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Abstract—The effect of codoping of hydroxyapatite (HAP) nanocrystals with average sizes of 35 £ 15 nm

during “wet” synthesis by co§‘ carbonate anions and Mn?" cations on relaxation characteristics (for the

times of electron spin—spin relaxation) of the NOg_ nitrate radical anion has been studied. By the example of
HAP, it has been demonstrated that the electron paramagnetic resonance (EPR) is an efficient method for
studying anion—cation (co)doping of nanoscale particles. It has been shown experimentally and by quantum-
mechanical calculations that simultaneous introduction of several ions can be energetically more favorable
than their separate inclusion. Possible codoping models have been proposed, and their energy parameters

have been calculated.

DOI: 10.1134/S1063783416030094

1. INTRODUCTION

Positive effects of codoping of source materials
with various ions on properties of laser and semicon-
ductor crystals are studied in sufficient detail experi-
mentally and theoretically. Optimally selected codop-
ing parameters can lead to a significant increase in the
radiation energy yield of laser crystals; an increase in
the stability of a number of their physical characteris-
tics to light, radiation, and other external factors make
it possible to suppress or increase crystal afterglow by
several orders of magnitude, affect mechanical prop-
erties, and others [1—3]. Nevertheless, the study of the
effects of nanosystems doping and codoping is still in
its infancy.

In recent decades, indefatigable interest has been
given to hydroxyapatite (HAP) Ca,,(PO,)c(OH),
materials modified by various ions [4]. Synthetic HAP
(apart from that it is an ideal model material for study-
ing osteointegration processes, i.e., the interactions of
an implant with a native bone) features a broad spec-
trum of potential and already implemented applica-
tions in instrument engineering (sorbents, lumino-
phores, piezoelectrics) and for biomedical applica-
tions (materials for bone tissue implantation, targeted
delivery of fluorescent preparations, contrast agents,
and drugs to tissues under study, sorbents of heavy
metals and radio nuclides, and others) [5, 6]. The lit-
erature mentions the possibility of using HAP as a
highly efficient absorber of nitrates from soil and sub-

soil waters [7], substrate for catalysts [8], and more.
Selective antitumorous activity of HAP nanocrystals
was recently shown in [9, 10].

Despite the large number of the studies performed,
many important problems relating to anionic and cat-
ionic substitutions in HAP have not been studied in
sufficient detail, and data of many studies are contra-
dictory. In this respect, apatite continues to justify its
name which in the translation from Greek means
“mislead.” The most contradictive information is
associated with the type of defects appearing during
doping, impurity localization sites in biomineral and
synthetic samples and the nanoparticle doping possi-
bility itself; the extended nanocrystal surface controls
the radically different thermodynamics of impurity
ion introduction. We note that some impurities cause
cytotoxicity and lead to material rejection by organ-
isms. It is clear that among such impurities are, in par-

ticular, the NOj; nitrate anion, taking into account
that the main HAP synthesis method is precipitation
from nitrate salt solutions.

The problems of HAP nanoparticle codoping only
recently began to attract close attention from some
research groups. The effect of simultaneous substitu-
tion with various ions and groups on physicochemical
properties of materials and the possibility itself of such
codoping during nanoparticle synthesis is almost
unstudied, and corresponding analytical approaches
have not been developed. To our knowledge, there are
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only a few works on this subject [11, 12]: anion—cation
codoping Mg?* and CO?”, Zn*" and CO>", Sr** and

CO3, and cation—cation codoping (Mg?*, Sr**, and
Mn?").

In a number of our recent works [13—19], we
demonstrated that the use of some modern commer-
cially implemented approaches of the electron para-
magnetic resonance (EPR) makes it possible to sig-
nificantly extend the ranges of the study of the HAP
composition and structure, and nanoscale HAP of
both synthetic and biogenic origin [5, 20, 21]. In [16],
we showed how spectroscopic characteristics of radia-

tion-induced nitrogen centers NO? introduced ini-
tially as nitrates as an undesirable impurity during

“wet” synthesis change with the introduction of CO§_
carbonate ions. It was demonstrated that anion—anion

codoping and substitution can be studied using NO§_
centers as an EPR probe. In this work, spectroscopic
and relaxation characteristics of the nitrate radical
during HAP nanocrystal codoping with carbonate
ions and Mn?* cations were studied. Using the exam-
ple of nanoscale HAP powders, it is shown that the
EPR method can be an efficient means for studying
anion and cation (co)doping.

2. MATERIALS AND METHODS

Nanocrystalline HAP powders, namely Ca,(PO,)s(OH),
(“pure” HAP), Ca,,_,Na,(PO,)s _ .(CO;),(OH), (CO—
HAP), and Ca,;,_ ,Mn (PO4)c(OH), (Mn—HAP) with
average crystallite sizes from 20 to 50 nm and x and y
from 0 to 2 and from 0 to 0.5, respectively, were syn-
thesized by precipitation from an aqueous solution.
Calcium nitrate monohydrate Ca(NOs;), - H,O (235 g)
was dissolved in 420 mL 20 wt % NH,OH (solution
A), while (NH,)2HPO, (72.2 g) was dissolved in
380 mL deionized water (solution B). 30 mL 20 wt %
NH,OH were added after complete (NH,),HPO, dis-
solution. A required stoichiometric MnSO, - H,O
amount was dissolved in 100 mL of deionized water,
added to solution 4, and mixed for 5 min. Then solu-
tion B was added to solution A under strong stirring
using a magnetic mixer and was kept for 24 h. The
obtained precipitates were aged for 48 h and then were
decanted and washed by 2.5 L of deionized water three
times to remove the accompanying product of the

reaction between NH,OH and NOj. The precipitate
was washed three times and then was filtered by a
Buchner funnel. Mn—HAP precipitates were annealed
at a temperature of 900°C for 3 h to improve the degree
of crystallinity and to additionally remove NH,OH.
Procedures of synthesis of samples of pure HAP and
CO—HAP and details of chemical and heat treatment
of samples with the purpose of achieving the highest
degree of crystallinity and purification of a final prod-
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uct from foreign impurities are given in our previous
studies [13, 16, 17].

The prepared samples were characterized by the
methods of electron microscopy (LEO SUPRA 50VP,
Carl Zeiss, 5 kV), X-ray diffraction analysis (Rigaku
D/MAX 2500 with a rotating anode and Bruker D2
Phaser), local electron probe microanalysis (INCA
Energy+ combined with —LEO SUPRA 50VP), infra-
red spectroscopy (Perkin-Elmer 1600), inductively
coupled plasma mass spectrometry (ICP-MS, Perkin
Elmer, ELAN—DRC II).

No EPR signals from “pure” HAP and CO—HAP
samples were observed. To produce paramagnetic
complex of materials under study, samples were irradi-
ated with X-rays at room temperature using an URS-
55 setup (U= 55KkV, I =16 mA, W anticathode). The
irradiation dose was ~10 kGy. The EPR spectra were
studied at the X-range (9.6 GHz) Elexsys 580 (Bruker)
spectrometer of the shared service center of physico-
chemical studies of the Kazan Federal University
(KFU), using steady and pulsed modes. In the pulsed
mode, conventional two- and three-pulse trains were
used [22]. Electron spin echo (ESE) was measured
using the ;t/2—1—m sequence, where the pulse dura-
tion 7t was 16 ns, and the time delay was T = 240 ns. To
measure the phase memory time (transverse relax-

ation time, 7- 2*), the duration t was varied with a min-
imum step of 4 ns. To measure the spin—lattice (longi-
tudinal) relaxation time 7], the inversion—recovery
sequence T—7Tjep,,—t/2—1—7 was used, where the time
delay 7,y was varied, while T was fixed. The study was
conducted in the temperature range from 20 to 300 K.
Samples were studied before and after X-ray irradia-
tion.

The quantum-chemical study of the interaction of
impurity centers in the HAP crystal was performed
within the density functional theory (DFT) in the
spin-polarized formalism using the generalized gradi-
ent approximation in the PBE version [23] for the
exchange—correlation functional and Vanderbilt
pseudopotentials [24]. The boundary value of the
kinetic energy of plane waves was chosen as 40 Ry,
while the electron density did not exceed 320 Ry. The
strongly correlated 3d-shell of the Mn?* ions was
described using the local Coulomb interaction U
(DFT + Umethod). The corrections Uin the Hubbard
model formalism was chosen as 3 eV using the linear
response method [25].

All calculations were performed using the Quan-
tum Espresso package [26]. The calculation details,
descriptions of the HAP structure and the used model
of a nitrogen-containing impurity are given in our pre-

vious papers [16—18]. According to [16—18], the NO;
ion (hence, the NO? radical) in the HAP structure

substitutes the orthophosphate group, and the charge
is compensated by removing one of neighboring Ca
2016

Vol. 58  No. 3



STUDY OF THE EFFECTS OF HYDROXYAPATITE NANOCRYSTAL CODOPING

atoms. The Ca vacancy site was chosen such that to
provide the lowest ground state energy of the calcu-
lated HAP cell containing no Mn?* ions. Then impu-
rity Mn?" ions substituting Ca?* ions were introduced
into the cell. The calculated HAP cell consisted of
88 atoms (in the absence of impurities). Three config-

urations with various relative positions of NO; and
Mn?" impurities with interatomic distances ry_y, =
0.34, 0.63, and 0.85 nm were considered. For each
configuration, the value of the scalar exchange inter-
action between paramagnetic centers was determined,
which is described by the Hamiltonian

H :_JexSMnSNs (1)

where Sy, and Sy are the operators of manganese ion
and radical spins. The constant J,, was determined
based on the results of DFT + U calculations,

Jex = (ELS - EHS)/Smax(Smax + 1)’ (2)

where Eygand E; gare the system ground state energies
calculated for high-spin and low-spin configurations,
respectively; S = [Sual T+ |Sn] = 3 (see [27]).

3. RESULTS

Before X-ray irradiation of Mn-HAP samples,
their W-band (95 GHz) spectrum exhibited the typical
6-component EPR powder spectrum of Mn?' ions
with g = 2.001(1) and the hyperfine interaction con-
stant A = 9.1(2) mT (see our paper [15]). The Mn?*
spectrum was unchanged upon annealing to tempera-
tures of ~900°C, which can be considered as the indi-
cation of preferential localization of Mn?* ions in the
HAP nanocrystal bulk. In the X-band, the manganese
EPR spectrum represents a broad unsolved line (see
below). The EPR spectra of nitrogen-containing and
carbonate radicals were not detected, as well as other
EPR lines.

The EPR spectrum of the irradiated Mn—HAP
sample is shown in Fig. 1. We can see that the charac-
teristic nitrate radical signal caused by the hyperfine
interaction with the nuclear magnetic moment of the
N nucleus (/ = 1) is added to the Mn?* signal (broad
one) in the EPR spectrum. The nitrate signal nature,
EPR line shape, spectroscopic characteristics, and
changes in the nitrate radical spectrum in the case of
HAP doping with carbonate ions are considered in
detail in [16, 17, 19].

The magnetic field in which relaxation characteris-
tics were measured corresponds to the perpendicular
component of the nitrogen radical g-factor g, (the
electron spin echo signal maximum, see Fig. 1). As
follows from the inset in Fig. 1 (7= 100 K), Fig. 2 (T'=
300 K), and the table, the measured relaxation charac-
teristics differ significantly depending on the sample
impurity composition. While the introduction of car-
bonate ions does not affect the relaxation parameters
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| B=3435mT—

ESE intensity, arb. units

ESE intensity, arb. units
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Fig. 1. Echo-detected EPR spectra of Mn—HAP nano-
crystals (y = 0.05) at 7= 100 K after exposure to X-ray
radiation; the inset illustrates the effect of HAP sample
codoping with manganese ions on transverse magnetiza-

tion decay for the NO? center at 7= 100 K. The mag-

netic field in which relaxation characteristics of the No§‘
radical measurements in all samples under study is are

done indicated by an arrow.

T,and T, 2* of the nitrate ion, the introduction of Mn**
ions into the HAP structure even with a low concen-
tration (y = 0.005) results in a sharp enhancement of

electron spin relaxation of the NO? radical. The
described effect is observed in the whole temperature
range. The measured temperature dependences of the

spin—Ilattice relaxation rate Tl_1 have a rather complex
shape characterized by the sum of various contribu-
tions [28—31]; their detailed analysis is beyond the
present study.

4. DISCUSSION

NO; and CO? anions are isoelectronic particles
(24¢™) with molecules identically shaped as a plane tri-
angle (space group Dj;,). The differences in ion charges

Times of the spin—spin Tz* and spin—Tlattice 7T relaxation of

No§‘ nitrate ions at 7'= 300 K depending on impurity
composition of the studied nanoscale hydroxyapatite pow-
ders

Sample T, ns Ty, ps
Cao(PO,)s(OH), 5330(40) | 20(1)
Cag sNay 5(POy4)s 5(CO3)0 s(OH), | 5330(15) 19(2)
Cayg 99sMn 595(PO4)6(OH), 155(6) 1.0(3)
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CO-HAP, x=0.5
T5=5330+ 15 ns
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Spin echo intensity, arb. units
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Fig. 2. Effect HAP sample codoping with manganese and
carbonate ions on transverse magnetization decay for
nitrate ions at 7’= 300 K and their corresponding mono-
exponential approximations with shown times T2*:
(1) CO—HAP sample, 75" = 5330 + 15 ns; (2) Mn—HAP
sample, Tz* = 155 % 6 ns. The data are presented on the
semilogarithmic plot.

and sizes (thermochemical radii are 1.89 and 1.85 A,
respectively) mean that the electrostatic interaction of
the nitrate anion with calcium cations is weaker than

the Ca?* & CO? interaction. This means that the
trend toward the occupation of the hexagonal channel
in the HAP structure (the so-called A-site) for the
nitrate anion, characterized by high positive charge
density, is less pronounced than for the carbonate ion.
Chemically, this corresponds to that the anion alkalin-

ity decreases in the row OH™ > CO§_ > NOj. Indeed,
as is shown in our previous studies [16—18], it follows
from spectroscopic characteristics of radiation-
induced nitrate radicals that they almost immediately

substitute the POf{ group in HAP crystal structure as
their content increases (B-type substitution, see
Fig. 3). At the same time, carbonate ions can be intro-
duced into the OH-group site (A-type substitution) or
according to the B-type. The effect of HAP doping
with carbonate ions with concentrations from 0 to

14 wt % on the intensity of the EPR spectrum of NO?

radicals allowed the conclusion that CO§_ ions are
introduced into the HAP structure in the used synthe-
sis process initially according to the A-type substitu-
tion and then by the B-type [16]. At the carbonate ion
concentration of ~7 wt %, nitrate ions are almost com-
pletely substituted with more alkaline carbonate
anions.

Let us consider the case of codoping with manga-
nese ions. The performed EPR and mass spectromet-
ric measurements make it possible to quantitatively

PHYSICS OF THE SOLID STATE

GAFUROV et al.

Fig. 3. Hydroxyapatite crystal cells containing (a) nitrate
ions and (b) carbonate ions in the case of B-type substitu-
tion.

estimate the concentration of paramagnetic centers in
one nanoparticle (assuming that all manganese ions
are in the 2+ state), i.e., no more than two nitrate ions
for all studied samples and no more than 50 manga-
nese ions at y = 0.005 per one spherical nanoparticle
35 nm in diameter. Taking into account the monoex-
ponentiality of the transverse magnetization decay and
the longitudinal magnetization restoration curve for
all studied samples, it can be expected that there is the
tendency toward certain relative positions of

NO;/ NO§_ and Mn?" impurities in the HAP lattice.

The NO; radical relaxation enhancement is most
likely caused by the spin—spin interaction with rapidly
relaxing Mn?* ions distributed near impurity nitrate.
To simplify the analysis, we considered the simplest
cases of pairs of interacting paramagnetic centers
arranged at the fixed distance ry_y, corresponding to
the interatomic distance in the HAP lattice in the case
of the isovalent substitution of various Ca sites with
manganese.

It is accepted to distinguish two main components
of the spin—spin interaction: dipolar and scalar
(exchange) ones. In this case, the exchange mecha-
nism dominates at relatively small distances between
paramagnetic centers. Indeed, an analysis of the
exchange interaction value determined based on the
results of DFT + U numerical calculations shows that
the constant J,, is 1.72 meV (415.89 GHz) and
0.02 meV (4.84 GHz) in magnitude for configurations
with interatomic distances ry_y,, = 0.34 and 0.63 nm,
respectively, and exceeds the dipole interaction value
(1.32 and 0.21 GHz in the point-dipole approxima-
tion). At the same time, the value of J,, calculated for
the configuration with ry_y, = 0.85 nm is less than

103 meV, which is lower than the accuracy of calcu-
lated energies of the system ground state. Hence,
beginning approximately with this distance, the dom-
inant contribution of the dipole mechanism should
appear.
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The effect of the dipole interaction on the NO§_
radical relaxation enhancement can be estimated
according to the theory presented, e.g., in [32, 33].
This makes it possible to estimate ry_p, as

Rwalm ] = 8.4 X107 /A(1/ T)) Ty, 3)
where A(1/Ty) = 1/T, — 1/T; is the enhancement of

the longitudinal spin relaxation of the NO§_ radical by
a single Mn?" ion; T}, and T, are the relaxation times
obtained, respectively, for the case of the isolated

NO? radical (in the absence of metal ions) and in the
system containing an impurity Mn?* ion; and Ty, is
the time of transverse relaxation of the Mn?* ion. In
deriving formula (3), it was taken into account that the
metal ion g-factor is close in magnitude to the radical
g-factor. Furthermore, it is accepted that the relax-
ation characteristics were obtained in the experiment
at a magnetic field corresponding to the perpendicular

orientation of the NO? radical.

The calculation by formula (3) shows that the dis-
tance rn_pmy 1S less than 5 nm. From this approximate

estimate, it necessarily follows that interacting N ng
and Mn?" centers appear localized within one
nanoparticle in the case of HAP codoping with nitrate
and manganese ions (the average size of the samples
under study is 35 = 15 nm). Thus, a relatively simple
measurement of relaxation times directly indicates the
possibility of nanoparticle codoping by various para-
magnetic impurities.

The results obtained show that the NO?‘ radical
should be affected by the set of impurity Mn?* ions
distributed in its spatial proximity. As a consequence,

the time evolution of the spin echo of the NO§_ para-
magnetic center should be controlled by the superpo-
sition of all possible relative orientations of paramag-
netic centers, which significantly complicates a more
detailed analysis.

5. CONCLUSIONS

The use of the approach based on measurements of
spectroscopic and relaxation characteristics of the
paramagnetic centers allowed us to reveal the ten-
dency of Mn?* ions and oppositely charged nitrogen
impurities toward localization in the spatial proximity
within HAP nanocrystals. This is the first experimen-
tal observation of the interaction of oppositely charged
impurity ions in the HAP structure at the atomic level.
By the example of nanoscale HAP powders, it was
shown that various EPR approaches can be efficient
tools for studying anion and cation (co)doping of
nanocrystals.

The energy advantage of codoping can also be
expected in the case of introduction of other anionic
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impurities. In turn, this should directly affect func-
tional properties of materials. We expect that the
shown capabilities of modern EPR spectroscopy
methods can and should be efficiently used in the
study of synthesis of functional (nano)materials with
predetermined properties.
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