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The experimental electron density of the bis(thiosemicarbazide)zinc(ll) dinitrate complex, [M{Eh}-
(NOs),,was studied. The HanselCoppens multipole model was used to extract the electron density from
high-resolution X-ray diffraction data collected at 100 K. Careful strategies were designed for the electron
density refinements regarding the charge transfer between the anionic and the cationic parts of the complex.
Particular attention was also paid to the treatment of the electron density of the zinc atom interacting with
two thiosemicarbazide ligands in a tetrahedral coordination. Nevertheless, the filled 3d valence shell of Zn
was found unperturbed, and only the 4s shell was engaged in the-ttigéadd interaction. Topological
properties of both electron density and electrostatic potential, including kinetic and potential energy densities,
and atomic charges were reported to quantify a méigand complex with particular ZaS and ZA-N

bonds and hydrogen-bonding features. Chemical activities were screened through the molecular surface on
which the three-dimensional electrostatic potential function was projected. The experimental results were
compared to those obtained from gas-phase quantum calculations, and a good agreement was reached between
these two approaches. Finally, among other electrostatic potential critical points, the values at the maxima
corresponding to the nuclear sites were used as indices of the hydrogen-bonding capacity of the

thiosemicarbazide ligand.

Introduction very wide biological activitie§.Among them, complexes of Zn
Metal—ligand bonding f . . with different thiosemicarbazones show evident antitumor
etai—ligand bonding features represent an interesting area , .;y;ities In one of the most recent studies, Cowley et al. have

OT Investigation in transition met?‘. chem|stry_ an_d also N demonstrated that Zn bis(thiosemicarbazone) complexes reveal
_b|0|norgan|c research. Among transition ”_‘e‘a_'s n blglogy, ZINC 5 use for their intrinsic fluorescence for the illumination of

is the second most abundant metal, following iron. Itis essential .o <ar cellg while Kovala-Demertzi et al. have shown that
for the funct!onahnes of a number gf me}alloprotems, EXPressing gome complexes of zinc with thiosemicarbazone derivatives are
b.Oth _catalytlc and structural_rolés. In_ biological systems, the_ similar or better thartis-platin drug in their anti-proliferative
zinc ion forms complexes with proteins and nucleic acids. Zinc activities in vitro8

is very flexible considering the number of coordinated atoms, . - . . 1 5 _

which can vary from 4 to 7; however, in the cases of enzymes N3L:e égg)si;mgg{;aifripgfg ggegé){wgc,)\le;S(giil);gical
and zinc fg]ger proteins, the cation is usu;g tetrahedrally activi,ties However, recent investigations in the field of su-
coordinated. Biological zinc is only present astzn(ll); thus : ; i .

; : . pramolecular chemistry find some of these complexes suitable
mc;fst of thefcommon sEeCtrOSCOF;IC teghtr;lql:jes cannot proVldeguilding blocks or so}/called “synthons” for suFr)JramoIecuIar
sufficient information about metaligand bondind! . . . S

Thiosemicarbazide-based com gunds have geen extensivel structure$:1° Owing to the fact that the thiosemicarbazide is a
studied over the last couple of dec§6§$1e various Schiff bases ¥elatively small unit, it possesses considerable hydrogen donor
P capacity and therefore can be easily incorporated into hydrogen-

of thiosemicarbazide (the thiosemicarbazones) and their Corre.'bonding systems. Using the [M(TSE)" complex cations (M

sponding complexes have attracted much attention due to their_ Ni and Zn) and the anions of different dicarboxylic acids,

Burrows et aP have developed a synthetic method for generation
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¢E\/C'(’)\:ecéer']’t‘f;:g”sa‘r’ifsf\‘uc'ear Sciences. bonding formed between the pair of donors?(N°) of the
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hydrogen bonding, which is assigned in Etter's graph set ligands have already been studied: 1-formyl-3-thiosemicarba-
notatiort! as aR(8); motif, has been considered as the basis of zoné’ and salycyladehyde thiosemicarbazéhe.

the process of self-assembly. We also explore the coordination properties of the nonsub-
In the synthesis of all [Zn(TSC3} polymers such as [zn-  Stituted ligand at the electronic level by ab initio calculations.
(TSC)(H20)](tere}H,0 9g [Zn(TSC)(H20)2](fum) ad [Zn- Bear in mind that the AS coordination mode and the formation

(TSCh(citr)]*H20.2¢ and {[Zn(TSC){u-«!«21,2-malonate)] of five-membered chelate ring represent the basic properties of
Ha0} .9 (tere = terephthalate, fum= fumarate, and citr— almost all TSC-based transition metal comple&aie to the
citraconate), TSC has been used to provide the cationic synthornPT€Sence of the nitrate group as an anion, the title compound
for these aggregates. Moreover, besides the donor capacity of'SC forms an extensive hydrogen-bonoilng network. It contains
TSC in building up hydrogen-bonded polymers, the formed the _aki)love-_des_cnl_aed complementd&{g), hydrogen-bonding
M—L bonds are sufficiently strong due to the high coordination MOtif,"> which is, in this case, formed with the nitrate oxygen
abilities of the TSC ligand. Consequently, this ligand will be @S the acceptor pair. Thus, we were prompted to explore the
not replaced with, for example, the terephthalate anion, known COMPlex system of the hydrogen-bonding interactions present
as a rather strong ligaftland which in this case would only in this crystal structure. Subsequent application of the topological
serve as a hydrogen bond acceptor (anionic synthon) analysig? to the determined experimental electron density was
Amona the different methods emploved to invest .ate the of particular significance in revealing the nature of the chemical
nature o% the chemical bonds and pno3rl1covalent integractions bonds and interactions. Finally, because the_tltle Compound. 1S
; [ ch densi REo b 'used as a reactant in supramolecular synthesis, we have derived
?s(gfljl”gzg;sce ?gz‘erini?llftgr;r;gn o?iﬁeroéigttgnis I\c/é%reyl the net atomic charges and electrostatic potential within this

molecule in an attempt to understand its further reactiVity.
Due to the particular electronic configuration of the zinc atom P y
(3d'%4<%) with a filled Q_%d shell unaffe_cted by the ligand field Experimental Section
strengtA* and energetically stable with respect to the acceptor ]
ligand, this element is particularly interesting from the aspect _ Data Collection. A well-formed colorless crystal sample of
of the charge density analysis. However, in the case of the zinc-[ZN(TSCRI(NO3)z, with dimensions 0.4% 0.43 x 0.30 mn,
containing compounds (including coordination and inorganic Was chosen for the high-resolution X-ray diffraction experiment.
complexes), very few publications have been repottet!. To The data were collected at 100.0(1) K on a Bruker-SMART
our knowledge, only two of them describe the electronic three-axis diffractometer equipped with a SMART 1000 charge
properties of the zinc complex compouri@a? coupled device (CCD) area detector using graphite monochro-

. . mated Mo Ku X-ray radiation (wavelengtii = 0.71073 A).
The octahedral [Zn(4)(H;0),] has been investigatedasa oy, temperature was reached by an evaporated liquid
part of the systematic charge density study performed to explore

) . ) . nitrogen flux over the crystal, provided by the Oxford Cryo-
t_he bonding properties of different 3d metal lons to the Squar_atesystem device. The area detector surface was placed at 4.08
ligand1® These complexes showed consistent deformation

densi d logical f h ! trast to F cm from the crystal sample. The diffraction data were collected
ensity and topological features; however, in contrast to Fe, o five different detector positions 2= 0°, 28, —45°, 60,

Cp, and Ni_ i'ons, which are nearly neutral, Zn was found to be and—85°, wheref is the Bragg angle. The diffraction data were
highly positively charged{1.97 e). The total number of d collected asv-scans with a scan width 6f0.15. The maximum

electrons was also r_efined and was founq to be equal to 8.4 eoqq|ution reached for this experimental data set was&)hax
for Zn. In the experimental charge density of the tetrahedral — 1 10 A-1 The Lorentz polarization correction and the

[Zn(aspirinate)HO)z], 3d'® metal bonding to a drug ligand integration of the diffracted intensities were performed with the

has been investigated. The analysis revealed that in this complexga|NT software packag® The final refined cell parameters

only the Zn 4s orbital participates in the interaction with the 4. given in Table 1. An empirical absorption correction was

ligand, while the metal 3d shell remains unperturbed. In this applied using the SADABS computer progréhThe SORTAV

compound, the net atomic charge of Zn was found to be equal progran?* has been used for final data sorting and averaging

to +1.29 e’ of 55 584 reflections collected, giving a total of 7616 unique
In the present study, we present the results for the experi- reflections with finalRn = 1.7%. In the conventional and

mental charge density of the [Zn(TSHNO3), complex where multipole refinement, a total of 5904 reflections were used. The

the zinc metal is tetrahedrally coordinated to the simple bidentate deposition number of the crystallographic data is CCDC 653751.

ligand, thiosemicarbazide "N,—N2H—C(=S)—N3H,, compris- Electron Density Distribution. The HansernCoppens mul-

ing N and S donor atoms. The crystal structure of [Zn(THC) tipole model has been used for the description of the molecular

(NOs)2 has been derived at room temperature by Romanenko electron densiti?

et all® and Tong et al® Considering the quality of the

crystallographic data in both cases, this structure could be Imax [

classified as one of the best among the thiosemicarbazide-base@,(r) = puo,dr) + Puak pyailkT) + &> Z’ Ry (x'r) Zo PmE

structures deposited in the Cambridge Structural Database = =

(CSD)* Such a property makes it very suitable for an Yimz(0,9) (1)

experimental charge density analysis.

High-resolution and accurate experiments at low temperature According to this model, the electron density of each atom is
(100 K) have been performed. This allows careful analysis of given as a sum of a core electron density,£), a spherical
the electron density distribution in the [Zn(TS{ENO3)» valence electron density\), and a spherical part of the atomic
complex. Through these analyses, we have gained additionalelectron density. The core and valence electron densities are
insight into the nature of the ML bond for a metal filled d both obtained from the Hartred-ock wave function of the free
orbital. As far as we know, this is the first charge density study atoms or ions« is a contractior-expansion coefficient that
of any transition metal complex with a thiosemicarbazide-based modifies the radial distribution of the valence electron density.
ligand. However, the electron densities of two TSC-based ltis refined along with thé,, parameter that represents valence
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TABLE 1: Crystallographic Details

empirical formula [Zn(CHN3S)](NO3)2
formula weight (g mot?) 371.7

crystal system
space group

monoclinic
C2lc

crystal size, color 0.4% 0.43 x 0.30, colorless
a(A) 10.9541(3) o1
b (A) 7.5673(2)
c(A) 14.1753(3)
o (deg) 90 Ny 03
p (deg) 101.630(2) 02
v (deg) 90
Z 4 Figure 1. Residual electron density maps: (a) 2121—N1 plane;
volume (&) 1150.90(6) (b) N4—03—01 plane. The contour interval is 0.1 e negative
density (g cm®) 2.15 contours are dashed, and zero contour is omitted.
w (mm™2) 2.54
T (K) 100.0(1) TABLE 2: Labeling of the Compounds Used in This Paper
Elsfé)e /A)max (A1) 2‘_;%)073 compound reference CSD code
no. of data collected 55584 NH,—NH—-C(=S)NH, TSC 30 TSCRBZ20
no. of unique reflections 7616 [Zn(TSCY(H-0).](tere) 99 PABQEO
Rint (%) 1.67 [Zn(TSCR(H20)](fum) od RUZPIL
Conventional Refinement by SHELX [Zn(TSC)(citr)]-H.0O 9d RUZPOR
no. of reflections used 6178y { [rznr;(;l—)ﬁe(x:t)e%]-ﬁlgil'z- %a QARTOT
R (% 1.90 2-sn
R\,s, (&)) 4.40 [Zn(C404)(H20)4] 16
goodness of fit 1.03 [Zn(aspirinate)H20).] 17
) ) [Zn(TSCY](NO3), 18a,b, thiswork ~ DASFUY
_ Multipole Refinement NH,—NH—C(=S)NH; TSCHY 31 TSEMHC
no. of reflections used ¢ 3u(1)) 5904
FRQ\[AI/:]F(%O)/ iég the corresponding neutron distané&3he N—H bond lengths
goc[)dLésos) of fit 0.88 are relaxed in the last cycle of the refinement.

Two strategies have been applied during the multipole
drefinement. In the first case, the neutrality constraint was
imposed on the complex as a whole, allowing for charge transfer
between the ionic species (stratdgy This refinement started
by considering a neutral zinc atom with separated 3d and 4s
valence shells. In the second refinement, the charges within the
jons are constrained t62 for the cation and-1 for each anion,
not allowing a charge transfer between the ions (stratepy
At the beginning of the refinement by stratelyy the positive
charge of+2 was located on ZrR, = 0), while the excess of
negative chargefd e was split between the oxygen atoms of
the NG anion. All attempts to refine the Zn multipole
parameters failed and have yielded unrealistic 3d occupations
larger than 2 electrons per orbital. However, with fixed(3d)
it was possible to refine Zn multipole parameters, and these

hexa_decapolel =4 fpr S. Taking into account the special oqits are presented in the second part of the Supporting
position of the metal ion, the local coordinate system for the | ¢ - ation. Consequently, in the final strategiesuidll ), the

Zn atom was defined in such a way th'at thg principgl ax!s Was gacond monopol®yy(3d) value was fixed at 10 e, whereas
parallel to the 2-fold axis. (The local axis divides the interligand multipole parameters were set to zero; that is, only the Zn 4s
angle S+Zn—S1; i.e, itis directed toward the dummy atom 4t interaction with the ligands has been finally considered
placed in the middle point of the $iSI line.) For all in this study. A similar refinement method was successfully
refinements in this study, th®,y population was always applied in the case of tetrahedral [Zn(aspiringtd)O),]. 7
assigned to the diffuse 4s electron density of the zinc metal " The main differences between the results obtained by these
atom. two strategies consist of the values of the atomic charges that
Refinement StrategiesThe crystal structure was determined are calculated after a-refinement. Namely, in contrast to
on the basis of accurate low-temperature data using the WinGXstrategyll where the charges of ions are fixed ([Zn(TSC§
program packing® Conventional and electron density refine- and 2(NQ)~), unconstrained strategly led to the values of
ments were performed with the MOLLY program implementing +1.92(28) and-0.95(10) e for the cation and each of the anions,
the HanserCoppens multipole modé?.In the first cycles of respectively. The statistical least-square features did not differ
the refinements, to obtain the best estimation of the atomic significantly between these two strategies; thus the results
positional and thermal parameters for non-hydrogen atoms, thepresented in this work correspond to those obtained by strategy
high-order (sing/4 > 0.8 A1) refinement strategy was first 1. The detailed results for both strategies are included in the
applied. Residual Fourier maps calculated with high-order data Supporting Information. The crystallographic details are pre-
revealed features of the anharmonic thermal motion for Zn; thus sented in Table 1. Figure 1 represents the residual density map
Gramm-Charlier expansici up to the sixth order was included  obtained after the multipole refinement for the plane of the
for Zn during the refinement. Before the electron density complex cation and the Nanion. The residual electron
refinement, the positions of hydrogen atoms were extended todensities are computed as Fourier transformations offthe-(

electron population. The atomic charge thus can be estimate
asq = Pya — Nva, whereNyy is the population of the free atom.
The final term that describes the aspherical part of the electron
density is given as a series of density-normalized spherical
harmonics. The radial part for the deformation function is given
as Slater type functioRy(r) = Nr' exp(&r), whereN is a
normalization factor. In eq X' is the contractiofrexpansion
coefficient of the radial part of aspherical valence shell, while
Pim are multipole population parameters. Theexponents (in
bohr 1) are chosen to be equal to 3.0 and 4.5, ane- 2, 2,

and 3 up to octupoled & 3) for C and O atoms respectively;

& = 2.26 bohr! andn; = 1 (dipole level,| = 1) for the
hydrogen atomsg) = 4.1 bohr! andn; =4, 4, 4, and 6 up to
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Figure 2. Crystal structure of [Zn(TSG)NOg)..

TABLE 3: Interatomic Distances and Topological Properties of the Electron Density for the Covalent Bonds

bond length ds d, o(tey)  V20(rep) M A2 A3 € G(rep) V(rep) H(rep)
Znl1—N1 2.0918(2) 0.999 1.093 0.52 7.16 —2.89 —2.70 12.76 0.07 234.80 —274.91 —40.11
Zn1-S1 2.2667(2) 1.047 1.221 0.41 5.20 —-1.81 —1.68 8.55 0.08 162.44 —187.22 —24.78

N1—N2 1.4114(2) 0.716 0.696 206 —-356 -—16.17 -—15.10 27.71 0.06 1059.91 —2207.65 —1147.74
C1-N2 1.3419(3) 0.554 0.788 235 —2232 -—-19.26 -—-16.72 13.66 0.15 883.40 —2373.71 —1490.31
C1-N3 1.3274(3) 0.554 0.773 243 —23.20 —20.58 -—16.58 1395 0.21 941.66 —2514.18 —1572.5
Cl-Ss1 1.7194(2) 0.911 0.809 1.30 -2.61 —7.00 —5.66 10.04 0.24 436.25 —934.47 —507.22
O1-N4 1.2561(2) 0.624 0.632 3.07 —-5.83 —26.43 —23.47 44.08 0.13 1919.45 —3997.43 —2077.98
02—-N4 1.2568(3) 0.622 0.635 3.08 —-6.03 —26.65 —23.62 4424 0.13 1926.85 —4017.65 —2090.80
0O3—N4 1.2418(3) 0.622 0.619 3.20 —10.82 —28.30 —24.11 4158 0.17 1973.74 —4241.99 —2268.25
N1-Hla 0.997(10) 0.728 0.296 2.16 —19.49 —-2859 —-26.34 3344 0.09 773.84 —2077.56 —1303.72
N1-Hlb  1.030(9) 0.735 0.295 2.06 —16.70 —24.99 —23.12 3143 0.08 738.79 —1931.69 —1192.90
N2—H2 0.991(10) 0.740 0.250 212 —-21.76 —29.04 -—-26.62 3391 0.09 698.12 —1986.92 —1288.80
N3—H3a 1.006(10) 0.756  0.250 214 —-27.40 -—29.18 -—27.31 29.90 0.07 613.10 —1971.24 —1358.14
N3—H3b  0.984(10) 0.722 0.262 227 —2496 —31.35 —29.07 3546 0.08 771.98 —2222.65 —1450.67

ad; andd; are the distances (in A) from the critical points to atoms 1 and 2, respectp(ely; is the electron density (in e &); V2o(rp) is the
Laplacian (in e A%); 11, 15, and/s are the principle curvatures (in e 3; ¢ is the ellipticity; G, V, andH are kinetic energy density, potential
energy density, and total energy density, respectively (in kJ molBphr

F.) difference whereF, and F. were observed and model and C=S bond lengths (column 2 in Table 3) suggest a
calculated structure factors. The residual density maps areconsiderable degree of delocalization within the ligand. Con-
essentially featureless. The highest residual density peaks ofsequently, the chelate ring is practically planar with a mean
0.2 e A3 are found in the vicinity of the Zn atom. plane deviation of the constituting atoms of 0.014 A.
Computational Methods. Theoretical calculations have been Due to the high hydrogen donating capacity of the complex
performed with density functional theory (DFT) calculation cation and the presence of the j&hion as an acceptor, crystal
methods using the Gaussian 03 program packalrethe case  packing of [Zn(TSCJ(NO3), exhibits a rather complex hydrogen-
of the title compound [Zn(TSG)NO3), and its TSC ligand  bonding network. There are nine hydrogen bonds of the same
(which in the complex displays a cis configuration), the N—H---O type involved in stabilization of the complex. It is
coordinates used in the calculations are those obtained fromjmportant to mention that two of the five hydrogen atoms
the multipole refinement. The coordinates of the analyzed Zn existing in this structure are involved in a bifurcated and one
supramolecular complexé8° have been extracted from the in a trifurcated hydrogen bond, additionally increasing the
CSD (Table 2). The coordinates of the two additional forms of complexity of the pattern (Table 4).
the TSC ligand, thérans TSC° and the protonatedis- TSC3!
have also been extracted from the CSD. For all extracted
compounds, the corresponding-N bond lengths are elongated
to the experimental values obtained after the multipole refine-
ment of the title compound. The optimizations of the molecules
were not performed. The calculations of the electrostatic
potential and electrostatic potential at the nuclear sites have bee
performed in a vacuum using the B3LYP functional with the f
6-31++G(2d,2p) basis set as suggested by Dudev and Lim for
Zn-containing compounds.

As previously mentioned, the complex cation provides a
combination of the hydrogen-bonding donors suitably oriented
for the interaction with the anion hydrogen-bonding acceptor
pair. Thus, complementary hydrogen bonds are formed on each
side of the molecule involving hydrazine (N22) and thioa-
mide (N3—H3a) fragments on the ligand side and the O1, O2
cceptor pair of the N@anion. The hydrogen-bonding motif
ormed in this way (Figure 2) can be assigned in Etter’'s graph
set notation asR(8)§.11 According to geometrical parameters
presented in Table 4, these complementary hydrogen bonds
exhibit the shortest lengths and very good directionality (with
quite large N-H---O angles). In these interactions, donor and

Crystal Structure. The crystal structure of the title compound acceptor atoms are forming a torsion angle; MB—01-02,
consists of [Zn(TSG]™2 complex cations and nitrate anions. of 8.2°. However, the dihedral angle formed between the mean
The Zn atom is located in a tetrahedral environment formed by planes of the chelate ring and the nitrate anion is31tseems
two bidentate thiosemicarbazide ligands comprising N and S that the engagement of the third oxygen atom of the; Bidlon
donor atoms. Figure 2 depicts the ORTEP view of the crystal in the additional relatively strong NdH1a--O3 hydrogen bond
structure. Inspection of the geometrical parameters does notslightly shifts the acceptor plane. This third hydrogen bond
reveal a significant difference from the room-temperature Hata. connects the neutral complex molecules into an extended ribbon
Due to the small bite angle of the TSC ligand (88.47)6he as presented in Figure 3a. Due to the presence of the second
tetrahedral coordination geometry (L0 R8f the complex is row axis passing through the metal ion and changing the
significantly deformed. The intermediary values of twe-® orientation of the donors, the ribbon takes a more twisted form.

Results and Discussion
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TABLE 4: Interatomic Distances and Topological Properties of the Electron Density for the Hydrogen Bonds
bond N--O (A) H::O(A) N—H---O (deg) d; d p(rep) VPp(rep) s A2 As €  G(regp) Vrep) H(rep)

N3-H3a--02 2.8502(4) 1.8456(3) 17551(2) 0.622 1.228 0.10 4.07-0.55 —0.52 5.14 0.08 80.50—50.33 30.17
N2—H2--01 2.9141(3) 1.9239(3)  178.46(3) 0.695 1.229 0.13  2.97-0.69 —0.68 4.32 0.03 64.25-47.77 16.48
N1-Hla..03 2.9272(4) 1.9906(3) 155.56(2) 0.723 1.286 0.08  2.63-0.47 —0.39 3.47 0.19 52.77-34.84 17.93
N3-H3b..Of 3.00804) 1.9954(2) 156.12(2) 0.800 1.371 0.05 1.82-0.26 —0.20 2.28 0.25 35.10-20.71 14.39
N1-Hib..0% 3.2770(5) 2.2942(4)  159.18(2)  0.907 1.479 0.04 113012 —0.05 1.31 0.87 21.21-11.97 9.24
N1-Hib..02 3.0294(4) 2.4650(3) 108.32(2) 1.078 1.433 0.05 0.940.09 —0.15 1.40 0.57 20.06-13.21 6.85
N1-Hla..Of 3.4414(4) 2.5542(3) 148.17(1) 1.048 1.621 0.02 059006 —0.03 0.68 051 11.16 —6.28 4.88
N3-H3a..03 3.0272(4) 2.5737(3)  107.18(2) 1.161 1.471 004 0.86-0.14 —0.13 1.08 0.11 15.96-10.16 5.80
N1-Hib..02' 3.0933(4) 2.6111(3) 108.32(1) 1.211 1.501 0.04 0.76-0.13 —0.07 0.91 0.71 14.15 —9.27 4.88

a Properties and units are defined in the footnote to Table 3. Symmetry codes:y,(®; (i) —x + 0.5,—y — 0.5, —z + 1; (iii) x + 0.5,y +
0.5,z (iv) X, y, z+ 0.5; (v) -—x + 0.5,y + 0.5, -z + 0.5; (vi) —x + 0.5,y — 0.5, -z + 1.

(b)
Figure 3. (a) One-dimensional chain formed by the strongest hydrogen bonds. (b) segment of the crystal packing of JENDHE)

The ribbons are further mutually interconnected by two medium,
N3—H3b---O1 and N+-H1b---O3, and four weaker hydrogen
bonds (minor componer#, giving rise to more complex
hydrogen-bonded arrangements. Part of the crystal packing is
shown in Figure 3b.

Electron Deformation Density and Topological Properties
in the Complex Entity. The static electron deformation density
maps? for the plane of the chelate ring of the complex cation
and the nitrate anion are given in Figure 4. Within the planar
thiosemicarbazide ligand, the two—-® bonds exhibit the
highest bonding densities of similar values, 0.60 and 0.65% A
The highest density peak is found in the terminat-@®IB bond,
which is in accordance with its shorter length. The densities
are well-centered on the bonds and do not show significant
polarization. The electron deformation density in theN\N2
bond of 0.25 e A3 has the lowest value found in the molecule,
while the G=S bond, as a part of the conjugated system, exhibits
a much higher electron density peak (0.45 A

For a more quantitative characterization of the bonds, a
topological analysis of the total electron density has been carried
out?234 The obtained results are listed in Table 3. According Figure 4. Static electron deformation density maps: (a) Zl—
to topological features, the differences between the twdNC _ Nf plane; (b) N403-01 plane; (c) in the plyane grthcggznnal to the
bonds are more pronounced. The value of the electron densitychelate ring. Contours are as in Figure 1.
at the bond critical point (BCP) for the terminal €N3 bond
is higher compared to the €&N2 bond. The higher value of  for the CI-N3 bond indicate slightly higher covalent character
the ellipticity € and the resulting local total energy densittes  for this bond, which is not included in the chelate ring. The
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Figure 5. (a) p(r¢) vs bond length and (#)(r¢) vs bond length for €S, N—N, and M—N bonds*~38 (R—TSC is for other TSC-based compouri#i¥)

position of the BCP clearly indicates that both-8 bonds are reported topological features emphasize the conjugation effect,
polarized, and in both cases, the BCP is found at equal distancesvhich is particularly present in the thioureide fragment of the
from the C atoms (0.554 A). In a recently reported charge ligand. Figure 5 contains the behaviors of the topological
density analysis of the uncoordinated TSC derivative 1-formyl- parameterg andH, obtained from the experiment, as a function
3-thiosemicarbazid®, very similar topological properties have of the interatomic distances for the unusual bonds $CN—N,
been reported for the two corresponding@bonds. Thevalues and M—N, where M is a transition metal) of the studied
of p found in the BCP of this ligand are 2.31 and 2.44 €A  compound. The general trend for the-8 bond®2136js a
which are almost identical to those found in the present complex. significant decrease of with d values and a relatively lower
The values ofp and the Laplacian at the BCP of the=G increase of théd values. The values for the-N\N bond$” are
bond are as expected much less than those of AR Gonds. closer due to the smaller range of tte_n values.
However, the ellipticity value indicates a significant double bond  According to the electron deformation density maps in the
character, which confirms that the=S bond is involved in plane of the chelate ring (Figure 4a), both N and S donor atoms
the conjugation process. This is in agreement with the reportedexhibit electron density directed toward the Zn atom. The
C=S bond lengths, which are of intermediary values. The lower deformation density of the nitrogen atom is spared along the
value of ellipticity for the N:-N2 bond indicates that this bond = Zn1—N21 bond, while in the case of sulfur the lone pair is clearly
is more cylindrical and closer in nature to the single one. The pointed toward the metal center the corresponding bonding
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Haa 3 The topological analysis gives a reliable quantitative descrip-
& tion of the hydrogen bonds. The BCPs have been found for

" each of the nine interactions, and the corresponding parameters
" H1b &N are given in Table 4. The first two BCPs (first two lines of
I gfw\o Table 4) correspond to the shortest and the strongest comple-
N1 " n mentary hydrogen bonds. Although slightly stronger according
1a o3~ to its geometrical parameters, the-N33a--O2 hydrogen bond
shows a lower value of the electron density compared to the
other bond from the complementary pair (N&2---O1).
However, due to the higher value of the Laplacian, the resulting
kinetic energy density for the N3H3a--O2 interaction prevails
in magnitude. It should be noted that NBI3a--O2 is a
bifurcated hydrogen bond because the H3a is also engaged in
the weakest hydrogen bond to O3. On the contrary, the N2
H2 fragment is involved in an interaction with the single O1
donor (Figure 7).

It is worth pointing out some marked similarities concerning
the topology of these bonds. Analyzing the acceptor site, we
Figure 6. Space distribution of the donor atoms around the nitrate Can find rather equivalent topological parameters fetwbonds
acceptor. whose oxygen atoms are involved in complementary hydrogen

bonding. The N4O1 and N4-02 bonds have relatively similar
densities are 0.60 and 0.40 e 3 respectively. Figure 4c  lengths (1.2561(2) and 1.2568(3) A, respectively). which are
presents the electron deformation density of the same bonds inevidently longer than that of the N4D3 bond (1.2418(3) A).
planes perpendicular to the chelate ring. In both cases, theThe corresponding values of the electron density are similar (
density is concentrated in the plane of the ligand (it is not split = 3.07 and 3.08 e A for the N4-O1 and N4-O2 bonds,
above and below the bond), demonstratingdft®nor character ~ respectively) and lower than in the case of the third bamne (
of the ligand. Analysis of the ZriS1 coordination bond shows ~ 3.20 e A3 for N4—03), while the values of the Laplacian’s
that the torus-shaped free electron density of the sulfur donor (—5.83 and—6.03 e A™) are nearly half of that found for the
is described as polarized rather than clearly directed toward thethird bond (10.82 e &5). The ellipticities for N4-O1 and
metal ion. N4—02 are identical (0.13) and again quite smaller than that

In the topological analysis, the Zi bonds are both in the case of the third bond (0.17). Considering the donors’

characterized by positive values of the Laplacian, which is Sites, the N-H bond lengths are similar within the standard
typical for coordination bonds to transition metals. As expected, Uncertainties. The BCPs in these bonds are found at a similar
the Zn—N interaction possesses a larger valug at the BCP. distance from the H atoms (0.25 A) and exhibit similar amounts
The bond paths of the coordination bonds fall almost exactly Of electron density (2.12 and 2.14 e #or N2—H2 and N3-

on the internuclear axis. The relatively low ellipticities found H3a, respectively). Finally, BCPs of hydrogen bonds are
for these bonds are in accordance with theicharacter. The ~ Positioned at almost identical distances from the oxygen
behavior ofp for the M—N reported values (Figure 5) is in ~ acceptors (1.30 A). The main difference regarding the positions
agreement with the interatomic distances, despite the fact thatof the BCPs of the two complementary hydrogen bonds arises
different bond types are compared in the same graph. Thein the H--BCP, distances which differ by about 0.075 A. A
relatively very lowH values give an indication of the weak comparison of the H-O—N4 angles for these two bonds shows
strength of these bonds. In coordination bonds, the magnitudethat, in the case of the shorter H38CP distance (N3H3a

of the potential energy density slightly overcomes the value of **O2 bond), this angle is 120.3which is very close to the
the kinetic energy density (|V|/G is equal to 1.15 for ZrS position of the free electron pair in $pybridized oxygen. In
and 1.17 for Za-N), suggesting that these bonds are best the second bond, the corresponding +21—-N4 angle is quite
described as polar covalent, leading to one of the smallest ratiossmaller, 112.6. One of the reasons could be an additional
when compared with the literature forN bonds (3 values ~ engagement of the O1 atom in the other relatively strong-N3
are in the range of 0.920.98, while 20 values are in the range H3b++-O1 hydrogen bonds that connect the formed ribbons to

of 1.07-1.7)37¢38 The same trend is observed for the-® the two-dimensional structures. In contrast to O1, the further
bond, but only two experiments have been reported concerningengagement of the O2 atom in hydrogen-bonding implies much
a Ni and a Co comple$&e weaker NE-H1b-+-O2 interaction. Generally, each of the oxygen

Electron Deformation Density and Topology of Hydrogen atom; is i.nvolved in three hydrogen bonds of variou; strengths.
Bonds. The space distribution of all the hydrogen donor groups Considering that most of the hydrogen atoms are involved in
around a nitrate acceptor is illustrated in Figure 6. Figure 7a More than one hydrogen bond, there is a rather continuous
displays the static electron deformation density maps N dependence af(N--H) versusG(rey) as suggested by Espinosa
--O planes) corresponding to the first three strongest hydrogen®€t al®
bonds, while Figure 7b displays the polarization of each  Net Atomic Charges. Net atomic charges derived from
oxygen’s lone pair in a plane containing the oxygen atom and «-modef32 and integration over the atomic basihare given
the two hydrogen atoms that form the strongest hydrogen bonds.in Table 5. The different partitioning methods cause the
When the oxygen lone pair is involved in the slightly equivalent differences between the obtained values; however, the general
hydrogen bonds (case of O1), the electron density of the freetrend is roughly the same. The nitrogen atoms of the TSC ligand
electron pairs is equitably oriented toward the two hydrogen are all negatively charged, with the lowest value found for the
atoms. This is not the case when one of the hydrogen bonds isterminal thioamide N3 atom. The thioamide C1 atom, which is
significantly stronger than the other one (cases of O2 and 0O3).placed between the two electronegative nitrogen and sulfur
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Figure 7. Hydrogen bond static electron deformation density maps. (a) The maps are plotted in the plane containing the strongest hydrogen bond
connected, respectively, to O1, O2, and O3. (b) The maps are plotted in the plane defined by the oxygen atom and the pair of hydrogen atoms that
forms the two strongest hydrogen bonds. The contour interval is 0.05.e A

TABLE 5: Net Atomic Charges a nonzero 3d electron occupation usually is. Consequently, the
atom © AlM net charge integrated over the Zn basin is low.
7l 1.45(4) 0.61 To verify this explanation, the AIM charges of the [Zn-
s1 0.01(5) 0.12 (aspirinate)(H,0);] compound’ have been determined. The
N1 —0.70(8) —-0.73 trends above-described observed in [Zn(THB)O3). remain
N2 —0.24(7) —0.83 in the second complex [Zn(aspirina@).O);] (q(Zn). =
N3 —0.99(9) —1.22 +1.29(4) e and(Zn)am = +1.00 e). The net atomic charges
N4 0.62(5) 0.65 . X .
c1 0.15(8) 0.73 obtained by a-refinement, when the tetrahedral Znis modele_d
o1 —0.59(4) —0.54 as d9 are closer than the net charge obtained for the third
gg 78.451283 78.23 octahedral compllch [Zn(©4)(H20)4] when the d orbitals are
Hila 0.38(5) 0.53 refined &1'9.7 e . . .
H1b 0.37(5) 0.45 EIectrostatlc' Potgnt[al. I.n addition to the .anaIyS|s of the
H2 0.28(5) 0.50 electron density distribution, we also derived the electro-
H3a 0.45(6) 0.59 static potential (EP) of [Zn(TSG)NO3), in an attempt to
H3b 0.53(5) 0.58 obtain a better understanding of its further chemical reactivity.

atoms is positively charged. The hydrogen atoms provide the I this analysis, we focused only on the EP generated on the

rest of the positive charge of the chelate ligand. Among the Surface on t(f)le complex cation. We employed the MOLEKEL
hydrogen atoms, those attached to the thioamide N3 are thedraphic toof? to distinguish between the fine differences in
most positively charged. Both analyses also show that the gpositive EP. Thus, Figure 8a displays three-dimensional isoden-

atom is the least charged atom in the structure. The charges ofity surface (0.007 e R) of the complex cation colored
the nitrate anion obtained by two different methods are real, IN @ccordance with the EP determined on the basis of data

q(NO3), = —0.95(10) e andj(NOz)am = —1.02 e. obtained after the multipole refinement. Beside the EP of the

A more significant difference between two groups of charges complex cation isolated from the crystalline _environment, we
emerges if we compare the relative distribution of the positive /SO present the features of the EP of the isolated gas-phase
charge between the Zn atom and the TSC ligands. Namely, thecation obtained by the quantum mechanical calculation (Figure
k-model yielded a high value of charge for the Zn atom equal 8Db).
to +1.45(4) e. In this case, the Zn atom represents the center The less positive EP coincides with the conjugated thioureide
of the positive charge, because the each TSC ligand is carryingfragment (Figure 8a). One of the two least positive EP regions
a much less positive charge $0.24(20). According to the AIM is found in the surroundings of S atom (A). The part of the
method, the positive charge is more dissipated within the cation, cation surface close to Zn exhibits the middle value of the overall
which resulted in a relatively low positive charge for the Zn positive EP (B). The second EP minimum (the least positive
atom of+0.61 e, while the charge of the TSC ligand is higher value) on the complex surface is found in the vicinity of the
and equal tot-0.72 e. Such a low integrated charge for the Zn terminal nitrogen N3, which is also reported as the most negative
basin could be a consequence of the specific-yand atom in this structure (C). Starting from this region with the
interaction, which in contrast to the other metal ions does not least positive EP, the positive EP increases through the number
involve the d orbital. Namely, in the case of the title compound of successive narrow regions of EP magnitudes (D), finally
the Zn atom has fully occupied d orbitals, and thus only 4s is reaching the highest positive value in the vicinity of the
introduced in the metalligand interaction. Because the 4s hydrogen atoms attached to the N1 donor (E). The positive
orbital is very diffuse in the direct space, it is possible that the contribution of the central metal ion to the EP also appears on
charge of Zn is spread out over the ligand, i.e., not localized as the surface of the complex cation (F).
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Figure 8. EP (e A1) generated on the cationic three-dimensional isodensity surface (0.009):e(8) experimental; (b) theoretical (DFT).

As previously mentioned, the [Zn(TSENO3), complex, +0.15
together with some dicarboxylic salts, has been used as th
reactant in the synthesis of several supramolecular struégfés.

In each of these structures, the Zn atom within a corresponding
cationic TSC building block increases its coordination number

to 5 or 6, in contrast to a nickel building block, [Ni(TS),

which often preserves its original coordination number of
4%h0.10aThe rather nucleophic zone (F) could be responsible

for the increase of the coordination number of Zn in the 0.00
synthesis of the complexes entering the mentioned supramo-
lecular structures. =

The theoretical EP agrees rather well with the described
experimentally derived properties for the[Zn(TSJE) cation
(Figure 8b). The complex cation in the gas phase still retains a
nucleophilic zone above the Zn atom (G), suggesting that it is 8 -0.15 @ -
not the result of the influence of the surrounding anions in crystal Figure 9. Theoretically determined EP (-8 generated on the three
packing. The least positive EP is again found in the region of " 7. 1T . . . ;
the S and N3 atoms (H). Due to the absgn_ce of the influence of ?;r)nt?gf"sogius(%?i?:'?éﬁ#gff;é%g_07 &Yof the TSC ligand in the
the crystalline environment, the EP minima are more sym-
metrically distributed. These trends remain in the two cations
[Zn(TSCY(H20).](terePd and [Zn(TSCY(H0)z](fum)®d for
which the theoretical EP has been computed based on the room-
temperature crystal structure geometry, while they are less
expressed. The presence of the water molecules, leading to an
On symmetry for the Zn atom, does not significantly influence
the EP value near the TSC ligand.

To investigate the coordination abilities of the TSC ligand
alone, we have further used the quantum-chemical calcuf8tion
to explore the distribution of the EP within two different forms
of this molecule. The trans form of the TSC moleéfles
present in the solid state and thus corresponds to the molecule

that enters the complex synthesis. In this uncoordinated form, Figure 10. Three-dimensional isopotential surfaces of the coordinated

the atoms S1 and N1 are placed on O_pp.OSit? sides regardingom (cis) of the TSC ligand. Gray and red correspondtg,= +0.18
the C1}-N2 bond. According to the EP distribution represented e A1 andVy, = —0.18 e A, respectively.

in Figure 9a, we can assume that in the trans configuration of

the TSC the sulfur atom surrounded by the most negative EP TSC-based compoundsThe distribution of the EP within the
represents the only relevant center of the nucleophile attack andcis form of the TSC ligand present in the complexes is given
thus the coordination to the central metal ion. The monodentatein Figure 9b. It is obvious that in comparison to the trans
coordination of the TSC is rare, but in some complexes of Ag configuration (Figure 9a) the minimum of the EP is shifted from
the coordination is realized via the S atéhTo achieve more the S atom toward the place where the binding of cental metal
stable bidentate coordination, which is also favored by the ion is expected. This minimum is much deeper than that existing
chelate effect, the only available atom is N1 as it has the free on the S atom in the trans form due to the contribution of the
electron pair. The engagement of N1 is also geometrically free electron pair of the N1 atom. Figure 10 represent the
favorable due to the formation of the very stable five-membered isopotential surface of the coordinted form of TSC, which
chelate ring. The NS bidentate coordination and the formation confirms that the EP minimum is located exactly between the
of the five-membered chelate is a basic property of almost all donor atoms in the place of metal coordination. It is worth




Topological Electronic Features in [Zn(GNsS)](NO3)2 J. Phys. Chem. A, Vol. 111, No. 51, 2003501

1A
: & -
5t \ $
H3b
i

(a) (b)
Figure 11. (a) EP in the Za-TSC ligand plane. Contour intervals are 0.05 & Aegative contours are dashed, and zero contour is omitted. (b)
Electric field lines in the same plane. Critical points are indicated as “CP”.

mentioning that the cis configuration of TSC present in the minimum, but also ring (3;+1) CPs and so on. Three is here
complexes also causes the redistribution of the positive EP the number of nonzero eigenvalugsl,, andis; of the Hessian
generated by its hydrogen atoms. The positive EP of the ligand matrix of ®(r), and the second numbers3, —1, +1, and+3
is joined into a broad region (Figure 9b) that in formed bis- are the sums of the algebraic signs /f The eigenvector
(TSC) compounds (takes the lateral sides and) symmetrically associated withls is conventionally chosen along the atomic
surrounds the complex unit. In the presence of the appropriatelink. Poisson’s equatioR2d(r) = —4mp(r) is valid everywhere
hydrogen-bonding acceptor, this unit becomes defined building inside or outside the chemical system and relates the two
block, as is the case with the above-mentioned supramolecularproperties. Saddle (3;1) CPs are generally found between a
structures. pair of covalently bonding atoms or in hydrogen bonds. At these
Topology of the Electrostatic Potential. The electrostatic positions, the electric field and thus the electric force on a probe
potential ®(r) (hereafter EP) is one of the derived properties charge vanishes, showing the balance between the two screened
that is directly related to the reactivity of moleculgd?? nuclear charges. As also remembered by Tsirelson ét thie
Electrophilic and nucleophilic regions are easily revealed and electrostatic energy density proportional to the square of the
can serve in the quantitative electrostatic characterization of theelectric field modulus reaches zero at all CPs.
chemical system and in the chemical activity prediction as well. ~ Figure 11a displays the EP calculated in the plane containing
Topographical characteristics of the EP are complementary tothe Zn cation and the TSC ligand. As can be expected for a
those of the electron density. The gradi&(t) = —V®(r) of cationic entity, the EP is positive in the vicinity of the metal
EP, that is, the electric field, can be calculated analytically from ligand complex. In the top-left of Figure 11a, the negative region
the Hanser Coppens model used in the experimental electron (with a minimum of—0.3 e A™Y) is due to the proximity of the
density refinement® On the basis of this model, two of the NO3z™ anion. In the same plane, Figure 11b depicts the electric
authors have developed the FIELD program for the calculation field lines generated by the ZimTSC complex. In the plane of
and visualization of the electric field lines around the mol- this figure, all CPs are of the (3;1) type, except two (3}1)
ecules®® As for the electron density, the molecular space is ring CPs found between H2 and H3a (folding-induced CP) and
partitioned into pseudo-atomic basins or volumes delimited by that corresponding to the ZrB51—-C1—-N2—N1 ring here under
the zero flux surfaces of the electric field. These correspond to the considered plane. As previously mentioned, the gradient
electro-neutral space units in which the electron density vector lines define closed and open atomic basins with different
concentrates to screen the positive contribution of the nuclearshapes, structures, and sizes. Internal atoms such as C1, N2,
charges to the EP. Contrary to the electron dengity, which and N3 display triangularly shaped closed basins, whereas
is a local property and positive everywhere around the chemical peripheral H2, H3a, and H3b have extended basins. It is worthy
system, EP can be a sharp function that changes its sign into note that the S1 sulfur atom has the largest basin even when
particular regions where the electronic concentration dominates.compared to that of the metal. This is in agreement with the
This gives rise to open basins for positive atoms such as almost neutral net charge reported in the previous section for
peripheral hydrogens and closed and smallest ones for elec-S1, which behaves as an isolated atom with a dominating nuclear
tronegative atoms such as O and N. We emphasize here thatharge contribution to the EP. Another interesting plane is that
these basins correspond to neutral charges, while those ofcontaining the double hydrogen bond occurring between the
electron density gradients define the atomic volume in the TSC ligand and the N anion. EP features are shown in Figure
molecule and therefore its charge transfer. The electric field 12—a, and the electric field lines are shown in Figure 12b. In
and electron density gradient offer complementary physical addition to the inner (3;-1) CPs of the TSC ligand, those
methods to separate the intramolecular space between atoms;haracterizing the N2H2:--O1 and N3-H3a--O2 hydrogen
and therefore the corresponding atomic basins ovelap. Thebonds now appear in Figure 12b.
topology of EP also displays critical points (CPs positioned by  Table 6 gives the topographical features of the EP generated
a vectorrep in the unit cell) similar to those of the electron around the Za-TSC complex. As pointed out in a prior electric
density, (3,—1) saddle, (3;/3) local maximum, (3;+3) local field study#3the CP atomic distances define the van der Waals
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P H3u

Figure 12. (a) EP in the TSENO; double hydrogen bonds plane. Contour intervals are 0.05% regative contours are dashed, and zero
contour is omitted. (b) Electric field lines in the same plane. Critical points are indicated as “CP”.

TABLE 6: Topological Properties of the Electrostatic part of Table 6, the hydrogen bond characteristics of the title
Potential for the Covalent Bonds and the Hydrogen Bonds complex are given. The accumulation of electron density at the
bond d d p(rep) A A2 Az DO(rep) CPs is in the range of 0:2.3 e A3 However, we can note

Znl-N1 1.155 0.945 0.632-0.062 —0029 0.723 0225 that for the two last longer bonds (HO = 2 A), ®(rep)
Zn1-S1 1.102 1.174 0.404—0.129 —0.117 0.650 0.463 becomes negative. The eigenvalues of the Hessian matrix of
N1-N2 0707 0.706 2.128-0.911 -0.867 3.905 1.670 EP (—1/4r is included to compare directly {g) shows positive
CING OeTi 0558 2%liz 0981 4850 1904 vaues orka i the bond drecon and negaive vales i he
C1=S1 0776 0.944 1.459—0505 —0.439 2.403 1.204 perpendicular ones. According to Poisson’s equation, that is,
O1-N4 0.624 0.632 3.119-1.610 —1.587 6.317 1.974 p(rep) = A1+ A2 + 43, these values reflect the electron density
02-N4 0.625 0.631 3.141-1.608 —1.575 6.324 2.000 accumulation 4; positive)/depletion 4 negative) at the EP

O3—N4 0.617 0.625 3.186—-1.719 —1.681 6.586 2.003 it ; ic hi ;
Ni-Hla 0632 0365 2340—2038 —1935 6314 2104 critical points. As expectedis is higher thani; or 1,, which

N1-Hlb 0653 0377 2.198—1775 —1689 5662 1.869 corresponds to the axial symmetry of electron density when

N2—H2 0.629 0.361 2.329-2.141 —2.004 6.474 2.169 = lo.
N3—-H3a 0.635 0371 2.366-1.951 -1.845 6.162 1.991 According to the HellmanaFeynman theorerf the electric
N3—H3b 0.625 0359 2.438-2.147 —2.039 6624 2.085 field at the nuclear positions is zero ((33) CPs), but EP does
hydrogen not vanish. The values of EP at these particular points are in
bonds d; d p(rep) M1 Az Az D(rep) relation to the coreelectron binding energdf. This is particu-

N3—H3z+--02 0.921 0.930 0.347-0.128 —0.102 0.577 0.245 larly interesting for the hydrogen atom with its single electron.
N2—H2:--O1 0.963 0.962 0.308-0.092 —0.070 0.471 0.131 Accordingly, Galebov et & emphasized the usefulness of the

m%_ﬂég“gi i-cl)‘llg 8-8?‘5’ 8-22;‘8-822 —8-822 8-2“11‘11 0068515 electrostatic potential in nuclear sites (EPNs, corresponding to
N1-H1b-03 1266 1032 0.209-0.044 —0027 02790175 (> —3) CPs defined above) as hydrogen-bonding reactivity
_ o parameters. The authors found an excellent correlation between
* D(rp) represents teh electrostatic potential (in €@AThe other  the theoretically determined values of EPN at the site of the
properties and units are defined in the footnote to Table 3. hydrogen atom and the energies of hydrogen bond formation.
Considering the significant hydrogen donating capacity of [Zn-

radii. Except for the N+N2 bond, all others are heteroatomic (TSCY]?*, we decided to employ this quantity in further analysis

links. That means that the contributions of the nuclear charges® .~ . .
to the EP are in principle dissymmetrical. That holds particularly of its hydrogen-bonding features. We derived the EPN vafues

true for N—H bonds where the CP is pushed toward the H atoms for [Zn(TSC_:)Z](NO3)2 extrgcted from the cry;talline environmgnt
(6= 0.63 A andi@,0= 0.36 A) and for C+S1 (d; = 0.78 on_the basis of the expenmentg! data obtained _after the multipole
A andd, = 0.94 A). However, for all other bonds, even for refinement (_Table 71)-. In addition, we determined the va}lues
Zn—N and Zn-S, CPs are located approximately at the midpoint ©f EPN for isolated gas-phase [Zn(TSENO3). (2) and its

of the atomic link. It is worth noting that each atom shows Cation [Zn(TSCJ*2 (3) from quantum-chemical calculations.
directionally van der Waals radii referring to the type of bonds The theoretical EPN values were also derived for two octahedral
and atoms involved. In Table 6 are also reported the values of cations [Zn(TSCYH20)]**, which are real building blocks of
p(rcp) and @ (r ) for each bond. For all covalent bonds, these the supramolecular structures [Zn(TSE)0)](tere) @) and
values are greater than unity, reflecting here the electron [Zn(TSC(H20)](fum) (5).%¢ Each of these structures exhibits
accumulation and the positive high value of potential at the the same feature; namely, each of them forms the strongest,
vicinity of the nuclei. It is an expected result because only the complementary hydrogen bonds with the same-N2, N3—
diffuse 4s orbital of the metal is involved in the interaction with H3a donor set. Finally, the EPN values were also calculated
the ligand and the 3d shell was found unperturbed. In the last for different configurations of the neutral TSC ligar@lgnd7)
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TABLE 7: EPN Values (in a.u.) in the Title Compound (1—3), in Similar Supramolecular Building Blocks (4 and 5), and for
Different Forms of the TSC Ligand (6—8)?

label 1 2 3 4 5 6 7 8
compound [Zn(TSC)(NO3),  [Zn(TSCYI(NO3),  [Zn(TSCY]?"  [Zn(TSCh(H20)]?"  [Zn(TSCh(H20),]>" TSC TSC TSC
geometry this work this work this work ref 9g ref 9d ref 30 this work ref 31
metal Ty Ty Tq On On

configuration cis cis cis cis cis trans cis cis
state crystal gas phase gas phase gas phase gas phase gasphase gasphase gas phase
Zn —142.5002 —141.7899 —141.5911 —141.6274 —141.6429

S1 —59.4860 —59.1346 —58.9355 —58.967 —58.9724 —59.2697 —59.2722 -59.0784
N1 —18.4693 —18.1899 —17.9859 —18.023 —18.0239 —18.3034 —18.3229 —17.9813
N2 —18.3939 —18.2207 —17.9931 —18.021 —18.0193 —18.2961 —18.2897 —18.0732
N3 —18.4669 —18.2721 —18.0481 —18.070 —18.0685 —18.3300 —18.3248 —18.1502
N4 —18.4967 —18.1395

C1 —14.7964 —14.5362 —14.3256 —14.353 —14.3522 —14.6331 —14.6301 —14.4448
o1 —22.6694 —22.3511

02 —22.6259 —22.3559

o3 —22.6789 —22.3677

Hla —0.9140 —0.9093 —0.7060 —0.7345 —0.7286 —1.0137 —1.0316 —0.7193
H1b —1.0089 —0.9092 —0.7066 —0.7375 —0.7378 —1.0123 —1.0320 —0.7314
H2 —0.8925 —0.9389 —0.6999 —0.7247 —0.7208 —1.0008 —0.9944 —0.7715
H3a —0.8792 —0.9601 —0.7264 —0.7440 —0.7456 —1.0060 —0.9954 —0.8161
H3b —0.9066 —0.9457 —0.7345 —0.7547 —0.7518 —1.0070 —1.0029 —0.8257
extra H —0.7282
Oow —22.0468 —22.0269

Hiw —0.7291 —0.7047

H2w —0.7264 —0.7047

2The values are determined by POTN8@r casel and by Gaussiah for cases2—8. In bold are the least negative EPNs for hydrogen.

and for its protonated form TSCH?8) from the corresponding The EPN values of the two neutral TSC forms (Table7,
chloride salf? and7) are mutually similar and suggest the lower tendency of
The EPN values derived for all of the complex cations in the the hydrogen atoms to enter the hydrogen bonding. The
gas phase3-5) (including the one for the title compound) protonation of the ligand (Table B) obviously increases the
follow an identical pattern. The least negative EPN value (in EPN values of the corresponding hydrogen atoms, particularly
bold in Table 7) is found for the H2 atom attached to hydrazine those attached to the protonated nitrogen atom. It is interesting
N2, then follow Hla and H1b attached to coordinated hydrazine to note that the EPN values of the listed complex cati@is (
N1, and finally H3a and H3b from the thioamide N3. This 5) are similar to those found for the protonated ligand. The
should be an indication of the hydrogen’s reactivity toward positively charged metal ion spread its charge to the coordinated
hydrogen bond formation (pattern and sequence) and anligands, causing the redistribution of the electron density. This
indication of the relative strength of the formed hydrogen bonds significantly increases the EPN values of the hydrogen atoms
and therefore their corresponding bond energies. According toand stimulates the engagement of ligand in hydrogen bonds. It
these results, in each of these cations, the H2 atom shows thecan be suggested that by coordination to the metal ion the TSC
highest affinity for hydrogen bonding. This atom is the one that ligand increases its capacity for hydrogen bonding to the level
is involved in complementary hydrogen bonding; however, its of the protonated ligand.
pair H3a has a more negative EPN value, meaning that its
tendency to form the hydrogen bonds is slightly less than that Conclusion
for hydrogens attached to N1. Despite these arguments, in the
above-mentioned crystal packings of [Zn(TSIQYOs),, [Zn- .From. the first experimental charge density study on a
(TSCh(H,0),](tere) 99 and [Zn(TSCY(Hz0)](fum),% the H3a th|osem_|carba2|de-based complex Compound and some quantum
atom |s a|WayS part of the donor set for Comp|ementary Ca|Cu|atIan, we haVe been able to p0|nt Out.Some main I‘eSU|tS
hydrogen bonding. It seems that suitable, almost parallel concerning the electrostatic properties of this compound.
orientation of the H2, H3a donor set toward the corresponding (i) According to the results of the electron density distribution
acceptors (torsion H2N2—N3—H3a = 6.9°) makes the en- and the topological analysis, the TSC ligand represents a highly
gagement of the H3a atom in complementary hydrogen bondsdelocalized system. The resonance effect particularly increases
more favorable than for the atoms Hla and H1b (torsior-H2 the amount of the negative charge and thus the donor abilities
N2—N3—H1 = 50.9 and —66.2, respectively). of the S atom. The coordination bond between Zn and S atoms
In the case of the whole [Zn(TSgINO3), molecule in the is the result of the polarization of the torus-shaped electron
gas phase (Table 2), the EPN values become more negative. density of the free electron pair of the S atom toward the central
These values are particularly decreasing for the H2, H3a atoms,metal ion. In contrast to the S atom, the free electron pair of
which form the hydrogen bonds to the present anion. The the N atom is clearly directed toward the Zn atom. The
experimental EPNs (Table 7) cannot be directly compared ~ corresponding values @fat the BCPs are 0.52 and 0.41 e®A
to theoretical EPNs because they are generally lower than thefor Zn—N1 and Zn-S1 bonds, respectively. Both coordination
gas-phase values. It is interesting to note that, in contrast to thebonds can be classified as polar covalent.
gas-phase cases, the EP at the hydrogen sites of the molecule (ii) The nine hydrogen bonds stabilize the crystal structure
from the crystal lattice reflects the present state of the hydrogenof [Zn(TSC)](NO3),. The structure also contains complemen-
bonding regarding their strengths. The highest EPN values aretary hydrogen bonding, intrinsically characteristic for the
found for the H2 and H3a donor set, then follow H3b and Hla, majority of TSC-based supramolecular structures. The comple-
which are involved in hydrogen bonds of similar strengths, and mentary hydrogen bonds are formed between the pair of donors
finally H1b, which is engaged in the least strong-N\41b--- from the complex cation and the nitrate oxygen atoms as
O3 hydrogen bond. acceptors. The complementary bonds slightly differ in their
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topological values. The lower amount @&t the BCP is found
in the case of the bifurcated N#H3a--O1 hydrogen bond. The
topological characteristics of the ©N4 and O2-N4 bonds

Novakovicet al.

(8) Kovala-Demertzi, D.; Yadav, P. N.; Wiecek, J.; Skoulika,
S.; Varadinova, T.; Demertzis, M. Al. Inorg. Biochem.2006 100,
1558.

(9) (a) Burrows, A. D.; Harrington, R. W.; Mahon, M. F.; Teat, S. J.

whose O atoms are involved in complementary hydrogen CrystEngComn2005 7, 388. (b) Burrows, A. D.; Harrington, R. W.;

bonding are similar.

(iif) The EP of the complex part of the molecule that enters

Mahon, M. F.; Teat, S. Lryst.Growth Des2004 4, 813. (c) Burrows, A.
D.; Harrington, R. W.; Mahon, M. Feur. J. Inorg. Chem2003 766. (d)
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the supramolecular structures has been derived. The significantly2003 22, 673. (e) Burrows, A. D.; Harrington, R. W.; Mahon, M. F.; Teat,
high positive EP found in the region of the Zn atom suggests S. J.CrystEngComn2002 22, 539. (f) Burrows, A. D.; Harrington, R.

that the increase of the coordination number of Zn (by

W.; Mahon, M. F.CrystEngComn200Q 2, 77. (g) Burrows, A. D.; Menzer,
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calculations show that in the gas phase this nucleophilic zone
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(iv) The topologic features of the EP in the vicinity of the
Zn atom confirm that the ZaS or Zn—N bonds are weak bonds.

Internal atoms such as C1, N2, and N3 display triangularly
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Oxford University Press: New York, 1997. (b) CoppensABta Crystal-
logr., Sect A1998 54, 779. (c) Koritsanszky, T. S.; Coppens, Ghem.

identical sequence of hydrogen reactivity toward hydrogen Re. 2001, 101, 1583.
bonding. These values suggest that in each of the complexes (14) Cotton, F. A.; Wilkinson, G. WAdvanced Inorganic Chemistry:

the hydrazine fragment N2H2 shows the highest tendency to

form a hydrogen bond; however, the affinity of the other donor
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