from the ground to the first excited state and is mainly described by one electron excitation from
the HOMO to the LUMO. The energy gap between the HOMO and the LUMO is a critical parameter
in determining the molecular stability [ 43,44 ], biological activity [ 45 ], and optical properties [ 46 ].
In general, a molecule with a smaller frontier orbital gap is more polarizable, and it has a lower kinetic
stability and a higher chemical reactivity.

Frontier molecular orbitals (HOMO and LUMO) and energy levels of different ZL conformations
are displayed in Fig. 6. It is clear that the energy gaps of the unprotonated conformations are higher
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than those of the protonated conformations by 0.82 eV, 1.07 eV, and 0.45 eV for IM, IT, and IT,, re-
spectively. Therefore, it is concluded that the chemical reactivities of the unprotonated conformations
are lower than those of the protonated ones. This is in good agreement with the experimental fact and
above discussion. For the unprotonated structures, the HOMOs localize on the imidazole ring and the
LUMGO s localize mainly on two phosphate groups. On the contrary, for the protonated structures, the
HOMOs localize on two phosphate groups and the LUMOs localize on the imidazole ring. In addition,
it can also be observed from the maps of FMOs that the electron density transfers from the imidazole
ring to the phosphate groups for the unprotonated conformations, and it transfers from the phosphate
groups to the imidazole ring for the protonated conformations. This indicates that the protonated and
unprotonated ZL conformations have different active sites. Therefore, they have different chemical
and biological properties, which is worth of further investigation.

CONCLUSIONS

The molecular structures and spectroscopic properties of six ZL conformations have been studied
by four different DFT methods with four different basis sets. The comparison of the theoretical and
experimental data shows that B3LYP/6-31+G* and B3LYP/6-311++G** are relatively more accurate
methods for predicting the structures and vibrations of the unprotonated and protonated ZL conforma-
tions, respectively. Thermodynamic properties were calculated and the correlations with the tempera-
ture were obtained. From the calculated total electron energy it follows that the protonated structures
are more stable than the unprotonated ones. Electrostatic potential surfaces and frontier molecular or-
bitals all showed that there were strong intramolecular interactions and charge transfer within the
molecule, which may be one of the reasons for the biological activity of ZL, and the more electronega-
tive nitrogen atom is the active site in the imidazole ring. The chemical reactivities of the unprotonated
conformations were lower than those of protonated ones.
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