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Hydroxyapatite (HAp)-based materials doped with rare earth elements (REE) have shown ap-
plications as biomaterials, lighting emitting materials, scintillating materials, in vivo imaging
probes, and thermoluminescent dosimeters. Gadolinium-containing calcium phosphates are
promising contrast agents for various bioimaging modalities. In this work, hydroxyapatite ma-
terials with gadolinium ion impurities with a 0.44 mol.% concentration were obtained by wet
chemical precipitation. Samples after chemical synthesis (as-dried) and heat treatment were
studied using electron paramagnetic resonance (EPR) spectroscopy in continuous wave and
pulsed modes. Analysis of the EPR spectra made it possible to establish the incorporation of
Gd37 ions in the structure of HAp in two calcium positions with different parameters of the spin
Hamiltonian. Heat treatment of samples at a T' = 1300°C leads to a significant change in the
EPR spectra of Gd3T ions with a decrease of the uncontrolled nitrate anion centers (synthesis
by-product) concentration.

PACS: 75.10.Dg, 76.30.-v, 75.20.

Keywords: rare earth elements, gadolinium, hydroxyapatite, electron paramagnetic resonance

1. Introduction

The development of calcium phosphate biomaterials to restore and heal injured bones is caused
by the ongoing requirement to improve quality of life [1]. Despite significant progress in the
design of implants based on titanium and tantalum alloys, zirconium dioxide or polymer com-
pounds, calcium phosphate ceramics remains the most attractive bioactive inorganic materials.
The main superiority and attractiveness of calcium-phosphate compounds, namely hydroxyap-
atite (HAp; molecular formula: Cajg(POy4)s(OH)2), is due to the chemical and structural sim-
ilarity with mineralized hard human tissue containing an intercellular matrix [2]. Considering
a superior biocompatibility and osteoinductivity of calcium phosphates, their surface leads to
stimulation of protein absorption by biomaterial surfaces with favorable healing of the material
interface and tissue leading to expanded bone formation [3]. Currently HAp is widely used as
a bioceramic in different orthopedic and dental applications, bone tissue engineering, targeted
drug and gene delivery [4].

The biological apatite (inorganic part of human hard tissue) differs considerably from syn-
thetic HAp with a Ca/P ratio of 1.67 because of it’s stoichiometry, chemical/element com-
position, and crystallinity degree. The high crystalline synthetic HAp has slow bioresorption
property resulting to a low capacity to form a connection with bone tissue or to promote new
bone growth and worse interaction with the bone environment due to a slower rate of bone
integration and adherence [5]. The solution of these challenges with a significant improvement
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of physicochemical and biological properties can be carried out by ionic substitutions of the
Ca?t, PO?[, or OH™ ions in the structure of the HAp. One of the structural features of HAp
is the ability to accept a large diversity of ions (Na*t, Lit, Mn?*, Cu?t, AI3t, Fe?* etc.) with
different charge states in a wide range of concentrations (up to 20 mol.%), while the sample
retains its initial spatial symmetry group P63/m [6,7]. These implemented ions have definite
effect on the thermal stability, crystallinity degree, particle size, solubility, lattice parameters,
morphology and bioactivity of HAp [8].

Recent studies have found that lanthanides, i.e., rare earth elements (REE) are also suitable
for Ca?* substitution in HAp [9]. The lanthanide ions have a well-known luminescent properties
in the visible and near-infrared regions. The 4f-electronic configuration of REE originates the
unique optical and magnetic features suitable for the preparation of magnetic resonance agents
and highly sensitive diagnostic bioassays [10]. As an ideal host matrix for lanthanides, HAp sat-
isfies many properties, including high resistance to luminescent centers, relatively low phonon
energy, minimizing non-radiative relaxations, high chemical and thermal stability. The develop-
ment of probes (contrast agents) for biomedical applications requires combination of materials
with low toxicity levels with magnetic or fluorescence ability in order to be observed by confocal
microscopy or magnetic resonance imaging (MRI) [11]. Among REE, gadolinium ions (Gd3™)
are the most studied and widely used contrast agent for MRI since the high-spin state (S = 7/2)
and relaxation rate directly affect the brightness of the MRI scan and allows to create highly de-
tailed images of cross-sections of internal organs [12]. Contrast agents containing Gd3* are used
to visualize tumors, infectious foci, the source of bleeding, metastases (secondary cancers), as
well as areas of increased vascularization in breast tissue [13]. For tissue regeneration, each step
of bone healing needs to be monitored carefully by imaging techniques, such as X-ray radiogra-
phy, computed tomography (CT), single-photon emission computerized tomography (SPECT),
and MRI. Interesting results were obtained for a related calcium-phosphate material, namely
tricalcium phosphate (5 -TCP) containing gadolinium ions with concentrations up to 0.1 mol.%.
Metabolic and antibacterial activity studies have shown that the presence of Gd3* ions in the
B -TCP structure doesn’t lead to an increase in the toxicity of the material while maintaining
its biocompatibility [14].

One of the methods for calcium phosphate ceramics investigation is pulse electron para-
magnetic resonance (EPR) [14], which allows distinguishing various paramagnetic impurities,
determining their electronic relaxation times like spin-lattice (77) and spin-spin (7%), the posi-
tion of the impurity centers, etc. In the presented research we show some abilities of the pulsed
EPR spectroscopy applied to the Gd-doped HAp.

2. Materials and methods

2.1. Synthesis

Chemical grade calcium nitrate tetrahydrate Ca(NOs3)s - 4H2O, gadolinium nitrate hexahydrate
Gd(NO3)3 - 6H20, diammonium phosphate (NH4)oHPOy4, and an aqueous solution of ammonia
NH4OH were used for precipitation of undoped HAp and Gd-doped HAp (Gd-HAp) in accor-
dance with the following reaction:

(10 - IE)C&(NO3>2 + (21’/3)Gd(NO3)3 + 6(NH4)2HPO4 + 8NH,OH —

1
— CalO,IGde/g(POQﬁ(OH)Q + 6H50 + 20NH4NOg3 ( )

where z = ([Ca®*] - 4)/100; y = 0 and 0.25 mol. %.

2 Magnetic Resonance in Solids. Electronic Journal. 2023, Vol. 25, No 3, 23303 (11 pp.)
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The wet chemical precipitation was performed by dropwise adding of 300 ml of 0.5 M aqueous
solution of (NH4)osHPO,4 to 500 ml of 0.5 M aqueous solution of Ca(NOs3)s to achieve the ratio
of Ca/P =1.67. The 6.25ml of 0.1 M aqueous solution of Gd(NOs3)s was previously added to
Ca(NOs3)2 solution in the case of Gd-HAp synthesis to obtain the compound of general formula
Cag 975Gdo 017(PO4)s(OH)2. The low Gd concentration was chosen for the reasons of suitability
for EPR detection of intentional dopants. The precipitation was carried out at constant stirring
under room conditions. The pH level was maintained at 11.0 £ 0.5 by adding NH4OH solution.
The precipitate was exposed for aging during 7 days, then filtered with distilled water washing,
and was dried at 70°C. The dried cake was ground to a fine powder and sieved through a mesh
size of 100 um. The as-dried HAp and Gd-HAp powders were also heat treated at 1300°C
to reach well-crystalized HAp and to study the difference in structure features. The obtained
powders were examined on phase composition and Gd content by the following methods: X-ray
diffraction (XRD) analysis, Fourier transform infrared (FTIR) spectroscopy, determination of
the specific surface area (SSA), X-ray fluorescence spectrometry (XFS).

2.2. Characterization

The XRD patterns were recorded using the D2 Phaser (Bruker, USA) diffractometer operating
in Bragg-Brentano geometry with CuKa radiation (A = 1.5418 A), 26 range from 10° to 70°,
step size of 0.02° with 0.5 sec per step. Phases were identified using the JCPDS-PDF2 database
[International Centre for Diffraction Data (ICDD)] [15]. The calculation of the lattice parameters
(a, ¢), unit cell volume (V') and average crystallite size (Dxrp) was carried out using the Topas
5 software by the Rietveld method. The element content of gadolinium was determined using
the XF'S on the Spectroscan MAKC-GVM spectrometer (St. Petersburg, Russia).

EPR experiments were carried out using the functionality of the Bruker Elexsys E580 spec-
trometer with an operating microwave (MW) frequency of vyiw = 9.6 GHz. Preliminary ex-
periments were performed in continuous wave (CW) mode with constant MW irradiation (P =
20mW) at room temperature. The echo-detected EPR spectra was obtained by recording the
integral intensity of the electron spin echo (ESE) at 7' = 10K using 7/2 -~ 7 — 7 — 7 — ESE
Hahn sequence with a change in the magnetic field Bg, where /2 pulse duration is 16 ns. The
spin-spin relaxation time 75 was measured by tracking the primary amplitude of the ESE with
the same pulse durations with a change of delay time 7. The spin-lattice relaxation time T} was
extracted from inversion-recovery studies by applying the pulse sequence 7 — Tyelay — 7/2 — 7 —
7 — 7 — ESE, while the delay time Tyel,y varied. Simulation of the EPR spectra was carried out
using the EasySpin program [16].

3. Results and discussion

The XRD patterns for heat treated HAp and Gd-HAp powders (Figure 1) consisted of the
set of narrow high-intense peaks that was fully corresponded to HAp according to ICDD PDF
card #[09-0432]. In order to assess the effect of Gd on the HAp structure, the lattice parameters
(a and ¢) and unit cell volume (V') were calculated (Table 1). It was revealed the insignificant
changes in HAp cell volume and small reducing in lattice parameters with Gd for Ca substitution.
Although the number of refs mentioned slight increase in HAp lattice parameters with REE
doping of low concentrations (up to REE/(Ca+REE) = 0.05) [17]. The Gd presence in Gd-
HAp was confirmed by X-ray fluorescence spectrometry (XFS) performed on the heat treated
powder. According to XFS results, the 1.41 wt.% Gd was contained in Gd-HAp that could be
recalculated to 0.44 mol.% Gd for Ca in HAp. It could be concluded that the low Gd content
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resulted in slight reducing of HAp lattice parameters and in decrease of average particle size
(Dxgp) (Table 1). Also the very small amount of CaO was revealed by the presence of peak at
26 = 37.36°, which could be assigned to 100% peak for CaO of ICDD PDF card #(48-1467]. This
pointed on slight deviation from HAp stoichiometry (Ca/P > 1.67) during synthesis. Detailing
the XRD pattern of Gd-HAp, it was found a weak peak at 260 = 29.56° which was absent in
XRD pattern of undoped HAp and could be assigned to 100% peak of GdPO4 phase ICDD
PDF card #[83-0657]. It was reported that REE phosphate formation is accompanied to HAp
formation, although at higher element concentration [18].

PP —— =
1

'(3)

f 15

28 30 32

—.."36 38 40

‘ HAp (2)
lhl kl. Mo

m " Gd-HAp (3)
A | TR

‘ "7 HAp[#09-0432]
[ | vl |

Intensity (a.u.)

» 1 R A AT
10 20 30 40 50
20(°)

as-dried Gd-HAp (1)

10 20 30 40 50 60
20(°)

Figure 1. XRD for undoped HAp and Gd-HAp powders: (1) pattern for as-dried Gd-HAp quite con-
sistent with the HAp (ICDD PDF card #[09-0432]), (2) pattern for heat treated undoped
HAp according to ICDD PDF card #[09-0432]; (3) pattern for heat treated Gd-HAp also
fully corresponds to HAp (ICDD PDF card #[09-0432]); the frame indicates the impurity of
GdPOy according to ICDD PDF card #[83-0657] in heat treated Gd-HAp.

It was concluded, that precipitation by diammonium phosphate of calcium and gadolin-
ium nitrates caused the formation of gadolinium orthophosphate hydrate along with HAp
precipitation. It was highlighted that for REEs the orthophosphate hydrates of composition
((REE)POy) - [0.5 < H0O < 3] of hexagonal structure form in an aqueous system containing
ammonium phosphates. It was not possible to identify the presence of the intended compound
in the obtained amorphous precipitates with low Gd content. It is known that the phosphates
of light REE under heat treatment above 500°C transform to monoclinic phase and then above
1700°C — to tetragonal phase. Thus, the monoclinic GAPO4 was detected in the sample of
Gd-HAp heat treated at 1300°C. As density for GAPOy (6.001 gcm™3) is rather higher than for
HAp (3.08gcm™3), it was determined quite well even in small concentrations.

The HAp is initially paramagnetically pure and doesn’t contain particles with an electron
magnetic moment in the structure (EPR silent). Figure 2 shows the CW EPR spectra of
HAp containing impurity gadolinium ions with a concentration of 0.44 mol.%. The rare-earth
gadolinium ion Gd3*t with a 4f7 configuration in the main %S, /2 state is paramagnetic, and has an

4 Magnetic Resonance in Solids. Electronic Journal. 2023, Vol. 25, No 3, 23303 (11 pp.)
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Table 1. Results of the Rietveld refinement of XRD patterns for heat treated HAp and Gd-HAp powders:
a and c are unit cell parameters; V' is unit cell volume; Dxgrp is average crystallinity size.

Sample a, A c, A vV, A3 Dxgrp, nm
HAp 9.4231(8) | 6.8844(8) | 529.41(8) 380(7)
Gd-HAp | 9.4216(8) | 6.8836(6) | 529.16(7) 230(6)

electron spin S = 7/2 with a zero orbital moment L = 0 [19]. The spectrum of this spin system
should contain 2S5 = 7 different magnetic transitions, which give 7 lines in the EPR spectrum
with the center of gravity of the spectrum at g = 2.0, because there is no orbital magnetic
moment. Figure 2(a) shows the EPR spectrum for a HAp as-dried, which was not subjected to
heat treatment. HAp crystallizes in the hexagonal space group P63/m and the gradient of the
internal crystalline (electric) field leads to the appearance of a “zero field splitting” (ZFS) of the
spin sublevels. As a result, we observe fine structure lines in the EPR spectrum. The Gd-HAp
sample under study is in the form of a powder, therefore, all equally probable orientations of
nanocrystals relative to the external magnetic field Bg are present in the EPR spectrum. The
energy values of the ZFS depends on the relative position of the main crystallographic c-axis
of the nanocrystal with the external magnetic field Bg direction. Thus, the components of the
fine structure have an angular dependence, which causes mutual overlap and broadening of the
available resonant absorptions [20]. The formation of low-field singularities, despite the powder
phase of the sample and the high spin S = 7/2 of the impurity center, arises due to the unusual
behavior orientation dependence of the spin levels [21]. The presence of the characteristic low-
field EPR signals with effective g-factors (geg = 5.59, ger = 2.84 and gog = 1.98) [22-24]
and corresponding theoretical simulation (Figure 2(a), blue line) allow to make unambiguous
conclusions that the gadolinium ion has a valence of 3+, and it is embedded in the HAp crystal
lattice into one of the calcium positions Ca?*. In this work, the authors do not discuss the
mechanism of charge compensation, since this problem requires additional experimental affords
and calculations by the density functional theory (DFT) method [25].

To describe the obtained powder form EPR spectra with Gd®* ions we used the following
spin Hamiltonian from the crystal field theory [26]:

H = gupBoS + BIOY + B303 + B0 + BOY, (2)

where g is g-factor, upg is the Bohr magneton, Bg is magnetic field induction vector, S is the
electron spin operator, B,I; are the crystal field parameters, O’qC are the Stevenson operators.
Crystal field parameters for describing EPR spectra obtained in CW mode are listed in Table 2.

Heat treatment (7" = 1300°C) significantly changes the behavior of the absorption spectrum as

Table 2. Zero field splitting parameters Gd-HAp.

B B3 BY By
Ca(1) | 3580 MHz - 390 MHz | 300 MHz
Ca(2) | 1500 MHz | 120 MHz - -

shown in Figure 2(b). The resonant absorption lines look quite structured with the possibility of
separating 7 groups of resolved lines in accordance with the electron spin of the Gd®* ion. The
linewidth of the central transition at g-factor 2.00 is only Bpp = 0.1 mT, which indicates that
the Gd3* isn’t in the crystal structure of the HAp, but in a side phase with cubic symmetry.
The most likely reason is associated with the formation of a CaO crystal [27] with gadolinium
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(@)

Gd-HAp
as-dried

Guit = 5.59

* - cavity signal

(b) Gd-HAp g=2.00
heat treated
2
6
3 7
1 R
4
5

100 200 300 400 500 600
B (mT)

Figure 2. CW EPR spectra for Gd-HAp, where (a) the as-dried sample, green line is experiment, blue
line is simulation. Narrow lines (170 mT, 200 mT, 550 mT) are cavity signals and don’t belong
to the sample under study; and (b) the sample after heat treatment at 1300°C. Observed
narrow isotropic lines correspond to spin transitions of Gd** with S = 7/2 in CaO phase
according to the selection rule AMs = +1, namely (1, 7) £7/2 <+ £5/2, (2, 6) £5/2 <> £3/2,
(3,5) £3/2 <> +£1/2 and (4) +1/2 ¢ —1/2.

ions, which occurs when HAp decomposes. In the case of a CaO crystal, the Gd3* ion is no
longer affected by the electric field gradient, and thus narrow EPR lines are observed.

It is well known that rare earth ions, including gadolinium, due to the 4f electron configuration
and spin-orbit coupling, have short relaxation times [28]. Consequently, all further echo-detected
EPR experiments were carried out at low temperatures (7' = 10 K). ESE EPR spectra are shown
in Figure 3.

During the recording of the spectrum, MW pulses were used to precisely rotate the longi-
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t=180ns
=600 ns

\ g = 2.00

ESE intensity (a.u.)

0 200 400 600 800 1000 1200
B (mT)

Figure 3. ESE EPR spectra for Gd-HAp the as-dried sample recorded for two different 7 values in the
pulse sequence.

tudinal magnetization M, by 90° and then by 180°. The EPR spectrum was obtained for two
different values of the delay between pulses in the sequence in order to establish short-lived
paramagnetic centers. It is assumed that in the presence of different contributions with different
values of relaxation times 75, intensity redistribution is expected, as was previously established
in the work [26].

A comparative analysis in Figure 3 shows that the intensity and lineshape of the EPR spec-
trum is practically independent of the time delay. The result obtained assumes a uniform (homo-
geneous) distribution of Gd®* ions within the HAp without the formation of synthesis side phases
(oxide, by-products, etc.). An insignificant change in the intensity of resonant absorption in the
low-field region is caused by the probability of spin transitions. The intensity of each of these
lines will be proportional to the square of the matrix element S, = /S(S + 1) — Ms(1)M;(2)
i.e., maximum for the transition My = —1/2 < 1/2 and minimum for My = —7/2 < 5/2.
The M; (1,2) correspond to two projections of the Gd3* electron magnetic moment, between
which a resonance spin transition occurs with AMg; = £1. The gadolinium ion in the role
of a contrast agent acts as a “catalyst” for the relaxation processes of hydrogen nuclei in the
biological environment [29]. The lower limit of possibilities of shorting (reduction) of nuclear
spin-lattice relaxation Ty is determined by the electronic subsystem of Gd®* ions. Thus, a
quantitative estimate of the spin-spin and spin-lattice relaxation times of gadolinium ions has
been established, which is presented in Table 3. The Gd?* ion relaxation times were measured
for two different magnetic fields (which differ by about 3 times) at points A and B in Figure 3,
because these magnetic fields correspond to contributions from different paramagnetic centers
in § — TCP [14]. Since the relaxation times are approximately in the same order of magnitude
within the confidence interval, this most likely indicates that the Gd®* ion occupies one of the

two Ca’* positions.

The using of nitrate salts as initial reagents during the chemical synthesis (1) of HAp leads
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Figure 4. (a) ESE EPR spectra of radiation-induced centers in a HAp with gadolinium ions impurities;
(b) Relaxation time curves of defect centers for as-dries samples (dark line) and heat treated

(green line).

to the incorporation of NOz complexes [30]. Anion centers act as an electron trap, and in the
case of “capture” of a free electron, the nitrate complex transitions to a paramagnetic state
with electron spin S = 1/2. The nitrogen radical localized in the crystal lattice structure can
serve as a spin probe to obtain additional spectroscopic information [31]. The prepared samples
as-dried and after heat treatment were irradiated with an X-ray source to create stable NO%‘
paramagnetic centers [30]. Figure 4(a) shows the EPR spectra of radiation-induced centers for
as-dried and after heat treatment materials. The interaction of the electron spin (S = 1/2) and
the nuclear magnetic moment (I = 1, 14N) leads to the formation of three hyperfine components
(my) with splitting values A} = 70G and A = 133G corresponding to the single phase of

8 Magnetic Resonance in Solids. Electronic Journal. 2023, Vol. 25, No 3, 23303 (11 pp.)



A.Yu. Demina, N.V. Petrakova, F.F. Murzakhanov, et al.

Table 3. Relaxation times of Gd3T ions in Gd-HAp.

BO,HIT Tl,,l,LS TQ):U’S
347 81.8 1.2
117 54.6 0.9

HAp [32]. Heat treatment of the sample leads to the complete disappearance of synthesis by-
products and a corresponding reduction of defects in the crystal lattice, as shown in Figure 4(a).
The EPR spectrum of hydroxyapatite after heat treatment (bottom, green line in Figure 4(a))
contains a small amount of a carbonate radical with a low concentration within the sensitivity
of the spectrometer. This procedure helps to reduce the amount of toxic nitrate radicals and
increase the degree of crystallinity. Figure 4(b) also shows changes in the dynamic characteristics
of radiation-induced centers at room temperature. Previously, relaxation times for nitrogen and
carbonate radicals were established for pure hydroxyapatite samples, namely To = 11 us for
heat treatment and Tp = 3 us for as-dried [32] measured at room temperature. The transverse
relaxation time strongly depends on the radiation dose, so the authors suggest that the main
mechanism for 75 is spin-spin interaction. A comparative analysis of the curves shows that
a change in the number of defects leads to a decrease in the spin-spin interaction between
paramagnetic centers and, as a consequence, to an increase in the transverse relaxation time
(T3) by 7.6 times. Gadolinium ions don’t have a significant effect on the relaxation characteristics

of the nitrogen radical through dipole-dipole interaction, as was the case with impurity centers
of Mn?* [33] and A>T [25].

4. Conclusion

In this work, powders of synthetic hydroxyapatite ceramics doped by gadolinium ions with a
concentration of 1.41 wt.% (0.44 mol.%) were obtained by wet chemical precipitation. Samples
after chemical synthesis (as-dried) and heat treatment were studied using EPR spectroscopy in
CW and pulsed modes. Analysis of the EPR spectra made it possible to establish the presence
of Gd** ions in the structure of HAp in two calcium positions with different parameters of the
spin Hamiltonian. Temperature treating of samples at a 1300°C leads to a significant change
in the EPR spectra of Gd3* ions with a decrease of the impurity anion centers (nitrate radical)
concentration.

The study of the effect of the introduction of gadolinium ions into HAp on the electronic re-
laxation characteristics of stable nitrate radicals, including after heat treatment in air at 1300°C
, suggests that nitrate anions and Gd®* cations are located in the HAp structure within the
same unit cell. It can be assumed that the co-doping of these ions in the proposed synthesis
method is energetically more favorable than the separate introduction of ions, as we have shown
earlier in the case of co-doping of HAp with nitrate anions and manganese (II) ions [34]. De-
tailed experimental and computational studies of the effects of doping and co-doping, and the
establishment of charge compensation mechanisms are the subjects of our future studies.
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