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Abstract

In this work, a series of Mn?*-doped a-tricalcium phosphate (a-TCP) powders was synthesized by
wet co-precipitation method followed by high-temperature annealing and thermal quenching. It was
shown that Mn?*-doped o-TCP polymorph can be successfully synthesized with a doping level up to
1 mol%. All Mn-doped samples exhibited a broadband emission in the range from 525 to 825 nm
with a maximum centered at around 630 nm. The highest emission intensity was observed for the
sample with the highest content of Mn. The crystal structure and purity were evaluated by X-ray
powder diffraction (XRD), Fourier-transform infrared (FTIR) and electron paramagnetic
resonance (EPR) spectroscopies. Scanning electron microscopy (SEM) was used to investigate the
morphological features of the synthesized products. Optical properties were investigated by means of
photoluminescence measurements. Excitation spectra, emission spectra and decay curves of the
samples were studied. Temperature-dependent photoluminescence measurements were performed as

well.
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1. Introduction

Synthetic calcium phosphates (CPs) are widely used for regenerative medicine purposes due to their
biological properties and compositional similarity to natural human bone [1]. One of the most popular
and frequently used CP is tricalcium phosphate (TCP, Ca3(POas).). It has two polymorphs, which can
be stabilized at room temperature, and both of them are used for biomedical applications as injectable
bone fillers or ceramic substitutes [2, 3]. B-TCP is characterized by rhombohedral structure with the
space group R3c (#161) and 5 inequivalent Ca sites, a-TCP crystallizes in the monoclinic crystal
system with P21/a space group (#14) and has 18 inequivalent Ca sites [4, 5]. a-TCP is assumed to be
a high-temperature polymorph, which is usually synthesized by annealing of CP precursor mixture
with Ca to P ratio 1.5:1 at temperatures above 1125 °C, which is the phase transition temperature for
transformation from B- to a-TCP [6]. It is well known, that this phase transition is reversible and
highly sensitive to the presence of impurities, most of smaller cations retard this transformation and
stabilize B-TCP crystal phase [7-10]. Moreover, thermal quenching is frequently used to avoid
undesired reversible transition and obtain single-phase a-TCP [11, 12].

Partial substitution of Ca ions by other biologically active cations is assumed to be a promising tool
to superior biological properties of synthetic CPs [13-16]. It is also known that presence of foreign
ions in CP matrix can modify significantly physicochemical, mechanical and anti-bacterial properties
of materials, to promote changes in morphology, solubility and ion release kinetics [17]. Additionally,
doping elements open new possibilities for applications of CPs as multifunctional materials. Optically
active lanthanide ions and paramagnetic ions such as Gd*" or Mn?" make it possible to use these
materials for bioimaging applications including fluorescence, magnetic resonance or multimodal
imaging [18-21]. Due to complicated preparation of doped a-TCP, most of the works are focused on
the synthesis and investigation of substituted B-TCP [22, 23] and very limited number on oa-TCP [24-
27]. Just recently, Luo etal. [28] suggested to use Eu doping for optical in vivo monitoring of
biodegradation of a-TCP. Besides, a-TCP is considered as a promising host matrix for the synthesis

of luminescent materials. Zhou et al. reported on cyan-emitting Eu?*-doped o-TCP for potential
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application in white emitting diodes [29]. Ji et al. [12] and Tong et al. [30] investigated luminescent
properties of both TCP polymorphs partially substituted with Eu?* ions.

Manganese is an essential element in human organism that plays an important role in bone
development. It acts as a cofactor of several enzymes like glycosyltransferases which are involved in
formation of bone and cartilage matrix [31, 32]. Furthermore, Mn?* enhances the ligand binding
affinity of integrin and activates osteoblast adhesion [33, 34]. Previous studies revealed that doping
with Mn?* ions resulted in improvements of bioactivity of calcium hydroxyapatite (HAp)
coatings [35] and osteogenesis of CP-based cements [32]. Number of works on Mn-doped TCP were
published, however all of them report on Mn-doped B-TCP [31, 32, 34, 36-38]. To the best of our
knowledge, there are no papers studying Mn-doped o-TCP. The only report that briefly describes
low-temperature metastable Mn-doped o-TCP is focused on thermodynamic stability and phase
transition of TCP polymorphs [39].

At the same time Mn is also known for its optical properties and previously was incorporated into
different hosts for the preparation of luminescent materials [40]. The electronic structure of Mn?* ions
allows shifting of their broadband emission from green to red depending on the crystal field strength
of the host material [41]. Luminescent properties of Mn?*-doped HAp and B-TCP were previously
investigated by Lecointre et al. [42]. It was demonstrated that emission wavelength depends on the
host material, orange emission peaked at 581 nm and red emission peaked at 645 nm were observed
for HAp and B-TCP, respectively.

The main aim of this study was to investigate feasibility of the synthesis of Mn-doped a-TCP and to
study its structural and luminescent properties. In order to do that, a series of a-TCP powders doped
with different amounts of Mn?* ions ranging from 0.2 to 1.0 mol% was synthesized by wet
co-precipitation method followed by high-temperature thermal treatment. The crystal structure and
purity were evaluated by X-ray powder diffraction, electron paramagnetic resonance and
Fourier-transform infrared spectroscopies. Optical properties were investigated by means of

photoluminescence measurements.
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2. Materials and methods

2.1. Synthesis

Mn-doped a-TCP powders were synthesized by wet precipitation method. Calcium nitrate
tetrahydrate (Ca(NO3)2 - 4H20, >99%, Roth), manganese(I]) nitrate tetrahydrate (Mn(NO3)2 - 4H>20,
98%, Alfa Aesar) and diammonium hydrogen phosphate ((NH4)2HPOa4, >98%, Roth) were used as
starting materials. Total metal ions to phosphorous ratio was kept 1.5:1 for all samples. Firstly, 0.75 M
Ca?" and Mn?* nitrate solution was prepared by dissolving metal salts in deionized water. Secondly,
an appropriate amount of (NH4)2HPO4 was separately dissolved in deionized water to obtain 0.5 M
solution, to which concentrated ammonia solution (NH4OH, 25%, Roth) was added in order to adjust
pH value to 10. Next, metal ions solution was rapidly added to (NH4).HPO4 solution under constant
stirring resulting in the instantaneous formation of precipitates. The reaction mixture was stirred for
10 minutes, afterwards precipitates were separated by vacuum filtering, washed with deionized water
and ethanol. The obtained precipitates were dried at 50 °C overnight in the oven and ground in agate
mortar. In order to obtain a-TCP phase, the precipitates were transferred to alumina crucible, annealed
at 1250 °C for 12 h and rapidly cooled down on a metal plate.

2.2. Characterization

Powder X-ray diffraction (XRD) data were obtained using Ni-filtered Cu Ko radiation on a Bruker
D8 Advance diffractometer with Bragg-Bretano focusing geometry and position sensitive LynXEYE
detector. The data were collected within 20 angle range from 10 to 110° (step width 0.01° and
integration time 1.5 s). Fourier-transform infrared (FTIR) spectra were recorded in the range of
4000—400 cm* employing Bruker ALPHA ATR spectrometer with 4 cm™ resolution. Morphology
of the synthesized samples was investigated with a Hitachi SU-70 field-emission scanning electron
microscope (FE-SEM). Elemental analysis of powders was carried out by inductively coupled plasma
optical emission spectrometry (ICP-OES) using Perkin-Elmer Optima 7000DV spectrometer. The
samples were dissolved in 5% nitric acid (HNO3, Rotipuran® Supra 69%, Roth) and diluted to an

appropriate volume. Calibration solutions were prepared by dilution of the stock standard solutions
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(single-element ICP standards 1000 mg/L, Roth). Room temperature electron paramagnetic
resonance (EPR) measurements were performed on Bruker ELEXSYS-1I E500 CW-EPR system at
X (9.5 GHz; 2 mW) and Q (33.9 GHz; 2 mW) microwave frequency bands. Magnetic field
modulation amplitude was 0.2 mT. Spectra intensities for X-band EPR measurements were
normalized to sample mass. Excitation and emission spectra were obtained on the Edinburgh
Instruments FLS980 spectrometer equipped with double excitation and emission monochromators,
450 W Xe arc lamp, a cooled (-20 °C) single-photon counting photomultiplier (Hamamatsu R928),
and mirror optics for powder samples. The photoluminescence (PL) emission spectra were corrected
by a correction file obtained from a tungsten incandescent lamp certified by NPL (National Physics
Laboratory, UK). When measuring excitation spectra (1em=670 nm), excitation and emission
bandwidths were set to 1.60 and 5.00 nm, respectively. When measuring emission spectra
(1ex=408 nm), excitation and emission bandwidths were set to 4.00 and 1.60 nm, respectively. For
both measurements, step width was 1.00 nm and integration time was 0.2 s. The PL decay kinetics
were measured on the same Edinburgh Instruments FLS980 spectrometer. Xe p-flash lamp puF920
was used as an excitation source. Excitation wavelength was 408 nm while emission was monitored
at 630 nm. The obtained data were fitted using the following equation:

1(t) = A+Bel ) 1 Bl ™) 1)
where I(t) is luminescence intensity at a certain time t; A, B1, B2 corresponds to background and pre-
exponential constants, respectively; 71, 7> are emission lifetime values. For temperature-dependent
excitation and emission measurements, a cryostat MicrostatN from the Oxford Instruments had been
applied the present spectrometer. Liquid nitrogen was used as a cooling agent. The measurements
were performed at 77 K and at 100-500 K in 50 K intervals. Temperature stabilization time was 90 s
and temperature tolerance was set to £5 K. During the measurements dried nitrogen was flushed over
the cryostat window to avoid the condensation of water at low temperatures on the surface of the

window.



129 3. Results and discussion

130  The phase crystallinity and purity of all synthesized a-TCP powders were investigated by means of
131  XRD analysis. The XRD patterns of CPs precipitates doped with different amounts of Mn?* ions and

132 annealed at 1250 °C for 12 hours are demonstrated in Fig. 1.
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134 Fig. 1. XRD patterns of o-TCP powders doped with different amounts of Mn?*.,
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The obtained results clearly indicate that after the thermal treatment a-TCP crystal phase was formed
regardless of chemical composition of the samples. All diffraction peaks can be attributed to
monoclinic Caz(PO4). and match well the standard XRD data (ICDD #00-070-0364). Not even traces
of B-TCP polymorph were detected, indicating complete transformation of initial CP precursor to
a-TCP and successful prevention of reversible phase transition, which was achieved by a thermal
quenching. It should be noted, that attempts to synthesize a-TCP powders with higher content of Mn
were unsuccessful and resulted in biphasic products containing certain amount of secondary p-TCP
phase. Similar B-TCP stabilizing effect was previously reported for other smaller ions such as Mg
and Zn [7, 43]. Moreover, when tried to prepare a-TCP containing 2 mol% of Mn, the annealed
powders were just melted, probably due to formation of eutectic mixture.

FTIR spectroscopy was employed to further characterize the synthesized products and identify
potential neighboring phases, which could be hardly detectable by XRD in the presence of major

a-TCP phase. The FTIR spectra of a-TCP in the range from 400 to 1500 cm™* are given in Fig. 2.

1.0% Mn**

0.8% Mn**

0.6% Mn?

0.4% Mn?

0.2% Mn?

Transmittance

0% Mn?*

1208
\I

| : T : — |
1400 1200 1000 800 600 400

Wavenumber (cm™)

Fig. 2. FTIR spectra of a-TCP powders doped with different amounts of Mn?*.
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It is seen that all the obtained FTIR spectra are very similar and can be characterized by absorption
bands characteristic of phosphate ions. The spectra are dominated by broad absorption bands located
at 1150-970 cm™ (v3), 550, 560, 582, 596 and 611 cm™ (vs), 955 cm™ (v1) and less intense band
centered at 450 cm™t (v2) [6]. The results confirm the formation of targeted a-TCP structure and shape
of the spectra is very similar with that of previously reported FTIR spectra of a-TCP [6]. Nevertheless,
additional very weak absorption bands, which do not correspond to a-TCP, were observed at 1208
and 755 cm™L. These signals indicate the presence of negligible amount of calcium pyrophosphate
(Ca2P207) minor phase [44], which is quite often observed in TCP powders synthesized by
precipitation method [31, 45, 46].

One of the most important steps in characterization of materials is to determine chemical composition
of synthesized products. Moreover, it is known that in some cases the control of stoichiometry in
mixed-cation compounds synthesized by co-precipitation method can be challenging. In order to
confirm stoichiometric co-precipitation of both metal ions, elemental analysis by means of ICP-OES

was performed. The results of the analysis are summarized in Table 1.

Table 1. Results of the elemental analysis of the samples performed by ICP-OES.

Sample Mn/(Mn + Ca), mol% (Mn + Ca)/P
Caz(POq); : 0% Mn?* - 1.46
Caz(POs); : 0.2% Mn?* 0.21 1.47
Caz(POa)2 : 0.4% Mn?* 0.42 1.47
Caz(PO4)2 : 0.6% Mn?* 0.62 1.47
Caz(POa)2 : 0.8% Mn? 0.82 1.47
Caz(POs) : 1.0% Mn?* 1.01 1.50

It is obvious that determined Mn content is very close to theoretical values, which demonstrates that
employed synthetic approach allows to prepare materials with controllable chemical composition.
Total metals to phosphorous ratio shows slightly lower values than nominal 1.5:1. The possible
explanation of insignificant deviation from theoretical values can be in the presence of minor Ca;P.07

phase, which was detected by FTIR spectroscopy.
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X-band EPR spectra of the investigated samples are shown in Fig. 3 and representative Q-band EPR

spectrum of TCP sample with 0.6 mol% of Mn?* is presented in the inset of the figure.

0% Mn*
——0.2% Mn*
—— 0.4% Mn*

0.6% Mn*
——0.8% Mn*
——1.0% Mn*

EPR intensity, a.u.

0.0 0.1 0.2 0.3 0.4 05 0.6 0.7
B, T

Fig. 3. Experimental X-band EPR spectra detected at room temperature. Inset: Q-band EPR

spectrum of TCP sample with 0.6% Mn?*.

EPR signals associated with Mn?* are typical in the family of Mn-doped CPs [36, 39, 42, 47-53].
Mn?* is an electron spin S = 5/2 paramagnetic system, which interacts with the 100% abundant **Mn
isotope with nuclear spin | = 5/2. Zero field splitting (ZFS) of the ground state leads to five allowed
transitions in the presence of external field B, which are further split into 21+1 =6 hyperfine
structure (HFS) components each. In powdered systems HFS is usually resolved for the central
ms = - 1/2 <> ms = + 1/2 transition only, as the outer transitions are more sensitive to variations of
ZFS parameter values induced by structural disorder effects. High field EPR can be used to simplify
the spectra of high spin systems with a large magnitude of ZFS [36, 51], therefore measurements at

Q-band were carried out. The additional spectra allowed to determine the average separation of
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9.4 mT between the HFS components, which is close to the values reported for HAp and B-TCP [36,
39, 47-52]. Thus, it can be concluded that the coupling of Mn?* electron and nuclear spins is similar
for all these CPs.

The most apparent feature in X-band EPR spectra is the correlation of EPR signal intensities with the
level of Mn doping. The double integral (DI) of EPR signal intensity is proportional to the number of
spins in the sample and can be used for a quantitative analysis of Mn?* content [51, 53]. An estimation
of EPR spectra DI values normalized to the 1.0 mol% Mn?* sample is given in Table 2. There is a
reasonable correlation with the results of elemental analysis (see Table 1), which is a strong indication

that Mn is predominantly in the 2+ oxidation state.

Table 2. Normalized DI values of EPR signal intensities for the investigated samples.

Sample DI, arb.units
Ca3(POs)2 : 0% Mn?* 0.00
Caz(PO4)2 : 0.2% Mn?* 0.19
Caz(POs)2 : 0.4% Mn?* 0.37
Caz(PO4)2 : 0.6% Mn?* 0.57
Caz(PO4)2 : 0.8% Mn?* 0.72
Caz(PO4)2 : 1.0% Mn?* 1.00

Apart from the broadening effect with an increase of Mn?* concentration [36, 39, 42, 51-53] the shape
of EPR spectra remains unchanged, which implies that ions occupy the same positions in the lattice
up to 1.0 mol% substitution level. A notable exception is the TCP sample with 0.4 mol% of Mn?*,
for which sharp lines are overlaying the spectrum. The additional signal exhibits HFS characteristic
to *°Mn, therefore it must be originating from another Mn-related paramagnetic center. Mn?* ions
occupying other crystallographic sites of a-TCP structure or minor crystalline phases as well as Mn
ions presenting in other oxidation states could be offered as possible explanations, however,
additional studies are required to establish the nature of this phenomenon.

Fig. 4 shows SEM images of pristine and 1 mol% Mn?*-doped a-TCP powders as representative.

10
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Fig. 4. SEM images of pristine (a) and 1 mol% Mn?*-doped a-TCP (b) powders.

As it might be expected after annealing at high temperature and grinding in agate mortar, both samples
consisted of the polydisperse monoliths of irregular shape. The size of the particles varied from
approximately 5 to 80 um. No clearly visible grains and grain boundaries were observed. Some pores
can be seen on the interior surface of the crushed monoliths. Overall, there is no significant difference
between pristine and doped samples indicating that in investigated doping level presence of Mn?*
ions does not have perceptible effect on morphology of a-TCP specimens.

Fig. 5 illustrates PL excitation and emission spectra of Mn?*-doped a-TCP powders at room

temperature.
a °A,(S)—>"A(G), ‘E(G) 0% Mn?** b ——— 0% Mn*
: : ° “T(G)>°A[(S) ’
\ 0.2% Mn** 0.2% Mn*
0.4% Mn** 0.4% Mn**
~ ~
] 0.6% Mn?' ] 0.6% Mn**
c c
=1 0.8% Mn** = 0.8% Mn*
Q 1.0% Mn?* o 1.0% Mn?
< <
N—r N—r
fary °A,(S)>*T,(D) 2
(%] (%]
5 A, (S)—>*T,(P), "E(D)'/ %
= °A(S)T,(G) =
50 300

—T - T T 1 1 —rT r 1 - 1111 17"
2 350 400 450 500 550 600 650 450 500 550 600 650 700 750 800 850

Wavelength (nm) Wavelength (nm)

Fig. 5. Excitation (lem = 670 nm) and emission (1ex = 408 nm) spectra of Mn?*-doped a-TCP.
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Exploring the PL excitation spectra for 670 nm emission in the range from 250 to 650 nm (Fig. 5a),
it is evident that undoped a-TCP sample is optically inactive. In the spectra of all Mn-doped samples
few excitation bands centered at around 345, 360, 408 and 529 nm were clearly observed. These
bands correspond to the transitions from the ®A;(S) level to the [*T1(P), *E(D)], *T2(D), [*A1(G),
*E(G)] and “T1(G) levels, respectively. There is also one intense band at around 250 nm, which is
caused by the charge transfer state of 0> —~Mn?* transition [41, 54-56]. The shape of the excitation
spectra is similar to that of previously reported for Mn?*-doped B-TCP [42]. The PL emission spectra
of the samples excited by 408 nm radiation possess a single broadband emission in the range of
around 525-825 nm and centered at about 630 nm. Such emission spectrum is characteristic of a
3d-3d emission band of Mn?* ions which is attributed to transition from exited “T1(G) state to the
fundamental ®A1(S) energy level [40-42]. All Mn-containing samples showed concentration-
dependent behavior of both excitation and emission spectra. It is clearly seen that higher doping level
results in stronger excitation and emission signals, the highest values were observed for a-TCP doped
with 1 mol% of Mn?* ions. However, as was mentioned above, we were not able to prepare a-TCP
powders with higher Mn content in order to obtain higher emission intensity. The observed emission
maximum is slightly blue-shifted in comparison to that of Mn-doped 3-TCP and red-shifted compared
to that of Mn-doped HAp, which were shown to be centered at 645 and 581 nm, respectively [42]. At
the same time for X-ray excited Mn-doped B-TCP emission maximum was detected at 660 nm [38].
Fig. 6 shows decay curves of Mn?*-doped o-TCP powders when specimens were excited at 408 nm
and emission monitored at 630 nm. As observed, the decay curves are very similar regardless of Mn
content in the samples. In order to calculate decay times, all obtained curves were fitted employing a
two exponential decay function, since fitting by a single exponential function did not converge,
resulting in a high chi-square values. The calculated decay constants t revealed that the decay curves
consist of initial fast decay process (t1) and a subsequent slow decay process (12). The inset in Fig. 6
shows the mean values of decay constants as a function of Mn?* concentration. It is seen that with an

increase of Mn content the lifetime decreases, this dependence shows clearly linear behavior with an

12



245  exception for the sample containing 0.4 mol% of Mn?*, which is obviously out of this trend. In order
246  to correct this outlier, which we initially thought originates from a potential mistake in preparation of
247  this particular sample, we additionally synthesized 5 separate o-TCP samples with 0.4 mol% of Mn.
248  However, all extra syntheses were reproducible and showed same optical properties and lifetimes.
249  Moreover, it goes hand in hand with additional signals in EPR spectra. Therefore, the reason of such
250 anomalous behavior is unclear. Unfortunately, performed XPS analysis did not provide an
251  information about the presence of other than Mn?* valence states because of lack of sensitivity, since
252  concentrations of Mn are quite low. Possible occupancy of another crystallographic site is also hardly
253  provable because of the same reason and large number of Ca sites (18 inequivalent Ca sites) in a-TCP

254  structure.
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256 Fig. 6. PL decay (lex = 408 nm, Aem = 630 nm) curves of Mn?*-doped a-TCP at room temperature.

257 Inset: calculated decay constants.

258  The excitation and emission spectra of a-TCP doped with 1 mol% of Mn?* are depicted in Fig. 7 as a

259  function of temperature.
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Fig. 7. Temperature-dependent excitation (lem = 670 nm) and emission (4ex = 408 nm) spectra of

Mn?*-doped o-TCP.

Evidently, the excitation spectrum changes significantly depending on the temperature (Fig. 7a). If
compare the spectra at room temperature and at 77 K, it is seen that at lower temperature the intensity
of excitation band corresponding to the charge transfer state of O*-Mn?* transition and located at
around 250 nm increases drastically. The intensity of the other bands in UV region also increases
significantly, however in a longer wavelength region this increase is not so substantial. The intensity
of excitation bands at 500 K is negligible compared to that at room temperature. It is also seen that
emission intensity monotonically increases as temperature decreases (Fig. 7b), moreover a red shift
was observed in the emission peak with decreasing temperature. It was found that emission peak
gradually shifts from 620 nm at 500 K to 645 nm at 77 K. Another observed temperature-induced
effect — emission peak broadening. It was determined that emission peak broadens significantly at
elevated temperatures. This could be explained by the fact that at higher temperatures lattice

vibrations increase leading to the changes in local surrounding of Mn?* ions.
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4. Conclusions

A series of Mn?*-doped o-TCP powders with a doping level ranged from 0.2 to 1 mol% were
successfully synthesized by co-precipitation method followed by high-temperature annealing and
thermal quenching. The results of XRD, FTIR and elemental analysis confirmed that proposed
synthetic approach is suitable for the synthesis of Mn?*-doped a-TCP with a good phase purity and
controllable chemical composition. Optical properties of the synthesized specimens were investigated
in terms of PL. It was demonstrated that Mn-containing powders under excitation at 408 nm revealed
a broadband emission in the range from 525 to 825 nm with a maximum centered at around 630 nm.
Emission intensity was found to be dependent on concentration of Mn ions and increased as Mn
content increased. On the contrary, PL lifetimes showed gradual decrease with an increase of Mn
content. Temperature-dependent measurements of PL exhibited gradual and significant increase of

emission intensity at lower temperatures.
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