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The structure of the synthesized title compound is characterized by IR, UV-Visible spectros-
copy, and single-crystal X-ray diffraction (XRD). The new compound (C;sH,;NS) crystalizes
in the monoclinic P2,/c space group. In addition to the crystal structure from the X-ray ex-
periment, the molecular geometry, vibrational frequencies, atomic charge distribution, and
frontier molecular orbital (FMO) analysis of the title compound in the ground state are calcu-
lated by density functional teory (B3LYP) with 6-311G(d,p) and 6-31G(d,p) basis sets. The
results of the optimized molecular structure are presented and compared with the experimental
values. The computed vibrational frequencies are used to determine the types of molecular mo-
tions associated with each of the observed experimental bands. To determine the conforma-
tional flexibility, the molecular energy profile of (1) is obtained by semi-empirical (AM1) and
(PM3) calculations with respect to a selected degree of torsional freedom. Moreover, molecu-
lar electrostatic potential (MEP) and thermodynamic parameters of the title compound were
calculated by the theoretical methods.

Keywords: ab initio calculation, semi-empirical method, B3LYP, conformational analysis,
vibrational assignment, X-ray structure determination.

INTRODUCTION

Benzothiazolium groups have been used in organic dyes as either electron withdrawing or elec-
tron donating substituents, depending on whether the N atom is cationic or not [ 1 ]. Various thiazole
derivatives show herbicidal, anti-inflammatory, antimicrobial, and antiparasite activity [ 2, 3 ] and also
liquid crystal properties [ 4 ].

The aim of this work is to describe and investigate the molecular and crystal structure of the new
synthesized compound by a complex of physical and chemical methods, including IR and UV spec-
troscopy and X-ray single crystal analysis and ab initio quantum chemical calculations of the com-
pound with the formula C;sH,3NS. A number of papers have recently appeared in the literature con-
cerning the calculation of vibrational assignments by quantum chemistry methods [ 5—9 ]. This papers
indicate that geometry optimization is a crucial factor in an accurate determination of computed vibra-
tional frequencies. Moreover, it is known that the DFT (B3LYP) method adequately takes into account
electron correlation contributions that are especially important in systems containing extensive elec-
tron conjugation and/or electron lone pairs. However, considering that as the molecular size increases,
computing time also increases. The DFT level was used to optimize computing time.
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In this study, we present the results of a detailed investigation of the synthesis and structural char-
acterization of 2-methyl-4-(3-methyl-3-phenyl-cyclobutyl)-thiazole using single crystal X-ray, IR, UV
spectroscopy and quantum chemical methods. Vibrational assignments, Mulliken atomic charges,
thermodynamic parameters, and frontier molecular orbital (FMO) analysis of the title compound in the
ground state have been calculated using the DFT(B3LYP) methods with 6-311G**(where ** is shown
(d,p)) and 6-31G** basis sets. A comparison of the experimental and theoretical spectra can be very
useful in making correct assignments and understanding the molecular structure relationship. And so,
these calculations are valuable for providing insight into molecular analysis.

EXPERIMENTAL

Synthesis of the 2-methyl-4-(3-methyl-3-phenyl-cyclobutyl)-thiazole compound. IR spectra of
the compound were recorded in the range of 4000—450 cm™' with a Mattson 1000 FT-infrared spec-
trometer using KBr pellets. The compound was synthesized as in Scheme 1 by the following proce-
dure. To a solution of thioacetamide (0.7513 g, 10 mmol) in 50 ml of absolute benzene, a solution of
1-methyl-1-mesityl-3-(2-chloro-1-oxoethyl) cyclobutane (2.6479 g, 10 mmol) in 20 ml of absolute
benzene was added. After the addition of the haloketone, the temperature was raised to 323—328 K
and kept at this temperature for 2 h. The solvent was removed under reduced pressure and the obtained
residue was treated with water and then made alkaline with an aqueous solution of NH; (5 %). A white
precipitate was separated by suction, washed with an aqueous NHj; solution several times, and dried in
air. Single crystals suitable for crystal structure determination were obtained by slow evaporation of its
ethanol solution. Yield: 63 %, melting point: 373 K.

Measurement. IR spectra were recorded on an ATI Unicam-Mattson 1000 FT-IR spectropho-
tometer using KBr pellets. The UV spectra of the compound were measured on a Schimadzu UV-1700
spectrometer in the CHCIl; solvent.

X-ray crystallography. The data collection was performed at 293 K on a Stoe-IPDS-2 diffrac-
tometer with graphite monochromated MoK, radiation (A =0.71073 A). The structure was solved by
direct methods using SHELXS-97 and refined by a full-matrix least-squares procedure using the
SHELXL-97 program [ 10 ]. All non-hydrogen atoms were easily found from the difference Fourier
map and refined anisotropically. All hydrogen atoms were included using a riding model and refined
isotropically with C—H = 0.93—0.97 A and N—H = 0.86 A. Ui,(H) = 1.2U((C, N), Uieo(H) = 1.5U,,
(for the methyl group).

CALCULATION DETAILS

Theoretical calculations were carried out using semi-empirical AM1, PM3, and ab initio DFT
B3LYP/6-311G** and B3LYP/6-31G** quantum chemical methods [ 11—13 ]. For modeling, the
experimental data were supplemented using the semi-emprical and ab initio quantum chemical calcu-
lations. The molecular geometry is restricted and all the calculations are performed without specifying
any symmetry for the title molecule using the Gaussian 03 Program package [ 14 ] on a personal com-
puter. Then the vibrational frequencies for the optimized molecular structures were calculated. No
scale factor was used in the calculated frequencies. The Gauss-View Molecular Visualization program
was used to assign the calculated harmonic frequencies [ 15 ]. To identify low-energy conformations,
selected degrees of torsional freedom, 7(C13—C10—C1—C6), were varied from —180° to +180° in
steps of 10°, and the molecular energy profile was obtained at the semi-empirical AM1 and PM3 le-
vels.
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Table 1
Crystallographic data of (1)
Empirical formula CsHy3NS
Molecular weight 285.5
Temperature, 7, K 296
Wavelength, A 0.71073
Crystal system Monoclinic
Crystal size, mm’ 0.640%0.540%0.470
Space group P2,/c
a, b, c, A 11.1064(4), 8.0100(2), 21.0825(8)
a, B, v, deg. 90, 119.015(3), 90
Volume, V, A’ 1640.15(31)
Z 4
Tin> Tmax 0.9057, 0.9467
Calculated density, mg/cm® 1.16
0 range deg. 2.1—25.0
Index ranges h=-13—13, k=-9-59, [=-24-24
Measured reflections 20366
Independent reflections 2890
Observed reflections (I > 20) 2481
Goodness-of-fit on F* 1.066
R1 indices (/> 20) 0.039
wR2 indices (I > 25) 0.105

RESULTS AND DISCUSSION

Crystal structure. Details of crystal parameters, data collection, structure solution and refine-
ment are given in Table 1. An ORTEP-3 [ 16 | drawing of the title compound with the atom labeling
scheme is shown in Fig. 1. The title compound (1) contains phenyl, cyclobutane, and thiazole moie-
ties. The central five-membered thiazole ring is essentially planar, to within 0.0030 A. The dihedral
angles between the phenyl and cyclobutane rings with the thiazole ring are 85.77(06)° and 89.08(08)°
respectively. Only some of bond distances in the thiazole ring show a partial double bond character so
that C15—N1, S1—C16, and S1—C17 bond distances of 1.380(2), 1.706(2), 1.719(2) A show the val-
ues of a single bond character (Table 2). The S—C bond distances are shorter than the accepted value
for an S—C(sp?) single bond of 1.76 A [17]. It is worth noting that the C17—N1 bond distance value
of 1.300(2) A falls into the C=N double bond distance region and is shorter than the C=N double bond
distance found in a related thiazole ring structure [ 18 ]. Also in the thiazole ring, the C12—C13 bond
distance of 1.341(2) A shows the value of the C=C double bond character.

Fig. 1. Experimental geometric struc-
ture of the title compound
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Optimized and experimental geometric parameters of the title compound in the ground state

Table 2

At Experi- B3LYP | B3LYP At Experi- B3LYP | B3LYP
oms mental | 6-311G**|6-31G** oms mental | 6-311G**|6-31G**
Bond lengths (,Z\)
S1—Cl16 1.706(2) | 1.736 | 1.737 N1—C17 1.300(2) | 1.296 | 1.300
S1—C17 1.7192) | 1.763 | 1.766 C15—C16 1.341(2) | 1.364 | 1.367
N1—Cl15 1.380(2) 1.383 1.386
Bond angles (deg.)
C15—N1—C17 111.02(15)| 112.57 | 112.27 N1—C17—C18 124.27(18)| 124.49 | 124.40
N1—C15—Cl16 114.72(16)| 114.54 | 114.69 S1—C17—CI18 121.49(15)| 121.88 | 121.81
Torsion angles (deg.)
CI15—NI1—C17—C18| 177.6(2) | 179.93 | 179.94|C12—C15—N1—C17|-175.4 (2) | —179.99 |-180.00
C16—S1—C17—CI18| -178.0(2) | -179.93 |-179.94||C12—C15—C16—S1| 175.1(2) | 179.99| 179.99

The steric interaction between the substituent groups on the cyclobutane ring means that this ring
deviates significantly from planarity. Literature values for the puckering of the cyclobutane ring are
29.03(13)°in [ 19 ] and 26.8(2)° in [ 20 ]. In this paper, the C13/C10/C11 plane forms a dihedral angle
of 23.49(13)° with the C13/C12/C11 plane. In the crystal packing there is no classic hydrogen bond,
however, there are =...ring interaction effects. The C8 atom of the methyl group at (x, y, z) acts as a
donor to centroid the thiazole ring (Cg2) at (2—x, 1/2+y, 1/2—z, H...Cg=2.65A and D—H...Cg =
= 155°). Eventually, the adjacent molecules are linked to each other by the C—H...n interaction into a
chain running along the b axis of the monoclinic cell (Fig. 2).

FT—IR spectroscopy. The vibrational frequencies are calculated at the B3LYP/6-311G** and
B3LYP/6-31G** levels. Some primary calculated harmonic frequencies are listed in Table 3 and com-
pared with the experimental data. As seen from Table 3, the predicted vibrational frequencies are con-
sistent with those from the experimental results.

Our calculations of the title compound are compared to the experimental results. The characteris-
tic U(CH) stretching vibrations of heteroaromatic structures are expected to appear in 3000—3100 cm™'
frequency ranges [21,22]. In the present study, four
L(CH) stretching vibrations of the title compound are
observed experimentally, as shown in Table 3. The
highest normal mode of vibration corresponds to the
L(CH) stretching in the thiazole ring, which is calcu-
lated at 3267 cm ' for the B3LYP/6-31G** method. In
thiazole, the v(C—N) and v(C=N) stretching modes
were observed to be 1319 cm ' and 1531 cm ' as ex-
perimentally, and 1311 cm' and 1522 cm for the
B3LYP/6-31G* level, and 1321 cm™' and 1547 cm™' for
the HF/6-31G* level [ 6 ]. Here this modes are found to
be 1309cm’ and 1526cm’ as experimentally;
1334cm ™ and 1578 cm™' for the B3LYP/6-311G**
level; 1344 cm ™ and 1591 cm™ for theB3LYP/6-31G**

Fig. 2. Part of the crystal structure of the title molecule,

showing the formation of a chain; the b axis of the mono-

clinic cell. For clarity, only H atoms involved in hydrogen
bonding have been included
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Table 3
Comparison of the observed and calculated vibrational spectra of the title compound
Frequencies Experimental | B3LYP 6-311G** | B3LYP 6-31G**
v(CH) thi. 3226 3246 3267
vy(CH) phe. 3134 3145 3162
L,(CH) phe. 3127 3143 3160
L,s(CHj;) thi. 3104 3132 3155
L.s(CHy) 3074 3123 3141
L,s(CH3) phe. 3064 3091/3071 3129/3034
L.s(CH3) cycl. 3027 3082 3113
v(CH) cycl 3005 3064 3078
Ls(CH,) 2970 3052 3068
vy(CH3;) phe. 2960 3037/3018 3052
vs(CH3) thi. 2933 3034 3050
Ls(CH3) cycl. 2862 3020 3037
v(CC) phe. 1609 1649 1664
V(C=N)+v(C=C) thi. 1526 1578 1591
ps(CHj3) phe. 1482 1521 1531
ps(CH3) cycl. 1459 1507 1517
ps(CH,) 1444 1492 1502
ps(CHj;) thi. 1430 1487 1489
w(CHs;) 1376 1408 1420
S(CH) cycl.+thi. 1365 1374 1379
v(CN) 1309 1334 1344
O(Ring) + w(CH,) 1289 1300 1306
p:(CH) phe. 1208 1218 1286
v(CC)+ (CH) cycl.+thi. 1182 1192 1199
p:(CH3) 1073 1089 1092
#(CH,) 1030 1073 1077
3(CNC) 977 991 994
#(CH) phe. 856 893 896
w(CH) phe. 780 869 874
v(CS) 742 851 857
v(CH) thi. 670 713 752
3(CSC) 583 586 587

thi: thiazole, phe: phenyl, cycl: cyclobutane, v: stretching, vg: symmetric stretching, v,s: asymmetric stretching,
5: bending, p,: rocking, #: twisting, py: scissorsing, w: wagging, 0: breathing.

level. These results indicated some band shifts with regard to the different-substituent thiazole ring.
On the other hand, the CH; asymmetric and symmetric stretching frequencies are observed experimen-
tally and also calculated theoretically. All these results are in good agreement with the literature values
[21, 23, 24 ]. Other essential characteristic vibrations of the title compound as rocking, bending, scis-
sorsing, out-of-plane bending, wagging, twisting, breathing are compared in Table 3. As seen, the ex-
perimental frequency values are in good agreement with the frequencies calculated by B3LYP met-
hods.
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Theoretical structure. We noted that the experimental results belong to the solid phase and the
theoretical calculations belong to the gaseous phase. In the solid state, the existence of the crystal field
along with intermolecular interactions have connected the molecules together, which results in the dif-
ferences of bond parameters between the calculated and experimental values. Some selected geometric
parameters are listed in Table 2, and the theoretical values are compared with the X-ray experimental
data. This calculated geometric parameters generally give bond lengths that are slightly larger than the
experimental values. The largest differences between the experimental and calculated bond lengths,
bond and torsion angles are 0.044 A and 0.047 &, 1.50°, and 1.25°, 4.89° and 4.89° for B3LYP/6-
311G** and B3LYP/6-31G** respectively. The considerable differences between the calculated and
experimental data on the bond lengths and bond angles correspond to the SC bond, CNC dihedral and
CCCS torsion angles. As a result, the optimized bond lengths obtained by the B3LYP/6-311G**
method and dihedral angles obtained by the B3LYP/6-31G** method show the best agreement with
the experimental values.

Conformational analysis. Based on the B3LYP/6-311G** and B3LYP/6-31G** optimized ge-
ometry, the total energy of the title compound has been calculated by these two methods and the val-
ues are —1152.908 a.u. and —1152.731 a.u. respectively. In order to define the preferential position of
the benzene ring with respect to the cyclobutane ring, a preliminary search of low-energy structures
was performed using AMI1 and PM3 computations as a function of the selected degree of torsional
freedom 7(C13—C10—C1—C6). According to the X-ray crystallographic study, the 7(C13—C10—
C1—C6) torsion angle is —42.1(2)°; the same torsion angle is observed as —40.866°, —40.905°,
—40.000°, and —44.860° in the B3LYP/6-311G**, B3LYP/6-31G**, AM1, and PM3 optimized ge-
ometry of the title compound respectively.

The energy profile as a function of 7(C13—C10—C1—C6) shows two maxima at —130° and 50°
and two minima at —40° and 140°, having an energy of 45.089 kcal-mol™" and 45.110 kcal-mol ™" for
AMI1, while this torsion angle shows four maxima at —150°, —110°, 30°, and 70° and two minima at —
40° and 140°, having an energy of 31.921 kcal-mol™" and 31.749 kcal-mol™" for the PM3 method
(Figs. 3 and 4). The energy difference between the heat of formation values of the most favorable and
unfavorable conformer, which arises from the rotational potential barrier calculated with respect to the
selected torsion angle, is calculated as 12.189 kcal-mol™" and 10.188 kcal-mol™' for AM1 and PM3
respectively. The AM1 and PM3 optimized geometries of the crystal structure of the title compound,
corresponding to the non-planar conformation, are the most stable conformations, which agrees with
the result obtained from the X-ray investigation.
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Fig. 3. Molecular energy profile against the selected torsional degree 7(C13—C10—C1—C6) of freedom for the
AMI1 method (a), PM3 method (b)
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Fig. 4. Molecular electrostatic potential map of the title compound

—-0.02221 0.03221

The molecular energy can be divided into bonded and
non-bonded contributions. The bonded energy is considered to
be independent of torsional angle changes and therefore van-
ished when relative conformer energies are calculated. The
non-bonded energy is further separated into torsional steric and
electrostatic terms [ 25 ]. Since the title compound contains no
intramolecular hydrogen bond, it can be deduced from the
computational results that the most stable conformer of the title compound is principally determined
by the non-bonded torsional energy term affected by packing of the molecules.

The Mulliken atomic charges of the title compound were calculated at B3LYP/6-311G**,
B3LYP/6-31G** levels and illustrated in Table 4. Atomic charge analysis revealed that charge distri-
butions of the N1 atom and the sum of atomic charges in phenyl (Cg(3)) and thiazole (Cg(2)) rings are
—0.31, —0.33, and 0.12 for the B3LYP/6-311G** level respectively. The calculated results show that
the N atom has a bigger negative charge than some of the other atoms. In addition, the calculated
atomic charge of the C8 atom is also —0.26. The atomic charge analysis shows that the C8 atom be-
haves as a strong donor in the intermolecular C8—HS8B...Cg(2) interaction, and also there is a
Cg...Cg (face-to-face) interaction between the Cg(2) and Cg(3) ring centroids.

Molecular electrostatic potential. The molecular electrostatic potential (MEP) is related to the
electron density and is a very useful descriptor to determine sites for electrophilic attack and nucleo-
philic reactions as well as hydrogen bonding interactions [ 26—28 ]. The electrostatic potential V() is
also well suited for analyzing processes based on the recognition of one molecule by another, as in
drug—receptor and enzyme—substrate interactions, because it is through their potentials that the two
species first "see” each other [ 29, 30 ]. Being a real physical property, V() can be determined experi-
mentally by diffraction or computational methods [ 31 ].

To predict reactive sites for electrophilic and nucleophilic attack for the title molecule, MEP was
calculated at the B3LYP/6-311G** optimized geometry. The negative regions of MEP were related to
electrophilic reactivity and the positive regions to nucleophilic reactivity shown in Fig. 5. As can be
seen from the figure, there is a possible site on the title compound for electrophilic attack. The nega-
tive region is located on the unprotonated nitrogen atom of the thiazole ring, N1 around the phenyl
ring, with a maximum value of —0.02221 a.u. However, the maximum positive region is located on the
methyl group, probably due to hydrogen, with a maximum value of 0.03221 a.u. This results provide
information concerning the region where the compound can interact intermolecularly and bond metal-
lically. Therefore, Fig. 5 confirms the existence of the intermolecular C8—HS8B...Cg(2) interaction.

Table 4
Mulliken atomic charges of the title compound at the B3LYP/6-311G** and B3LYP/6-31G** levels

Atoms | B3LYP 6-311G** | B3LYP 6-31G** || Atoms | B3LYP 6-311G** | B3LYP 6-31G**
Cl 0.03 0.04 Cl1 —0.09 -0.17
C2 —0.08 0.09 Cl12 -0.23 —0.15
c3 —0.05 —0.17 Cl3 —-0.09 —0.17
C4 —-0.10 0.14 Cl4 —0.18 —0.31
Cs —0.05 -0.17 CI5 0.17 0.31
C6 —0.08 0.09 Cle6 —-0.30 —0.34
C7 —0.26 -0.37 S1 0.22 0.21
C8 —0.26 —-0.38 C17 —0.06 0.09
C9 —0.26 -0.37 N1 -0.31 —0.45
C10 —0.35 —0.05 CI8 —0.26 —0.37
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Fig. 5. Molecular orbital surfaces and given energy levels for HOMO-1, HOMO, and LUMO of the title com-
pound computed at the B3LYP/6-311G** level

Frontier molecular orbital analysis. Fig. 5 shows the distributions and energy levels of HOMO-
1, HOMO, and LUMO computed at the B3LYP/6-311G** level for the title compound. The calcula-
tions indicate that the compound has 89 occupied molecular orbitals (MOs). The highest occupied mo-
lecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), energy gaps, and total
energies for the mentioned molecule were calculated and are given in Table 5. An electronic system
with a larger HOMO-LUMO gap should be less reactive than the one having a smaller gap [32 ]. The
differences between HOMO and LUMO energy values of the molecule are 5.372 eV, 5.390 eV for
B3LYP/6-311G** and B3LYP/6-31G** methods respectively, as seen in Table 5. The absorption
peaks are experimentally observed at 239 nm and 226 nm for the title compound. It can be seen that
these peaks correspond to » — n* and © — n* transitions. Electron transfer (ET) peaks for the
B3LYP/6-311G** and B3LYP/6-31G** levels are theoretically at 232 nm, 224 nm and 231nm,
223 nm to correspond to the UV-Vis spectral absorption peaks, and the corresponding electron trans-
fers happened between HOMO and LUMO, HOMO-1 and LUMO respectively. The larger theoretical
absorption wavelengths of the compound have slight blue-shifts comparing with the corresponding
experimental ones.

Table 5
Frontier molecular orbitals of the title compound
Energies B3LYP 6-311G** | B3LYP 6-31G** Energies B3LYP 6-311G** | B3LYP 6-31G**
HOMO (a.u.) -0.224 -0.216 A (a.u.) (eV) 0.197 (5.372) 0.198 (5.390)
LUMO (a.u.) -0.027 -0.018 HOMO -1 (a.u.) —0.231 -0.223
Table 6

Calculated energies (a.n), zero-point vibrational energies (kcal-mol ™), rotational constants (GHz),
entropies and heat capacities (ca-mol ™' -K "), and dipole moment (D) for the title compound

Parameters B3LYP 6-311G** [ B3LYP 6-31G**|| Parameters |B3LYP 6-311G**|B3LYP 6-31G**
Total energy (a.u.) —1152.908 —1152.731 Entropy (S)
Dipole moment (D) 0.9472 0.8258 Translational 42.842 42.842
Zero-point vib. energy 228.823 230.231 Rotational 34.529 34.536
Rotational constants 0.57062 0.57429 Vibrational 74.802 73.891
0.15109 0.14984 Total 152.172 151.269
0.14195 0.14112
Heat capacity (C,)
Translational 2.981 2.981 Vibrational 73.369 73.029
Rotational 2.981 2.981 Total 79.331 78.991
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Thermodynamic parameters of the title compound. Several thermodynamic parameters have
been calculated using B3LYP/6-311G** and B3LYP/6-31G** levels as and are given in Table 6. The
total energies, zero-point vibrational energy (ZPVE), entropy (S.i(7)), and heat capacity (C,i(7)) of
the title compound at 298.15 K temperature and 1 atm pressure obtained with different basis sets and
theoretical methods are also presented. ZPVE obtained by the B3LYP/6-311G** method is much
lower than that obtained by the B3LYP/6-31G** method. They are 228.823 kcal-mol' and
230.231 keal-mol ™' by B3LYP/6-311G** and B3LYP/6-31G** respectively. The dipole moment ob-
tained at the B3LYP/6-311G** level is the highest one (0.9472 D), and the value obtained at the
B3LYP/6-31G** level is 0.8258. Therefore, the results of the energies, dipole moment, entropy, heat
capacity, and ZPVE can be useful to the new synthesis of some molecules that include the thiazole
core.

CONCLUSIONS

In this study, to test the DFT level with different basis sets reported, the computed and experi-
mental geometric parameters, vibrational frequencies, and frontier molecular orbitals of the title com-
pound have been compared. Furthermore, the analysis of the low-energy structures was performed
using AM1 and PM3 computations as a function of the selected degree of torsional freedom 7(C13—
C10—C1—C6) and several thermodynamic parameters. To fit the theoretical frequency, frontier mo-
lecular orbitals, ZPVE, entropy, and heat capacity results with the experimental ones for the B3LYP
levels, we have multiplied the data. The multiplication factor results gained seemed to be in good
agreement with experimental ones. The B3LYP levels that include the effects of electron correlation
have shown good fit to the experimental ones in terms of geometric parameters, vibrational frequen-
cies, and MO energies. Despite the differences observed in the geometric parameters, the general
agreement is good, and the theoretical calculations support the solid state structures. Moreover, crystal
packing of the title compound is dominated only by intermolecular C—H.. .7 interactions formed dur-
ing the preparation or crystallization. These interactions supply the leading contribution to the stability
and crystal structure order and are presumably responsible for the discrepancies between the experi-
mental and calculated structures.

Supplementary Material. Crystallographic data for the structural analysis have been deposited
with the Cambridge Crystallographic Data Centre, CCDC No 748349. Copies of this information may
be obtained free of charge from the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
+44-1223-336033; e-mail: deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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