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Abstract—Heterovalent complex [(H glz)Hg”N(CHzPO3) 3H,] is synthesized by the reaction of mercury ami-

dochloride HgIINH2C1 with nitrilotris(methylenephosphonic acid) N(CH,PO3);H,. The gray crystals with
metallic luster are monoclinic and described by the space group P2,/c, Z=4, a = 8.2988(7), b = 22.3149(15),
c=17.2188(6) A, and B = 115.419(11)°. The Hg(I1) atom is coordinated at vertices of a distorted octahedron,

and the Hg£ group has the configuration of a strongly distorted trigonal prism. Seven donor centers of the
ligand, six of the nine oxygen atoms, and one nitrogen atom are involved in the coordination of the mercury
atoms. The crystal packing includes layers formed by the two-dimensional connection of the mercury atoms
and ligand molecules linked by the van der Waals forces and weak hydrogen bonds only (CIF file CCDC

no. 1559444).
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INTRODUCTION

Heterovalent complexes containing ions of one
metal in various oxidation states are formed, as a rule,
in redox processes. A stable heterovalent complex is
formed most probably with the ligand capable of
forming the bridging fragment MN—L—M" " [1]. The
MP" and M¥ *! centers differed by the valence states N
and N + 1 are characterized by different populations of
the valence sublevel. Therefore, if the bridging frag-
ment is electron-conducting, then the so-called inter-
valence electron transition is possible determining the
characteristic properties of the complex: color, elec-
troconductivity, and catalytic and sorption activities.

Coordination compounds of Hg have unique and
often poorly explainable structures. Mercury is char-
acterized by the capability of forming polycations the
most abundant of which is dimercury(I) cation

(Hglz)2+ [2—5]. The formation of these clusters is
explained by relativistic effects [6], one of which is a
strong interaction of atoms with completely filled elec-
tronic shells [7]. This determines the binding of mer-
cury atoms to form clusters and polycations [8—11].

The mercury compounds find use in medicine,
veterinary, and agriculture as antitumor, antiviral,
antiparasitic, and immunomodulatory drugs [12] and
as inhibitors of corrosion and self-discharge of chem-
ical current sources [13]. At the same time, mercury is
one of the most dangerous ecotoxicants [14]. The
mercury complexes are often less toxic than the mer-
cury salts [15] and, therefore, the study of mercury
complexes is urgent.

Organopolyphosphonic acids as ligands are distin-
guished by wide possibilities of coordination and ste-
reochemical diversity of the formed complexes [16].
Nitrilotris(methylenephosphonic acid) N(CH,PO;);H,
(NTP) belongs to this class of ligands, and its metal
complexes are being raptly studied both abroad [17—
19] and in Russia [20—25]. The dimercury(I) complex
with NTP, whose structure is a three-dimensional
framework containing water molecules, was synthe-
sized and studied [26].

The synthesis, crystal structure, spectral properties,
and thermal stability of dihydronitrilotris(methylene-

phosphonato)dimercury(I)mercury(IT) [(Hg})Hg""N-
(CH,PO;);H,] (I) are described in this work.
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EXPERIMENTAL

Synthesis of complex I. Mercury(Il) chloride
(analytical grade), ammonia (analytical grade), and

doubly recrystallized NTP (the POi_ content was not
more than 0.3%) were used. Mercury amidochloride
Hg""NH,Cl (infusible white precipitate) was
obtained using a described procedure [27, 28]. A
stoichiometric excess of an aqueous solution of NTP
was poured to mercury amidochloride, and the mix-
ture was left in a corked bottle. In 2 years, gray crys-
tals with metallic luster of complex I as needle-like
prisms up to 1 mm long were formed in the bottle.
The product was mechanically separated, washed
consequently with ethanol and diethyl ether, and
dried at room temperature.

X-ray diffraction analysis. The crystallographic
characteristics and experimental and structure refine-
ment parameters for compound I are presented in
Table 1. The primary fragment of the structure of
complex I was determined by a direct method. The
positions of non-hydrogen atoms were determined
from the electron density difference syntheses and
refined in the anisotropic approximation by least
squares for |F]>. The positions of hydrogen atoms were
determined geometrically. Selected interatomic dis-
tances and bond angles in the structure of complex I
are given in Table 2. The geometric parameters for the
crystal structure of compound I are presented in
Table 3.

The X-ray diffraction results for the structure of com-
plex I were deposited with the Cambridge Crystallo-
graphic Data Centre (CIF file CCDC no. 1559444;
deposit@ccdc.cam.ac.uk or http://www. ccdc.cam.ac.uk/
data_request/cif).

The IR absorption spectra of compound I were
recorded on an FSM-1202 FT-IR spectrometer in a
range of 450—5000 cm™! as pellets pressed with KBr.

The Raman spectra of a single crystal of compound
I were detected in a range of 475—570 nm on a Centaur
U-HR microscope/microspectrometer using laser
excitation with the wavelength at 473 nm.

The X-ray photoelectron spectrum of compound I
was recorded on a SPECS spectrometer with a
Phoibos-150 semispherical electrostatic energy ana-
lyzer (Deutschland) using excitation with the Mgk,
radiation (Av = 1253.6 eV). The instrument was cali-
brated by the spectrum of gold (99.9%), and the full
width at half maximum (FWHM) of each component
of the doublet Au4fwas 1.2 eV. A sample of compound
I in the form of fine crystals was deposited on an
indium (99.9%) support. The spectra of the Hg4f,
P2p, Nls, and Ols core levels were recorded. The
energy bond (Ep) scale was calibrated by the Nals
(64.0), ClI2p (198.5), Cls (285.0), and In3d (443.5 eV)
lines taking into account the linear regression correc-
tion relative to Ep. The background and inelastic
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scattering were taken into account according to Shirley
[34].

The thermogravimetric analysis of compound I
was conducted on a Shimadzu DTG-60H automated
derivatograph in an Ar atmosphere in a range of 30—
500°C at a heating rate of 3°C/min.

RESULTS AND DISCUSSION

The asymmetric formula unit of complex I (Fig. 1)
is described by the point group of the C; symmetry.
The ligand molecule undergoes a considerable defor-
mation upon complex formation. The bond angles at
the nitrogen atoms have a substantial scatter, but the
average value (109.5(20)°) is well consistent with
the ideal tetrahedral angle. The N—C (1.479(10)—
1.517(9) A) and C—P (1.790(7)—1.832(7) A) distances
vary significantly. The NTP molecule is fourfold pro-
tonated and retains two protons localized on the O(3)
and O(4) atoms involved in hydrogen bonds. All other
oxygen atoms coordinate the mercury atoms. The
denticity of the ligand is 8 with allowance for the nitro-
gen atom.

The Hg(2) atom is coordinated at the vertices of the
distorted octahedron by the nitrogen atom and five
oxygen atoms. The Hg(2)—N(1) distance (2.185(6) A
is closer to the sum of covalent radii (ro(N) =0.71
[35, 36], rc(Hg) = 1.32 A [35] or 1.33 A [36]) than to
the sum of ionic radii (r(N) = 1.46 A, ,(Hg) = 1.02 A
[37]). The Hg(2)—O distances show a significant scat-
ter (2.084(6)—2.858(5) A). The average value
(2.52(26) A) considerably exceeds the sum of covalent
radii (rc(0) = 0.66 A [35] or 0.63 A [36]) and is sub-
stantially higher than the sum of ionic radii
(n(0)=1.36A [37]). It is most likely that the
observed distortion appeared as a difference in bond
lengths of the coordination polyhedron of Hg(2) is
caused by significant mechanical stresses during the
formation of the crystal packing of complex I, whereas
an increase in the average Hg(2)—O distance com-
pared to the sum of atomic radii is explained by the
Urusov distortion theorem [38, 39]. For the coordina-
tion of the Hg(2) atom, the NTP ligand exhibits the
chelate function closing three intramolecular rings
N—Hg—O—P—-C with the common N—Hg bond.

The Hg(1) and Hg(3) atoms compose the dumbbell-

like (Hg})?* dimercury ions with the Hg(3)! and Hg(1)ii
atoms, respectively, of the adjacent structural units. The
coordination polyhedron of the dimercury ion is a dis-
torted trigonal prism, whose vertices are occupied by six
oxygen atoms. The Hg—O distances in the environment
of the dimercury ion have a significant scatter (2.149(5)—
2.756(5) A (average 2.42(19) A)). The scatter of the

Hg—O distances in the environment of the (H gg )2+ jon
was also mentioned [40], but no correlation of the Hg—O
distances with any crystallochemical parameters was
found. It has been mentioned [2—4] that the Hg—O dis-
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Table 1. Crystallographic data and the experimental and structure refinement data

Parameter

Value

Empirical formula

Fw

Crystal system; Z
Space group

Cell parameters:
a, A

b, A

¢, A

B, deg

v, A

Pcale> g/ cm 3
Radiation; A, A; monochromator

u, mm™!

T, K

Crystal sizes, mm

Diffractometer

Scan mode

Absorption correction, Tin/7max
9min/emaxr deg

Ranges i, k, [

Number of measured/independent reflections (V;)
Rype

Number of reflections with 7> 26(1) (N,)
Refinement procedure

Number of parameters/constraints
GOOF

R, /WR, for N,

R, /WR, for N,

Apmin/ApmaXa e/A3
Programs

[(Hg3)Hg"'N(CH,PO3)3H,
896.78
Monoclinic; 4
P2,/c

8.2988(7)
22.3149(15)
7.2188(6)
115.419(11)
1207.41(19)

4.933
MoK,; 0.71073; graphite
38.489
293(2)

0.131 x 0.093 % 0.030
Xcalibur, Sapphire3, Gemini
(O]

Analytically [29], 0.041/0.344
3.27-26.371
—10<h<10,-27<k<27,-9<1<9
16801/2457
0.0956
2248
Full-matrix least squares for F>
160/30
1.127
0.0402/0.0765
0.0358/0.0747
—2.009/2.495

CrysAlisPro [30], SHELX [31], WinGX [32], VESTA 3.0 [33]

tance tends to increasing with a decrease in the HgHgO
angle, i.e., with the deviation of the oxygen atom from the
axial position of the “dumbbell.” The plot of the linear
regression of the Hg—O distance vs. HgHgO angle in
complex I is shown in Fig. 2. It can be seen that a very
tight negative correlation is observed, and in the limit at
«HgHgO — 180° the Hg—O distance tends to the sum of
the covalent radii of mercury and oxygen (1.96—1.98 A).

Unlike the crystal packing in the earlier studied
dimercury(I) complex with NTP (three-dimensional
framework) [26], the crystal packing of complex I pre-
sented in Fig. 3 is layered. The layers are formed by
formula units symmetric relative to the sliding reflec-
tion planes (040). The formula units are linked in the
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layers by strong covalent Hg—Hg bonds and coordina-
tion Hg—O bonds.

The layers are symmetric relative to the inversion
center and are linked by the van der Waals forces and
weak hydrogen bonds C—H---O (Fig. 3a). The possi-
bility of hydrogen bonding involving the C—H groups,
in particular, in crystals, has been described long ago
[41, 42]. The role of these bonds in the formation of
the crystal structure is actively discussed [43—45]. The
structure of compound I is an example of a crystal with
pronounced heterodesmicity in which the 2D layers of
the coordination polymer formed by covalent and
coordination bonds are linked by weak interactions
only. It is most likely that the possibility of the stable
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Table 2. Selected interatomic distances (d) and bond angles (®) in the structure of [(Hg'z)Hg”N(CHzPO3)3H2]*

Bond d,A Bond d,A Bond d,A
N(1)—C(1) 1.479(10) P(2)-0(5) 1.519(6) Hg(2)-0(2) 2.659(5)
N(1)-C(2) 1.517(9) P(2)—0(6) 1.518(5) Hg(2)—0(5) 2.408(4)
N(1)-C(3) 1.513(8) P(3)-0(7) 1.507(5) Hg(2)—-0(8) 2.594(5)
C(1)—P(1) 1.832(7) P(3)—0(8) 1.519(5) Hg(2)—0(9) 2.858(5)
C(2)-P(2) 1.790(7) P(3)—0(9) 1.547(6) Hg(2)—0(9)# 2.084(6)
C(3)—P(3) 1.813(8) Hg(1)-Hg(3) 2.5062(5) Hg(3)-0(2) 2.756(5)
P(1)-O(1) 1.492(5) Hg(1)—0(2) 2.447(5) Hg(3)—0(5) 2.436(5)
P(1)-0(2) 1.530(6) Hg(1)—0(6) 2.470(6) Hg(3)—0(7) 2.149(5)
P(1)-O(3)" 1.552(6) Hg(1)—0(8) 2.249(5)

P(2)-04)" 1.553(6) Hg(2)—N(1) 2.185(6)

Angle ®, deg Angle ®, deg Angle ®, deg
C(HN(1)C(2) 108.4(6) 0(5)P(2)C(2) 105.9(3) Hg(3)Hg(1)O(8) 153.59(13)
C(HONMCA) 112.0(5) O(6)P(2)C(2) 106.7(3) N(1)Hg(2)0(9)* 177.08(19)
C2)NC3) 108.7(5) 0(4)HP(2)0(5) 112.7(3) O(8)Hg(2)0(9) 162.83(10)
C(1) N(1)Hg(2) 106.1(4) O(HHP(2)0(6) 111.2(3) O(2)Hg(2)0(5) 138.97(13)
C(2) N(1)Hg(2) 110.8(4) O(5)P(2)0(6) 113.5(3) N(1)Hg(2)0(2) 77.02(13)
C(3) N(1)Hg(2) 110.9(4) O(7)P(3)C(3) 108.8(3) N(1)Hg(2)O(5) 82.40(14)
N(1)C(1)P(1) 114.4(5) O(8)P(3)C(3) 105.6(3) N(1)Hg(2)O(8) 102.62(14)
N(1)C(2)P(2) 115.8(5) 0(9)P(3)C(3) 104.7(3) N(1)Hg(2)0(9) 78.64(14)
N(1)C(3)P(3) 116.3(5) O(7)P(3)0(8) 115.1(3) O(2)Hg(2)O(8) 68.38(12)
O(1)P(1)C(1) 107.6(3) O(7)P(3)0(9) 111.4(3) 0(2)Hg(2)0(9) 95.60(11)
OQ2)P(1)C(1) 107.7(3) O(8)P(3)0(9) 110.5(3) O(5)Hg(2)0(8) 82.31(12)
O3)HP(1)C(1) 104.6(3) Hg(1)Hg(3)0(2) 93.73(8) O(5)Hg(2)0(9) 114.72(11)
O(HP()O(2) 116.3(3) Hg(1)Hg(3)O0(5) 117.13(13) 0(9)"Hg(2)0(2) 102.72(12)
O(1)P(1)O(3)H 108.3(3) Hg(1)Hg(3)O0(7) 158.77(14) 0(9)*Hg(2)0(5) 99.51(14)
0(2)P(1)O3)HH 111.7(3) Hg(3)Hg(1)O(2) 124.15(11) 0(9)*Hg(2)0(8) 79.92(14)
O4)"P2)C(2) 106.2(3) Hg(3)Hg(1)O(6) 109.76(12) || O(9)*Hg(2)0(9) 98.49(14)

* 0(3)H and 0(4)H are protonated oxygen atoms; # designates the symmetrically equivalent position: x, —y + 1/2, z + 1/2.

Table 3. Geometric parameters of hydrogen bonds in the crystal packing of [(Hgé)Hg”N(CHzPO3)3H2]*

Distance, A Angle
D-H~A D_H HoA DA D—H-A, deg

0(3)—H(3)0(6)i 0.85(3) 1.91(3) 2.7055(2) 156(3)
O(4)—H(4)0(1) 0.83(3) 1.90(3) 2.713(2) 169(3)
C(1)—H(14)-0(1)! 0.80(3) 2.02(3) 2.822(2) 174(3)
C(1)-H(1B)--0(4) 0.77(3) 1.98(3) 2.743(2) 172(3)
C(2)—H(24)--0O(4) 0.81(3) 2.32(3) 3.096(2) 161(3)
C(2)—H(@2B)-0(7) 0.74(3) 2.00(3) 2.724(2) 169(3)
C(3)=H(34)--0(1)! 0.79(3) 1.95(3) 2.732(2) 177(3)
C(3)—H(3B)-0O(6)ii 0.74(3) 1.95(3) 2.694(2) 175(3)

Symmetrically equivalent positions: i —X, =Y, —Z; i x+ 1, —y, —z; fil Ly z Vy+ L,—y—1/2,z
V. V. V. Yy
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( 40(2) ‘ N Hg(3) O(7)Xi
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Fig. 1. Structural unit of compound I. Symmetrically equivalent positions: ix+ 1, —y—1/2,z—1/2; iy — 1, —y—1/2,z+1/2;

W,y —1/2,2=1/2s Vo, y, 2= LYx+ Ly, Vix+ 1, —y— 1/2, 2+ 1/2; Vi, y, 2+ ;Y x — 1, p, 5 X

Xx— 1L, —y—1/2,2=1/%x+ 1, =y — 1/2,7— 1/2.

existence for this structure is caused by a high degree
of geometric correspondence of the positions of the
C—H groups and the acceptor O atoms in the adjacent
layers, due to which the formed interlayer C—H---O
bonds in the structure of compound I (H---O 1.95(3)—
2.32(3), C—02.733(2)—3.096(2) A) are significantly
shorter than the C—H---O bonds in the most part of the
previously described compounds [44].

Each layer represents a continuous two-dimen-
sional bonding formed by the mercury cations in dif-
ferent oxidation states linked by the bridging oxygen
atoms (Fig. 3b). The Hg?" ion in the Hg(2) position is
linked with the adjacent Hg?>" ion by the O(9) atom

and also by the Hg(1) and Hg(3) atoms of the (Hgé)zJr
ions via the O(2) and O(7) atoms, respectively. Owing
to this, there is a possibility of the intervalence elec-
tron transition in complex 1.

The molecular vibration spectra (Fig. 4) confirm
the described structure of compound I. The band at
176 cm~! is assigned to the v(Hg—Hg) vibrations [46,
47]. The triplet at 460, 485, and 503 cm™~' assigned to
the v(Hg—O) vibrations corresponds to the broad
band in the Raman spectrum with a maximum at
464 cm~!. The band at 575 cm™~!, which is intense in
both spectra, corresponds to v(Hg—N), which is con-
sistent with published data [48, 49]. The nonequiva-
lence of all CH,POj; branches of the NTP molecule is
manifested as numerous bands of deformation vibra-
tions of the N—C—P skeleton in a range of 670—
900 cm~!. The group of intense bands in a range of
950—1190 cm™! is assigned to vibrations of three sym-
metrically nonequivalent PO, groups. The vibrations
of the partially localized ©-P—O bonds are manifested
as a group of bands at 1220—1275 cm~!. Asa whole, the
vibrations of the ligand skeleton do not obey the alter-
native prohibition rule, which indicates the asymmet-
ric conformation of the NTP molecule. The doublets

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 44

x,—y—1/2,z+ 1/

8,—0,(CH,) at 1406—1409 cm~! and v,,—V,(CH,) in a
range of 2900—2990 cm™' are split into three compo-
nents each indicating that all CH, groups are non-
equivalent.

The fragment of the X-ray photoelectron spectrum
of compound I including the Hg4f;, s, doublet is
shown in Fig. 5. The significant width and asymmetry
of the components of the doublet are observed indi-
cating that the mercury atoms in compound I are non-
equivalent. The approximation of the spectrum by the
Voigt functions with an FWHM of 1.2 eV was per-
formed using the Fityk 0.9.8 program [50]. The

Hg—O, A
30

90 135 180
Angle HgHgO, deg

Fig. 2. Correlation of the Hg—O distance with the
HgHgO angle in the coordination environment of the
dimercury(I) ion.
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M;])vm f
\\/; Hg(3)" He(3) i

O(7)iv

T

Fig. 3. Crystal packing of compound I: (a) the layered structure in the projection along the ¢ axis and (b) the two-dimen-
smnal Hg— O bond of one layer of the packmg in the projection onto the (010) plane. Symmetrlcally equivalent positions:

x,—y, = lix+ L=y, —z i — Ly, Vo, —y—1/2, 2+ 172,V x+ 1, —y = 1/2, 2 Vix y, 2+ ;Vix— 1, =y — 172, 2 —
172V x + 1, —y — 1/2, 2+ 1/2.

best agreement is achieved for the approximation by of the doublet Hgdf;, 5, with Ep=100.2 and
curves 2and 3 with the ratio of integral intensities2: 1. 104.7 eV are attributed to the Hg(1) and Hg(3) atoms,
It can be concluded that the more intense components  whereas the components with E5 = 100.7 and 105.2 eV
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1, pulse/s T, %
20 - - 100
2
450
15+
40
1
10 1 1 1 J
0 500 1000 2900 3000
v, cm™!

Fig. 4. (/) Raman and (2) IR spectra of complex I (inten-
sity / and transmittance 7" as functions of the wave
number V).

are assigned to the Hg(2) atom. Thus, the mercury
atoms in complex I are in the nonequivalent redox
states.

The thermogravimetric study of HgNTP (Fig. 6)
showed a sharp distinction of the thermochemical
behavior of complex I from that of the earlier studied
complex [26]. The absence of water molecules in the
structure of compound I results in the absence of
noticeable changes below 150°C. The exothermic
effect with the loss of one mercury atom is observed in
a range of 150—190°C, most likely, due to the dispro-

1, rel. units

Hgdf

100 105

Eg, eV

Fig. 5. X-ray photoelectron spectrum of complex I (inten-
sity / as a function of the bond energy Epg): (/) experimen-
tal points with 95% confidence intervals, contributions
from the (2) (Hglz)2+ and (3) Hg2+ ions, and (4) decou-
pling with experimental data.
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m, % dm/dT, rel. units
100
Q, rel. units
-0.5
10
50 +
-1.0
4 =20
4 —40

0 100 200 300 400 500
T,°C

Fig. 6. Thermograms of complex I in an argon atmosphere:
(1) the weight m, (2) derivative dm/d T, and (3) heat release
0O (3) as functions of temperature 7.

portionation of the (Hg})?* cation to Hg?" and Hg". A
significant mass loss (corresponding to M,= 322)
occurs at 190—242°C and is caused by the elimination
of the second mercury atom and, probably, the frag-
ment of the organic skeleton of the ligand molecule.
After this, the run of the base line of the temperature
effect curve changes, most likely, due to the melting of
the decomposition products. The third mercury atom
is lost in a range of 242—300°C. The further mass loss
is observed above 380°C due to the evaporation of the
thermal decomposition products.
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