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Abstract—Nitrilotris(methylenephosphonato)yttrium [YH3{N(CH2PO3)3}] · 2H2O (I) and octapotassium
monohydro-bis-nitrilotris(methylenephosphonato)yttriate pentadecahydrate K8[YH{N(CH2PO3)3}2] ·
15H2O (II) were synthesized and studied. The structure of II was determined by X-ray diffraction (CIF file
CCDC no. 1847628). The crystals of II are triclinic, space group P , Z = 2, a = 11.0264(8), b = 11.3857(8),
c = 16.6938(6) Å, α = 86.455(4)°, β = 85.269(4)°, γ = 85.319(6)°. The ligand molecules are crystallographi-
cally and functionally non-equivalent; one is completely deprotonated and chelates the Y atom via one N-
and three O-donor centers and the other one chelates the Y atom via two O atoms.
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INTRODUCTION
Yttrium ([Kr]5s24d1) is often considered as a

chemical analogue of lanthanides, especially heavy
lanthanides [1–3].

In cancer therapy, coordination compounds of 90Y,
which is a β–-emitter free from accompanying γ-radi-
ation, are used for the radiation therapy of bone
metastases [4, 5]. The selective binding of Y complexes
in the body provides targeted drug delivery and
reduces the radiation exposure of healthy tissue.

In metallurgy, Y present in 0.5–1.5% concentra-
tions markedly enhances the heat resistance and
decreases the rates of gas and plasma corrosion of
chromium steels [6, 7] and other refractory alloys [8,
9]. This is due to surface segregation of yttrium [10, 11]
and formation of a layer consisting of very stable Y2O3

(  = –1903 kJ/mol [12]) and mixed oxides,
strongly attached to the metal surface. High cost and
deficiency of yttrium stimulates the interest in the
development of surface doping of steel articles: elec-
troexplosive deposition [13, 14], laser treatment [15],
and ion implantation [16]. All these methods have
some drawbacks, which include coating non-unifor-
mity, crack formation, and disruption of the metal
structure. A method has been proposed for steel sur-
face modification by thermal conversion of the
adsorbed layer of an Y-containing precursor [17]. It

may be expected that yttrium coordination com-
pounds with promiscuous ligands able to form coordi-
nation bonds with many elements of the alloy surface
layer would be the most promising precursors for fab-
rication of a homogeneous Y-containing adsorption
layer. Therefore, yttrium coordination chemistry is a
relevant investigation subject.

Yttrium bears resemblance to both typical d-ele-
ments of periods 4 and 5 and lanthanides and, hence,
it has a diversified coordination chemistry and a broad
range of coordination numbers (CNs). For example,
in the complexes with pyridine-2,6-dicarboxylic [18]
and oxalic acids [19], yttrium has CN 9 and a distorted
tricapped trigonal prism geometry. In the binuclear
complex of quinolne-4-carboxylic acid [20], the
Y atom is coordinated by nine O atoms (including two
water molecules) in a distorted monocapped square
antiprism; this discloses group analogy between Y and
lanthanum and lanthanides. Conversely, when com-
plexed with propionate ligands, yttrium resembles
analogues of periods 4 and 5. For example, in the
N,N'-2-methylpiperazine-bis(methylenephosphonic
acid) complex [21], the CN(Y) is six and the coordina-
tion polyhedron (CP) is close to a trigonal antiprism.
When Y is coordinated by (1,1′-biphenyl)-3,3',5,5'-
tetrakis-phosphonic acid [22], the yttrium CP is a
slightly distorted octahedron. Apparently, this is due
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to a larger size and steric rigidity of phosphonate
ligands as compared with carboxylate ones.

In recent years, N,O-ligands such as aminopoly-
phosphonic acids, in particular, nitrilotris(methylene-
phosphonic acid) (N(CH2PO3)H6, NTP) have
received considerable attention both in Russia and
abroad. Coordination compounds of NTP with many
metals [23–32], including lanthanum [32], have
been investigated. The stepwise deprotonation of O-
and N-donor centers of NTP provides efficient con-
trol over the structure and properties of the obtained
complexes [33, 34] and surface layers they form upon
adsorption [35–37]. However, the structure of Y com-
plexes with NTP has not been studied.

A study of the stability constants of NTP complexes
of Sc and Y has shown [38] that the first protonation
constant of the complex (pKMHL) depends on the ionic
radius of the complexing metal and is determined by
the competition between proton and the metal ion for
the N-donor center, while the second (pKMH2L) and
subsequent constants do not depend on the metal
nature and are associated with the protonation of free
O-donor centers. For Y complexes with NTP, the first
constant pKMHL = 7.15 ± 0.02 and the second one
pKMH2L = 5.5 ± 0.06; this gap attests to high basicity of
the N-donor center. The large difference from the
protonation constants of the free ligand (pKHL =
12.7 ± 0.1, pKH2L = 7.15 ± 0.02) is indicative of a con-
siderable Y3+ affinity for the NTP donor centers.

This publication describes the synthesis, structure,
and some properties of octapotassium monohydro-
bis-nitrilotris(methylenephosphonato)yttriate penta-
decahydrate K8[YH{N(CH2PO3)3}2] · 15H2O (II).

EXPERIMENTAL
Synthesis of [YH3{N(CH2PO3)3}] · 2H2O (I). A

solution of reagent grade Y(NO3)3 · 6H2O (3.83 g,
0.01 mol) was added dropwise at 70–90°C to an aque-
ous solution of NTP (twice crystallized) (3.3 g, 0.011
mol). The mixture was stirred for 1 h at 70–90°C, and
the precipitate of I was separated on a filter, washed
with distilled water to neutral pH, and dried in a des-
iccator to a constant weight. The yield of I was 3.96 g
(94%). Quantitative analysis was carried out according
to the State Standard GOST 10398-76 (Y) and Federal
Nature Protective Regulatory Document PND F
14.1:4.248-07 (P).

Synthesis of K8[YH{N(CH2PO3)3}2] · 15H2O (II).
Compound I (3.85 g, 0.01 mol) was added to an aque-
ous solution of NTP (2.99 g, 0.01 mol) and reagent
grade KOH (5.21 g, 0.08 mol). The reaction mixture

For C3H13NO11P3Y (I)
Anal calcd., % Y, 21.12 P, 22.07
Found, % Y, 20.4 ± 0.5 P, 22.5 ± 0.5
RUSSIAN JOURNAL OF C
(pH 7.8 ± 0.2) was stirred for 1 h at 60–80°C and fil-
tered. DMSO (1/3 by volume) was added, and the
mixture was stirred and crystallized under isothermal
conditions under slow solvent evaporation. The crys-
tals of II were colorless columnar prisms. The yield of
II was 9.32 g (74%).

X-ray diffraction. The primary structural fragments
were found by the direct method and the atomic posi-
tions were derived from the difference electron density
maps. The non-hydrogen atom parameters were
refined in the anisotropic approximation by the least
squares method on |F|2. The hydrogen atom positions
for the ligand were refined in the isotropic approxima-
tion. The positions of hydrogen atoms of the water
molecules could not be located from X-ray diffraction
data. Crystallographic data and X-ray experiment and
structure refinement details for II are summarized in
Table 1. Selected interatomic distances and bond and
torsion angles for II are given in Table 2.

The X-ray diffraction data are deposited with the
Cambridge Crystallographic Data Centre (CCDC
no. 1847628; deposit@ccdc.cam.ac.uk or http://www.
ccdc.cam.ac.uk).

The X-ray photoelectron spectra (XPS) of I and II
were measured on an EMS-3 X-ray electron spec-
trometer (Udmurt Federal Research Center, UB RAS,
Russia) [44] with a magnetic energy analyzer with
AlKα excitation (hν = 1486.6 eV). The finely powdered
samples were deposited on a pyrolytic graphite sub-
strate as 1–3 μm-thick layers. During recording of the
spectra, the samples were heated in situ (in the work-
ing space of the spectrometer) from room temperature
to 400°C, with the gaseous products of destruction
being continuously pumped out. The residual pressure
in the working space did not exceed 10–5 Pa. The
energy analyzer was calibrated against the C1s spec-
trum (binding energy Eb = 284.5 eV). The P2p, Y3d,
N1s, and valence band spectra were recorded. The
background and inelastic scattering corrections were
applied according to Shirley [45]. The statistical pro-
cessing of experimental data was performed using the
Fityk 0.9.8 software [46].

The IR spectra of I, II, and thermal decomposition
products were measured in KBr pellets (test com-
pound, 1 mg; KBr, 250 mg) on an FSM-1201 FT IR
spectrometer in the 450–5000 cm–1 range. The Ra-
man spectra of I and II were measured on a Centaur
U-HR microscope microspectrometer in the 475–
575 nm range (laser excitation at λ = 473 nm). Ther-
mogravimetric analysis of I and II was carried out on
a Shimadzu DTG-60H automated derivatograph in

For C6H43N2O33P6K8Y (II)
Anal calcd., % Y, 7.06 P, 14.76
Found, % Y, 7.2 ± 0.5 P, 14.2 ± 0.5
OORDINATION CHEMISTRY  Vol. 45  No. 5  2019
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Table 1. Crystallographic data and X-ray diffraction experiment and structure refinement details for compound II

Parameter Value

Molecular formula C6H43N2O33P6K8Y
M 1258.93
System; space group; Z Triclinic; P1; 2
a, Å 11.0264(8)
b, Å 11.3857(8)
c, Å 16.6938(6)
α, deg 86.455(4)
β, deg 85.269(4)
γ, deg 85.319(6)

V, Å3 2078.5(2)

ρ(calcd.), g/cm3 1.963

Radiation; λ, Å MoKα; 0.71073

μ, mm–1 2.535

T, K 100(2)
Crystal size, mm 0.179 × 0.109 × 0.058
Diffractometer XtaLAB Pro MM003, PILATUS 200K
Scan mode ω
Absorption correction Analytic [39]
Tmin/Tmax 0.664/0.88
θmin/θmax, deg 1.797/26.372
Ranges of h, k, l –13 ≤ h ≤ 13, –14 ≤ k ≤ 14, –20 ≤ l ≤ 20
Number of measured/unique reflections (N1) 34366/8483
Rint 0.0716
Number of ref lections with I > 2σ(I) (N2) 6835
Method of refinement Full-matrix least-squares on F2

Number of parameters/restraints 534/0
S 1.215
R1/wR1 for N1 0.1053/0.2103
R1/wR1 for N2 0.0864/0.2035

Δρmin/Δρmax, e/Å3 –1.014/0.184

Software CrysAlisPro [40], SHELX-2014 [41],
WinGX [42], VESTA 3.0 [43]
the 30–500°C temperature range at a heating rate of
3°C/min under argon.

RESULTS AND DISCUSSION

The structure of the inner coordination sphere of
complex II is shown in Fig. 1a. Yttrium is coordinated
by two NTP molecules, one of them being completely
deprotonated. It coordinates the Y(1) atom via N(1)
atom and three O atoms (one from each PO3 group)
and also coordinates the Y(1)* atom via two O atoms
of the complex formula unit symmetrically equivalent
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
relative to the inversion center. This gives rise to three
five-membered intramolecular rings Y–N–C–P–O
sharing the Y–N bond and an eight-membered inter-
molecular ring Y–O–P–O–Y–O–P–O. Complete
deprotonation of this NTP molecule is indicated by
the P–O distances (1.504(9)–1.537(9) Å; average,
1.523(11) Å), in particular, the P–O bond is elongated
upon the protonation to 1.55–1.56 Å [27–29, 31–33].
The P–O distances are longer by 0.021 Å for the
yttrium-coordinated O atoms (1.533(8)–1.537(9) Å;
average, 1.534(2) Å) than for the O atoms not involved
in Y coordination (1.504(9)–1.522(8) Å; average,
  Vol. 45  No. 5  2019
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1.513(6) Å). This means that the electron density shifts
from the P–O to Y–O bond; hence, the latter bond
has a considerable covalent component. The forma-
tion of the Y–N coordination bond is indicated by the
bond angles at the N(1) atom (106.5(3)°–111.4(5)°;
average, 109.4(18)°) that are close to the tetrahedral
angle (109.47°). Thus, this ligand molecule is penta-
dentate and performs both chelating and bridging
coordination of Y atoms; its conformation is nearly
trigonal-pseudosymmetric, which is manifested as
similar interatomic distances and bond and torsion
angles between atoms of the three N–C–P branches
of the molecule. The dihedral angles between the
N(1)Y(1)C planes are 118.58(13)°–121.07(13)° (aver-
age, 120.0(7)°).

The second NTP molecule is bidentate; it coordi-
nates the Y(1) atom via two O atoms of two PO3
groups, thus closing an eight-membered chelate ring
Y–O–P–C–N–C–P–O. The third PO3 group of this
NTP molecule is not involved in Y coordination. The
nitrogen atom of this NTP molecule is protonated and
forms an H-bond with the O(7) atom of the first ligand
molecule. All O atoms of this ligand molecule are
deprotonated, which is confirmed by analysis of P–O
distances (1.500(9)–1.528(8) Å; average, 1.516(8) Å).
The P–O distances are 1.513(8) and 1.528(8) Å (aver-
age, 1.521(8) Å) for the O atoms involved in Y coordi-
nation and 1.500(9)–1.521(10) Å (average, 1.515(7) Å)
for the free O atoms. The conformation of this ligand
molecule is fully asymmetrical, which is manifested as
a sharp difference between interatomic distances and
bond and torsion angles between atoms of its N–C–P
branches.

Thus, the two NTP molecules incorporated in the
inner coordination sphere of complex II are non-
equivalent in the crystallographic position, chemical
function, and the acid-base state. This sharply distin-
guishes complex II from the NTP complex of La [32],
in which two ligand molecules are arranged symmetri-
cally in the coordination sphere, are both completely
deprotonated, and chelate the La atoms with CN(La)
being eight. Apparently, this NTP behavior in yttrium
complex II is attributable to specific complex-forming
properties of yttrium. In complex II, the CN(Y) is 7,
which is typical of many period 5 elements. The
yttrium CP is a distorted trigonal antiprism, with the
vertices being occupied by O atoms and the capping
vertex above the base being occupied by an additional
nitrogen atom. The Y–O distances are 2.234(8)–
2.322(8) Å (average, 2.278(21) Å), which is 0.28(4) Å
shorter than the expected sum of the Y and O covalent
radii of 2.56 Å [47] (r(Y) = 1.90(7), r(O) = 0.66(2) Å).
This is probably due to considerable donation of the
oxygen electron density to the Y–O bonds. The Y–N
distance in II (2.672(9) Å) is, conversely, longer by
0.06(4) Å than the sum of the Y and N covalent radii
of 2.61 Å (r(N) = 0.71(1) Å), which is attributable to
relatively weak electron-donor properties of nitrogen.
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
Apparently, the Y covalent radius, which is much
shorter than r(La) (2.07(8) Å), and the steric rigidity of
the pentadentate NTP ligand prevent the CN(Y) from
increasing to eight. The competition between the O-
and N-donor centers of the second NTP molecule for
yttrium precludes the Y coordination by the second N
atom. Thus, different acid-base states of two ligand
molecules in complex II are due to stereochemical
features of Y coordination.

The crystal packing of complex II is shown in
Fig. 1b. The formula unit of the complex is asymmet-
rical; the P‾1  symmetry group of the crystal packing
is caused by symmetrical positions of the formula units
relative to the inversion centers (Fig. 1b convention-
ally shows only one formula unit). The complex
anions [YH{N(CH2PO3)3}2]8–, which are symmetri-
cally positioned in adjacent lattice cells, are connected
in pairs by O–Y coordination bonds (Fig. 1a). The
crystal structure is of the island type; the complex
anions [YH{N(CH2PO3)3}2]8– are surrounded by the
potassium hydrate cations, thus forming a continuous
3D interwoven network of K+–(H2O)n cations. The
positions of two potassium ions (K(7) and K(8)) are
disordered. The water molecules coordinating them
are also disordered, which accounts for the apparent
short K–O(w) contacts. Actually, when each site is
populated by K+ ions, water molecules occupy only
the sterically suitable positions of the coordination
sphere. Also, water molecules are hydrogen-bonded to
one another and to oxygen atoms of the NTP PO3
groups; however, pronounced disorder of the water
molecules precluded location of most hydrogen atoms
and hydrogen bonds.

The XPS of complexes I and II are shown in Fig. 2.
The P2p spectrum of compound I (Fig. 2, 1) com-
prises two components with the width at half height
(WHH) of 2 eV. According to published data [31, 37,
48], the low-energy component (Eb = 132.2 eV) refers
to the PO3 groups that coordinate the metal atom,
while the high-energy component (Eb = 133.9 eV)
belongs to free PO3 groups. The integrated intensity
ratio of 2 : 1 suggests that in structure I, two PO3
groups are coordinated to the Y atom, while one group
is not involved in the coordination. The Y3d spectrum
of complex I is a spin–orbit doublet with Eb = 154.7
and 157.5 eV, the WHH of each component is 2 eV and
the integrated intensity ratio is 3 : 2. The N1s spectrum
of compound I has only one component with WHH of
2.12 eV and a maximum at Eb = 400.8 eV, which is typ-
ical of nitrogen in the R3N+–H environment [49, 50].
The valence band spectrum (Fig. 2b) shows occupied
molecular states with Eb ~ 5, 7, and 10 eV and localized
P3s, O2s, Y4p, and Y4s electron states.

In the XPS of compound II (Fig. 2, 2), the inte-
grated intensity ratio of P2p components with Eb of
132.2 and 134.7 eV is ~5 : 1, which allows Eb = 132.2 eV
to be assigned to the P(1)–P(5) atoms and Eb =
  Vol. 45  No. 5  2019
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Fig. 1. (a) Inner coordination sphere of complex II, (b) crystal packing of complex II in the Y (dark) and K (light) coordination
polyhedra (only one of symmetrically located formula units is shown); * are symmetrically equivalent positions.
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134.7 eV to be assigned to P(6). The Y3d spin–orbit
doublet includes components with Eb = 153.9 and
156.6 eV and WHH 3 eV. The decrease in the Eb of Y3d
RUSSIAN JOURNAL OF C
by 0.8–0.9 eV in comparison with complex I is attrib-
utable to the back donation of the oxygen electron
density to Y. The N1s spectrum of compound II has
OORDINATION CHEMISTRY  Vol. 45  No. 5  2019
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Fig. 2. XPS of (a) inner levels and (b) weakly bound electrons of complexes (1) I and (2) II. Intensity vs. binding energy Eb, the
bars show 95% confidential intervals for the intensity. 
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WHH of 2.2 eV and Eb = 399.2 eV, which is similar to
N1s binding energy in nitrides [51–53] and confirms
the formation of the Y–N coordination bond. In the
valence band spectrum, the intensity peaks of the P3s
states approach each other and the electron density at
the overlap of the O2s and Y4p states increases.

The molecular vibrational spectra of complexes I
and II are depicted in Fig. 3. The vibrations of struc-
tural subunits (complex ions) as a whole in I give
rise to bands at 231, 279, and 309 cm–1; in the case
of II, these frequencies are lower: 100, 156, and
230 cm–1. This is attributable to the large mass of
[YH{N(CH2PO3)3}2]8– anion and low force constant
of its ionic bond with the outer coordination sphere. In
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
compound I, the mass of the [Y{NTP}] coordination
sphere is probably lower and the bond between struc-
tural units is stronger, as indicated by the lack of water
solubility of I; this bond might be covalent. The 480
and 550 cm–1 bands in the IR and Raman spectra of
compound I refer to the δ(O–Y) modes; In structure
II, vibrations of the coordination sphere produce a
broad band at 500–640 cm–1. The asymmetry of the Y
CP in both structures is manifested as the absence of
alternative selection of these vibrational modes. The
725, 760, 812, 856, 880, and 910 cm–1 modes refer
to the N–C–P vibrations of ligand molecules. The
ν(P–O) modes in complexes I and II give rise to bands
at 943, 1002, 1073, 1128, and 1173 cm–1, which do not
  Vol. 45  No. 5  2019
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Fig. 3. Raman spectra (intensity I versus wave number ν)
of complexes (1) I and (2) II; IR spectra (transmittance T
versus wave number ν) of complexes (3) I and (4) II and
the products of thermal decomposition under argon of
complexes (5) I and (6) II.
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Fig. 4. Thermogravigrams of (1 and 2) I and (3 and 4) II
under argon. Sample weight m (1 and 3) and heat Q (2 and
4) versus temperature Т. 
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obey the alternative selection rules; this confirms the
asymmetric conformation of the ligand molecule. The
vibrational frequencies of the localized P–O π-bonds
in compound I are 1234 and 1272 cm–1, while in II,
they are shifted to 1170 and 1225 cm–1, which attests to
a considerable electron density delocalization in the
PO3 groups. Also, the following bands are present
(cm–1): 1330 δ(M–O–H), 1430 δ(CH2), 2770, 2830,
2890, 2950 ν(CH2), 3050 ν(N+–H).

Thermograms (Fig. 4) show that on heating of I,
one H2O molecule is eliminated in the 40–80°C range
with a marked endothermic effect, while the other
water molecule is split off in the broad range of 80–
355°C. At 375–420°C, the N atom is eliminated with
exothermic effect. The dehydration of II occurs in 65–
95°C (–10H2O) and 95–385°C (–5H2O) ranges. The
mass loss in the narrow range of 405–415°C corre-
sponds to elimination of two CH3NH2 molecules with
an explosive exothermic effect. Apparently, this attests
to substantial mechanical strain in the chelate rings of
II. The IR spectra of the thermal decomposition prod-
ucts of I and II (Fig. 3, 5 and 6) show bands for the
RUSSIAN JOURNAL OF C
potassium phosphate glass K2O · P2O5 [54] (530, 730,
885–920, and 1090 cm–1), potassium polymetaphos-
phate (KPO3)n [55] (680, 760, 1100, 1150, 1270, and
1300 cm–1), and yttrium orthophosphate YPO4 [56,
57] (580, 997, and 1023 cm–1).

Thus, the coordination compounds [YH3{N-
(CH2PO3)3}] · 2H2O (I) and K8[YH{N(CH2PO3)3}2] ·
15H2O (II) were synthesized, isolated, and studied
for the first time. The structure of II was established
by X-ray diffraction; the crystallographic details, the
acid-base state, and the chemical function of non-
equivalent ligand molecules were analyzed. The
Y atom is seven-coordinate in the distorted trigonal
antiprism geometry with an additional capping vertex
above the base.

Presumably, compound II could be used as the
precursor for the preparation of a uniform Y-contain-
ing adsorption layer on the steel surface followed by
surface doping for increasing the heat resistance.
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