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Abstract—A reaction of dimercury(I) dinitrate with nitrilotris(methylenephosphonic acid), N(CH,PO;);Hg,
gave the complex [(Hg,),(H,O){N(CH,PO3);H,}] - H,O. The crystals of the complex are triclinic, space
group P1, Z =2, a = 8.3436(3), b = 9.0744(3), c = 11.1124(4) /il, a = 91.875(3)°, B = 104.452(3)°, y =
92.195(3)° (CIF file CCDC no. 1051860). The atoms of either dimercury cation are coordinated differently,
making up a distorted tetrahedron and a distorted trigonal bipyramid. The ligand is coordinated to the Hg
atoms through seven donor atoms: six (out of nine) O atoms and a N atom. The coordination involves the
formation of chelate rings: two four-membered, three five-membered, a six-membered, and an eight-mem-

bered ring (CIF file CCDC no. 1051860).

DOI: 10.1134/S107032841601005X

INTRODUCTION

Mercury is a prevalent ecotoxicant ubiquitously
used in engineering applications [1]. Mercury com-
plexes are less toxic than soluble mercury salts [2]. For
this reason, binding of mercury ions in stable com-
plexes is of current interest. Mercury compounds find
use in medicine, veterinary practice, and agriculture as
antiseptics, bactericides, and fungicides [3—5]. So the
preparation of mercury compounds that would exhibit
high antibacterial and fungicidal activity but would be
nontoxic to warm-blooded animals is a challenge [6,
7]. The use of mercury compounds as corrosion inhib-
itors and self-discharge inhibitors in chemical
current sources [8] necessitates searching for new Hg
complexes with high anticorrosion activity and low
toxicity.

Despite its closed electronic shell (54'°6s%), mer-
cury forms complexes with many ligands, its com-
plexes often having unique structures difficult to
explain [9, 10]. Mercury shows an unusual tendency to
form polycations; the dimercury(l) cation, (Hg—
Hg)?", is most commonly encountered [11, 12]. This
tendency is due to relativistic effects [13] having
impact on the binding mechanism in the excited linear
complexes and polycations of mercury [14, 15].
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Complexes of soft acids of Hg2* and Hg>" with soft
C, N, S, Se, and halogen electron-donating centers
are most stable [16, 17].

Some Hg(II) complexes with oxophosphate
ligands have been obtained and studied; the mercury
atoms in those complexes are coordinated by O atoms
to form an octahedral environment. For instance, the
coordination octahedra of the mercury(Il) atoms in
Hg,P,0, constitute an island structure in which the
octahedra are linked in edge-sharing pairs [18]. Mer-
cury(Il) polymetaphosphate, Hg(POs),, is a linear-
chain coordination polymer containing parallel poly-
phosphate chains linked by the skew edges of the oxy-
gen octahedra of the mercury atoms [19].
Dimercury(I) oxophosphate complexes show a wider
structural variety. Dimercury(I) orthophosphate,
(Hg,);(PO,),, exist as two polymorphic modifications
differing in unit cell parameters. In both structures,
either mercury atom in Hg, is surrounded by three O
atoms in such as way that the coordination polyhedron
of the mercury atom is a strongly distorted tetrahedron
[20]. The same coordination of dimercury(I) is found
in dimercury(I) dihydroarsenate, Hg,(H,AsO,),, and
dimercury(I) diarsenate, Hg,As,0; [21]. In contrast,
in dimercury(I) diphosphate, (Hg,),P,0,, one of the
two symmetrically nonequivalent Hg, groups is also
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Table 1. Crystallographic parameters and the data collec-
tion and refinement statistics for HgNTP

Parameter Value

M 1131.39

Crystal system; space group; Z Triclinic; PT; 2

a, A 8.3436(3)

b, A 9.0744(3)

¢, A 11.1124(4)

a, deg 91.875(3)

B, deg 104.452(3)

Y, deg 92.195(3)

v, A3 813.36(5)

Pealcds &/CM’, 4.62

Radiation, A, A, monochro- MoK, 0.71073,

mator graphite

p, mm-~! 37.978

T,K 293(2)

Sample dimensions, mm 0.268 x 0.145 % 0.060

Diffractometer Xcalibur, Sapphire3, Gemini

Scan mode 0]

Absorption correction, [31], 0.027/0.190

Tmin/Tmax

F(000) 976

Omin /Omax> deg 3.461/30.507

Ranges of 4, k, /indices —11<A<,
—12<k< 12,
—15<I< 15

Number of measured/unique | 18092/4942/4477 (0.0392)
(N))/with I>20(1) (N,)

reflections (R;)

Number of parameters 21177
refined/constraints

GOOF 1.146

R|/WR, on N, 0.0361/0.0710
R/wR, on N, 0.0308/0.0689
AP in/ DO e/A3 —2.776/1.852
Programs CrysAlisPro [31], SHELX

[32], WinGX [33]

coordinated by six O atoms, while the other, by four O
atoms [20]. Dimercury(I) hydroorthophosphate,
(Hg,),(H,PO,)(PO,), shows different coordination
environments for two mercury atoms making up either
Hg, dumbbell: one Hg atom is coordinated by three,
while the other, by four O atoms [22].

Organopolyphosphonic acids as ligands allow wide
variation of the coordination fashion and provide a
wide stereochemical variety of the resulting complexes
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[23]. Many of these compounds are highly efficient
corrosion inhibitors [24]; however, their mercury
complexes have not been studied. When mercury
compounds react with organophosphonates, the mer-
cury atom becomes bound to the P rather than O atom
[6, 7] to give alkyl derivatives of bis(phosphonatomer-
cury) structurally characterized using X-ray diffrac-
tion and NMR spectroscopy [25, 26].

Nitrilotris(methylenephosphonic acid), N(CH,_
PO;);H¢ (NTP), and its metal complexes inhibit the
corrosion of steel and some other metals [27, 28].
For this reason, a study of the structures and proper-
ties of mercury(I) complexes with NTP are of
current interest. Here we describe the synthesis, crys-
tal structure, spectral features, and thermal stability of
aquanitrilotris(methylenephosphonato)bis(dimercu-
ry(I)) hydrate, [(Hg,),(H,0){N(CH,PO;);H,}| - H,O
(HgNTP).

EXPERIMENTAL

Synthesis of HgNTP was carried out in silica gel
[29, 30]. A U-shaped tube was charged with a mixture
of 14% AcOH (12.5 cm®) and aqueous Na,SiO; (p =
1.06 g/cm?, 30.0 cm?). After the reaction produced sil-
ica gel, a 0.1 M solution of Hg,(NO»), in 2.5% HNO;
(5 cm?) was added to one arm of the tube, and 0.1 M
NTP (prepared from twice recrystallized NTP; 5 cm?)
was added to the other arm; both arms were closed
with stoppers. After a month, the silica gel bulk
adjoining the solution of Hg,(NO;), and their inter-
face showed transparent, colorless or yellowish, tabu-
lar triclinic crystals of HgINTP up to several millime-
ters in size. The product was mechanically separated,
washed with water, ethanol, and diethyl ether, and
dried at room temperature.

X-ray diffraction study. Crystallographic parame-
ters and the data collection and refinement statistics
for HgINTP are given in Table 1. The primary struc-
tural fragment of HgNTP was determined by a direct
method. The non-hydrogen atoms were located in dif-
ference electron-density maps and refined anisotropi-
cally by the least-squares method on |F*. The hydro-
gen atoms were located geometrically and refined by
imposing mixed constraints. The absorption correc-
tion was applied considering a polyhedron-given
shape of the sample [31]. The imperfection of the
sample as well as the impossibility of complete absorp-
tion correction are responsible for the considerable
peaks of residual electron density (1.75—1.83 e/A3)
near the centers of the mercury atoms (0.77—0.96 A).

The crystallographic data for HgNTP have been
deposited with the Cambridge Structural Database
(CCDC no. 1051860; deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk/data_request/cif).

The IR absorption spectra (KBr pellets) of HgNTP
and its decomposition products were recorded on an
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Table 2. Bond lengths (d) and bond angles (w) in [(Hg,),(H,0){N(CH,PO3);H,}] - H,O

Bond d,A Bond d,A Bond d,A
N(1)—C(1) 1.495(7) P(2)—0(5) 1.495(6) Hg(2)—0(2) 2.369(4)
N(1)—-C(2) 1.490(7) P(2)—0(6) 1.493(6) Hg(2)—0(9) 2.346(4)
N(1)—C(3) 1.497(7) P(3)—0(7) 1.518(5) Hg(2)—Hg(3) 2.5081(4)
C(1)—P(1) 1.817(6) P(3)—0(8) 1.541(5) Hg(3)—0(8) 2.940(6)
C(2)—P(2) 1.826(6) P(3)—0(9) 1.512(4) Hg(3)—0(8)* 2.121(4)
C(3)—P(3) 1.819(6) Hg(1)—N(1) 2.370(5) Hg(3)—0(2w) 2.918(6)
P(1)—0O(1) 1.523(5) Hg(1)—0(3) 2.495(4) Hg(4)—Hg(1) 2.5274(3)
P(1)—0(2) 1.531(4) Hg(1)—0(6) 2.457(5) Hg(4)—0(2) 2.331(4)
P(1)-0(3) 1.528(5) Hg(1)—0(8) 2.770(6) Hg(4)—0(3) 2.337(4)
P(2)—0(4) 1.548(6) Hg(2)—0(1) 2.281(4) Hg(4)—0(9) 2.475(4)

Angle w, deg Angle w, deg Angle w, deg
C(HNMC(2) 108.9(4) O4)P(2)O(6) 107.3(4) O(2)Hg(2)Hg(3) 129.86(10)
C(HN(1)C(3) 108.4(4) O(5)P(2)0O(6) 117.2(4) O(9)Hg(2)Hg(3) 132.78(12)
CQ)N(1)C(3) 110.0(4) O(7)P(3)C(3) 107.6(3) O(1)Hg(2)O(2) 88.78(15)
Hg(H)NDC(1) 108.9(3) O(®)P(3)C(3) 106.0(3) O(1)Hg(2)0(9) 85.95(18)
Hg(I)N(1)C(2) 107.9(4) 09)P(3)C(3) 106.5(3) O(2)Hg(2)0(9) 73.15(15)
Hg(1)N(1)C(3) 112.6(3) O(7)P(3)O(8) 111.5(3) O(8)Hg(3)Hg(2) 105.28(15)
NMC(1)P(1) 115.2(4) O(7)P(3)0(9) 113.1(3) O(8)*Hg(3)Hg(2) 173.01(12)
N(1H)CQ)P(2) 114.9(4) O(8)P(3)0(9) 111.6(3) O(w)Hg(3)Hg(2) 98.50(18)
N(1)C(3)P(3) 115.7(4) N(1)Hg(1)Hg(4) 166.31(12) O(8)Hg(3)O(8)* 84.51(15)
O(H)P(1HC(1) 104.3(2) N(1)Hg(1)O(3) 78.81(15) O(8)Hg(3)0O(2w) 129.06(12)
OQR)P(1)C(1) 109.8(3) N(1)Hg(1)O(6) 75.88(17) O(8)*Hg(3)0(2w) 84.51(16)
O)P(1HC(1) 105.0(3) N(1)Hg(1)O(8) 72.48(15) O(2)Hg(4)Hg(1) 136.07(10)
O(1H)P(1)O(2) 111.0(3) O(3)Hg(1)0(6) 98.69(19) O(3)Hg(4)Hg(1) 128.15(11)
O(1)P(1)O(3) 115.5(3) O(6)Hg(1)O(8) 116.64(16) O(9)Hg(4)Hg(1) 128.71(11)
O(2)P(1)O(3) 110.7(3) O(3)Hg(1)O(8) 125.92(12) O(2)Hg(4)0(3) 86.31(15)
O04)P12)C(2) 107.0(3) Hg(4)Hg(1)O(3) 114.17(10) O(2)Hg(4)0(9) 71.48(14)
O(5)P12)C(2) 106.3(3) Hg(4)Hg(1)O(6) 105.14(14) O(3)Hg(4)0(9) 86.26(17)
0(6)P(2)C(2) 107.0(3) Hg(4)Hg(1)O(8) 95.37(18) Hg(3)O(8)Hg(3) 102.71(15)
O4)P(2)0O(5) 111.6(4) O(1)Hg(2)Hg(3) 128.00(12) Hg(2)O(2)Hg(4) 106.70(16)

* The symmetry operation is —x, —y, —z.

FSM-1202 FTIR spectrometer in the 450—5000 cm™!
range.

The Raman spectra of crystalline HgNTP were
recorded on a Centaur U-HR microscope-microspec-
trometer in the 430—460 nm range (laser excitation at
A =432 nm).

Thermogravimetric analysis of HgNTP was carried
out on a Shimadzu DTG-60H automated derivato-
graph (air or argon, 30-500°C, heating rate
3°C/min).

RESULTS AND DISCUSSION

A fragment of the crystal structure of HgNTP is
shown in Fig. 1. Selected bond lengths and bond
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angles are listed in Table 2. The structural unit of
HgNTP is asymmetric; the unit cell comprises two
formula units. Structurally, HgNTP is a 3D coordina-
tion polymer.

In the previously studied neutral NTP complexes
with zinc [34], manganese [35], copper [36, 37], and
other metals, the ligand molecule retains its zwitteri-
onic structure characteristic of free NTP [38]. In con-
trast to those complexes, when NTP reacts with

(H glz)2+ in acidic medium, mercury(I) replaces the
proton at the N atom. The ligand molecule undergoes
slight deformations in the complex HgNTP: the bond
angles at the N atom are 108.4(4)°—112.6(3)°, deviat-
ing from the ideal tetrahedral angle by no more than
3.1°. The deviations of the bond angles at the

No.1 2016
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Fig. 1. Fragment of aquanitrilotris(methylenephosphonato)bis(dimercury(l)) hydrate; the symmetry-related equivalent atoms

are asterisked.

C (114.9(4)°—115.7(4)°) and P atoms (106.0(3)°—
117.2(4)°) do not exceed 6.2° and 7.7°, respectively. All
three PO, groups of the ligand NTP*~ are symmetri-
cally nonequivalent. The mercury atoms are coordi-
nated by all three O atoms in one PO; group, by two O
atoms in another group, and by only one O atom in a
third group. A total of seven electron-donating centers
of the ligand (60 + N) are involved in the mercury
coordination. The structure of HgNTP contains sev-
eral chelate rings, including three five-membered ones
(Hg(1)—N(1)—C(1)—P(1)-0(3), Hg(1)—N(1)—
C(2)—P(2)—0(0), and Hg(1)—N(1)—C(1)—
P(1)—0(8)) with the Hg(1)—N(1) bond in common.
The Hg, dumbbell Hg(2)—Hg(3) completes the seven-
membered intramolecular ring Hg(1)—O(3)—P(1)—
0O(2)—Hg(2)—Hg(3)—0(8). The formation of a coor-
dination polymer structure gives rise to intermolecular
chelate rings: two four-membered rings
(Hg(3)—0(8)—Hg(3)*—0(8)* and Hg(2)—0(2)—
Hg(4)*—0(9)%*), two six-membered rings
(Hg(1)—Hg(4)—O0(3)—Hg(1)*—Hg(4)*—0(3)*  and
O(1)—P(1)—0O(3)—Hg(4)*—0(2)*—Hg(2)*), and an
eight-membered ring (O(1)—P(1)—0(2)—Hg(2)—
O(1)*—P(1)*—0(2)*—Hg(2)*). The presence of many
chelate rings makes the complex more stable.

A specific coordination environment of the Hg,
dumbbells in HgNTP is shown in Fig. 2. Either of two
covalently bound mercury atoms is differently coordi-
nated. The Hg(2) and Hg(4) atoms are both coordi-
nated by three O atoms making up the base of a trigo-
nal pyramid. With the neighboring mercury atom
taken into account, the coordination polyhedra of the
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Hg(2) and Hg(4) atoms can be considered strongly
elongated tetrahedra (the angles deviate from those in
a regular tetrahedron by 26.63°—38.01°). The coordi-
nation polyhedron of the Hg(1) atom is a distorted
trigonal bipyramid with three equatorial O atoms and
axial N and Hg atoms (OHgO, 98.69(19)°—
125.92(12)°; HgHgO and NHgO, 72.48(15)°—
114.17(10)°; NHgHg, 166.31(12)°). The structural
parameter T [39] of the Hg(1) atom is 0.67 (for a regu-
lar trigonal bipyramid, T = 1; for a regular tetragonal
pyramid, T = 0). The Hg(3) atom is coordinated by
three O atoms and an adjacent Hg atom (OHgO,
129.06(12)° and 84.51(16)°; HgHgO, 98.50(18)°—
105.28(15)° and 173.01(12)°; T = 0.73). The coordina-
tion polyhedron of the Hg(3) atom can be most accu-
rately described as a distorted trigonal bipyramid with
an equatorial vacancy, or a bisphenoid. The bisphe-
noidic coordination environment is characteristic of
complexes of the type AX,E in which the lone electron
pair (E) is localized on the central atom [40]; however,
according to quantum chemical calculations [13, 14],

the Hgg+ ion contains no such pairs. The equatorial
angle OHgO of 129.06(12)° cannot be accounted for
by the orienting effect of the ligands because of the
mobility of the water molecule O(2w). However, there
is an obvious structural similarity of two Hg, dumb-
bells in the complex HgNTP.

This similarity is also reflected by the ionic radii of
the Hg(I) ions (Table 3). When calculating the ionic
radii of the mercury ions (ry,(;)), we used the Shannon
radii for other ions [41]. In particular, the ionic radius
of O%~ for C.N. 2, 3, and 4 was taken to be 1.35, 1.36,
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Fig. 2. Coordination environment of two Hg, dumbbells in HgNTP.

and 1.38 A, respectively. For the Hg(2) and Hg(4)
atoms, the calculated ry,y values agree well with the
literature data (0.97 A for C.N. 3). For the Hg(1) and
Hg(3) atoms, the calculated ryg, values contrast with
those for Hg(2) and Hg(4) but are consistent with the
literature data (ry,q) = 1.19 A for C.N. 6). The stan-
dard deviations o(r) given in Table 3 allow estimating
the scatter of the distances in the coordination spheres
of, on the one hand, the Hg(1) and Hg(3) atoms and,
on the other hand, the Hg(2) and Hg(4) atoms.

Clearly, the mercury atoms in either Hg, dumbbell
are symmetrically nonequivalent to each other. How-
ever, we failed to explain in this study why the coordi-
nation of the Hg(3) atom is unusual and why two Hg,
dumbbells in the complex HgNTP are structurally
similar.

The structure of HgINTP was confirmed by molec-
ular vibrational spectroscopy (Fig. 3). The band at
82 cm~! is due to the vibrations of the Hg, dumbbells
as a whole, and the bands at 123 and 156 cm™! relate to
the bending and stretching Hg—Hg vibrations, respec-
tively [42, 43]. The assignments of the bands at 460,
480, and 570 cm™! are still controversial in the litera-
ture. In [44, 45], the bands in the 400—500 cm~! range
are assigned to v(Hg—N), and the bands at 500—
600 cm~!, to v(Hg—O). In our case, the band at 460—
480 cm~!, which is split in the IR spectrum according
to the molecular symmetry (this is confirmed by a for-
bidden component of this band in the Raman spec-
trum), should be assigned to the vibrations of the oxy-
gen atoms (460 cm~!, v, (Hg—0); 480 cm~!, v,(Hg—
0)). The band at 570 cm~! can be assigned to v(Hg—
N), in agreement with the literature data [46, 47]. The
bands at 680, 720, and 750 cm~! are due to the bending
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vibrations of the N—C—P framework of the ligand
NTP*. An incompletely resolved group of intense
bands at 900—1300 cm~! relate to the vibrations of
three symmetrically nonequivalent PO; groups; the
vibrations of the partially localized P—O m-bonds
appear as a shoulder at 1240—1260 cm~!. The spec-
trum contains other characteristic bands (cm~'): 1385

d(PO—H), 1435 §,(CH,), 1465 §(CH,), 1580
5,,(H,0), 1655 &,(H,0), 2928 v, (CH,), 2965
Vs((:l—l2)-

Thermogravimetric analysis of HgNTP (Fig. 4)
shows that the sequential elimination of two water
molecules at 45—140°C is accompanied by no appre-

Table 3. Estimation of the ionic radii of mercury(I)

Atom |C. N. Bond ?‘Hg(l),A <ng(l)>’A 0("),A
Hg(1) 5 | Hg(1)—N(1) 0.910 1.135 | 0.386
Hg(1)—-0(3) 1.135
Hg(1)—0(6) 1.106
Hg(1)—0(8) 1.390
Hg(2) 4 | Hg(2)—0O(1) 0.929 0.977 |0.034
Hg(2)—0(2) 1.007
Hg(2)—0(9) 0.995
Hg(3) 4 | Hg(3)—0(8) 1.560 1.289 | 0.412
Hg(3)—0(8)* 0.750
Hg(3)—0Q2w) 1.558
Hg(4) 4 | Hg(3)—0(2) 0.972 1.026 | 0.072
Hg(3)—0(3) 0.977
Hg(3)—0(9) 1.128

* The symmetry operation is —x, —y, —z.

No.1 2016
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Fig. 3. Raman spectrum of HgNTP (/) ({is intensity) and
IR spectra (7T'is transmittance) of HgNTP (2) and its ther-
molysis products at 500°C in air (3) and under argon (4).

ciable thermal effect. An abrupt change at 160—180°C
is due to the elimination of one Hg atom from two
structural units of HgNTP, which is manifested as an
intense exothermic peak. In air, this process is accom-
panied by attachment of an oxygen atom; this is evi-
dent from the corresponding differences between the
sample weights as well as between the thermal effects
measured in air and under argon. At 180—280°C, the
mercury atoms are sequentially eliminated, with a
slight endothermic effect. The nitrogen atom is elimi-
nated at 330—340°C. Further heating results in grad-
ual endothermic decomposition of mercury oxide,
with evaporation of its decomposition products. The
IR spectrum of the solid residue shows characteristic

bands due to mercury(1l) oxide (503 and 604 cm™')
[48], phosphate groups (995, 1110, 1170, and 1240 cm™"),
and organic fragments (cm™!): 1430 §,(CH,), 1470
0,(CH,), 2930 v,(CH,), 2960 v(CH,).
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