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This work presents a comparative study of pure and fluorine-containing hydroxyapatite (HAp and HAp—F), focusing on
the effect of fluoride ions on the structural and optical properties of the material. The samples were synthesized using a
rapid pyrolysis method and characterized by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR),
and luminescence spectroscopy. XRD analysis showed that both materials crystallize in a hexagonal apatite structure with
the space group P6s/m. The FTIR and XRD data suggest structural changes associated with the partial incorporation of
F~ ions and modifications in the local environment of phosphate groups. The spectral and luminescence measurements
revealed that the presence of fluorine affects the luminescence behavior, including changes in the visible spectral region
and possible modification of energy-transfer processes. Overall, these findings show that the incorporation of fluorine

influences the structural and optical properties of hydroxyapatite and may provide a basis for further studies of apatite-
based materials for biomedical and luminescent applications.
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INTRODUCTION

Biogenic and synthetic hydroxyapatite are crystallo-
chemically variable materials whose properties are gov-
erned by their composition, degree of crystallinity, and
surface state. Biogenic HAp can be obtained from tooth
enamel, with its phase composition controlled by heat
treatment. Subsequent ionic modification, such as Cu?'/
Ag" incorporation, leads to reproducible structural and
morphological changes detectable by X-ray diffraction.
Fourier-transform infrared spectroscopy, and scanning
electron microscopy (SEM). [1] Similarly, the stable pro-
duction of nano-HAp from biogenic sources while main-
taining phase purity and defined crystallinity confirms the
feasibility of targeted control over the structural param-
eters of biogenic apatites. [2]

Ionic incorporation in the HAp lattice, even at the lev-
el of a few percent, causes measurable changes in lattice
parameters, crystallinity, and surface characteristics, such
as (-potential and ion exchange. This provides an experi-
mental basis for comparing pure and modified forms of
apatite. [3] At the coating level, variations in crystallin-
ity and apatite-phase structure have been shown to cause
significant changes in functional properties. [4] Overall,
ionic modification is regarded as a versatile tool for tai-
loring the crystallochemistry, morphology, and solubility
of HAp. Therefore, analyzing the influence of specific
ionic modifications, including fluorine-related modifica-
tion, on measurable material responses is methodologi-
cally and physically justified. [S] The wide range of per-
missible incorporations in the HAp structure is exploited
in the design of functional coatings and hybrid systems,

further motivating investigation of the role of F~ ions in
bio-HAp. [6]

When comparing HAp modifications, microstructural
and surface parameters must be controlled because the
functional properties of nano-HAp depend on morpholo-
gy, specific surface area, charge, and electrical conductiv-
ity. [7] To improve reproducibility, standardized synthetic
enamel-like HAp surfaces are used as model substrates
for comparative studies. [8] Methodological limitations
should also be considered: crystallite size estimation from
XRD strongly depends on the selected model, while ap-
proaches such as the Monshi—Scherrer method show bet-
ter agreement with Brunauer—Emmett—Teller surface area
analysis and transmission electron microscopy, with low-
er systematic errors. [9]

The practical relevance of modified apatites is sup-
ported by the widespread use of nano-HAp in dental com-
posites as a functional filler and delivery platform, includ-
ing for sealing dentinal tubules and suppressing bacterial
growth. [10] The incorporation of nano-HAp into dental
nanocomposites increases bioactivity and biocompat-
ibility and may enhance antibacterial performance. This
requires reproducible control of apatite-phase properties
during compositional modification. [11] At the same time,
assessing the biological safety of nanoparticles and the
factors governing their interactions with biosystems re-
mains an important task. [12] In bone tissue engineering,
nano-HAp is also used as a component of composite scaf-
folds and as a carrier for bioactive factors and drugs. [13]

Alongside regenerative applications, multifunctional
HAp systems are being developed with optical and diag-
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nostic capabilities. The integration of fluorescent com-
ponents and theranostic nanoplatforms into HA scaffolds
highlights the need for an optical response, including lu-
minescence, in apatite-based materials. [14] The expan-
sion of HAp applications into bioimaging and functional
coatings further increases the need to correlate compo-
sitional modifications and defect structure with spectral
characteristics. [15] More broadly, inorganic nanopar-
ticles, including HAp, are considered promising deliv-
ery and bioimaging platforms because of their combined
physicochemical and optical properties. [16]

Because of its limited mechanical properties, HAp is
often used in composites and functional coatings. This
increases the need to control the structure and proper-
ties of the apatite component during modification. [17]
In composite scaffolds, matrix degradation and exposure
of the apatite phase are critical because they determine
ion exchange and bioactivity. These factors should there-
fore be considered when interpreting results for modified
apatites. [18] In addition, the development of composites
with physical effects, such as electrical conductivity and
the transmission of endogenous electrical signals, empha-
sizes that structural tuning of HAp is a key determinant of
system functionality. [19]

Recent studies have shown that fluorine modification
of hydroxyapatite can be directed toward different func-
tional purposes. For example, in a recent work, a com-
position-graded core—shell HAP@FAP structure was pre-
pared by surface-gradient F-doping in order to introduce
a built-in strain gradient and enhance the flexoelectric/
piezoelectric response for piezocatalytic degradation of
phenanthrene in soil. Thus, in that study, fluorine incor-
poration was mainly considered as a tool for creating a
heterostructured piezocatalyst with improved mechani-
cal-energy-driven catalytic activity. In contrast, the pres-
ent work focuses on a simpler comparative system of pure
HAp and fluorine-containing HAp-F, where the main
objective is to clarify how F~ incorporation affects the
apatite structure and luminescent behavior. This distinc-
tion is important because the influence of fluorine-related
structural changes on the visible luminescence response
of HAp remains less systematically discussed compared
with catalytic, piezoelectric, and biomedical aspects of
fluorinated apatites.

Therefore, studying the luminescent characteristics of
pure and fluorine-containing hydroxyapatite derived from
biogenic sources is a well-founded approach for identi-
fying correlations of the type “fluorine-related modifica-
tion—defect structure—microstructure spectral response”
and for establishing criteria for spectroscopic monitor-
ing of modified apatite materials. The scientific novelty
of this work lies in the comparative analysis of HAp and
HAp-F obtained under the same synthesis conditions,
with emphasis on the relationship between F~ incorpora-
tion, structural changes detected by XRD and FTIR, and
changes in the luminescence response. [20]

The objective of this work is to compare the structural,
vibrational, morphological, and luminescent properties of
pure biogenic hydroxyapatite and fluorine-containing hy-
droxyapatite synthesized under identical conditions, with
particular attention to the relationship between F~ incor-
poration, defect-related states, and visible luminescence.

SAMPLES AND METHODS

Biogenic hydroxyapatite was synthesized using a
rapid pyrolysis method. Raw bovine bones were used as
the starting material. First, the organic component was re-
moved, and the samples were dried. The resulting mate-
rial was then calcined at 750 °C. The obtained samples
were ground in a mortar, and fluorine-containing com-
ponents were introduced using a solvation—precipitation
approach. The powders prepared for luminescence mea-
surements were pressed into copper sample holders with
a thickness of 0.5 mm and a diameter of approximately 10
mm. Pressing was carried out using a manual press at ap-
proximately 0.1...0.2 MPa. The resulting powders were
characterized by photoluminescence spectroscopy, infra-
red spectroscopy, and X-ray diffraction. Scanning elec-
tron microscopy images were obtained using a Hitachi
TM4000 microscope operated in backscattered electron
(BSE) mode. The SEM measurements were carried out at
an accelerating voltage of 15 kV under different magnifi-
cation conditions. SEM analysis was used to examine the
surface morphology and particle/agglomerate characteris-
tics of the synthesized powders.

Luminescence measurements were performed over
the spectral range of 200...700 nm using a Solar CM
2203 spectrofluorimeter. The molecular structure was
examined in the range of 400...4000 cm™ using a Jasco
IR-4700 spectrometer equipped with an attenuated total
reflection (ATR) module. Structural and phase analyses
were performed on a Bruker D6 Phaser diffractometer in
the 20 range of 10...80°.

RESULTS AND DISCUSSION

Infrared spectroscopy was carried out to study the
structural features of pure HAp and fluorine-modified hy-
droxyapatite. The IR spectra of both samples are present-
ed together in Figure 1, and the main absorption bands
with their assignments are summarized in Table 1. This
comparison makes it possible to evaluate the changes in
the apatite structure after fluorine incorporation.

As shown in Figure 1, both HAp and HAp—F exhibit
the characteristic absorption bands of the apatite phase.
The intense bands in the region of 1096...1036 cm™ cor-
respond to the asymmetric stretching vibrations of phos-
phate groups, vs(PO+*"). The band at 962...964 cm™ is
assigned to the symmetric stretching vibration of phos-
phate groups, vi(PO+*"). The bands observed at 604...569
cm™! are attributed to the bending vibrations of phosphate
groups, va(PO+*"). The presence of these bands in both
spectra confirms that the apatite structure is preserved af-
ter fluorine modification.
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Figure 1. IR spectrum of pure hydroxyapatite and
Aluorine-modified hydroxyapatite.

For the initial HAp sample, the band near 636 cm™'
is associated with the librational vibration of structural
hydroxyl groups, OH", located in the apatite channels.
After fluorine modification, this band decreases in
intensity, as also indicated in Table 1. This change suggests
partial substitution of hydroxyl groups by fluoride ions in
the apatite structure.

A notable feature of the HAp—F spectrum is the
appearance or intensification of absorption in the
700...750 cm™" region. This band is related to interactions
in the fluorohydroxyapatite channels and can be associated
with structural changes caused by the incorporation of
F~ ions. Therefore, the increase in this region, together
with the decrease of the OH™ libration band near 636
cm™', confirms the formation of fluorine-containing
hydroxyapatite.

A slight shift of the phosphate band from 962 cm™ in
HAp to 964 cm™ in HAp—F is also observed. This shift
may be attributed to local distortion of phosphate groups

due to fluorine incorporation into the apatite lattice.
In addition, the phosphate stretching region around
10961036 cm™ remains clearly visible in both samples,
indicating that fluorine modification does not destroy the
apatite framework.

Table 1. IR spectra of HAp and HAp—F samples

Wavenumber,cm™ | Assignment Interpretation

1036-1096 v, PO,* phosphate stretching
962-964 v, PO,* local distortion of phosphate groups
564-604 v,PO,* apatite phase confirmation

636 OH- libration decreases after F modification
interactions in fluorohydroxyapatite
700-750 F channels, increases after F
modification
1411-1456 CO;> carbonate substitution/adsorption

The bands in the region of 1456...1411 cm™' are at-
tributed to carbonate groups, COs*". Their presence indi-
cates carbonate substitution or adsorption in the apatite
structure. This is typical for bio-derived hydroxyapatite
and suggests that the obtained material is not completely
stoichiometric HAp, but rather carbonate-containing apa-
tite.

Thus, the combined analysis of Figure 1 and Table 1
shows that the main phosphate bands of hydroxyapatite
are retained after fluorine modification, confirming the
preservation of the apatite phase. At the same time, the
decrease of the OH™ band near 636 cm™" and the increase
of the band in the 700...750 cm™ region indicate the
incorporation of fluoride ions into the apatite channels.
These spectral changes confirm the successful formation
of fluorine-modified hydroxyapatite while maintaining
the basic apatite structure.

SEM analysis was performed to evaluate the
morphology of the fluorine-containing hydroxyapatite
sample after modification. The SEM images of the
HAp-F powder are presented in Figure 2. The sample

Figure 2. SEM images of the HAp—F sample
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Figure 3. SEM-EDX elemental mapping of the HAp—F sample

demonstrates an agglomerated morphology consisting
of irregularly shaped particles and compact aggregates.
The particles are distributed non-uniformly over the
surface, forming clusters of different sizes. At higher
magnification, individual particle fragments with sizes of
approximately 1.2-2.0 um can be distinguished.

The observed morphology is typical for thermally
treated calcium phosphate powders. The formation of
dense agglomerates may be associated with calcination,
partial sintering of particles, and subsequent grinding of
the powder. Such agglomeration is also characteristic of
hydroxyapatite-based materials due to their high surface
energy and tendency of fine particles to form secondary
aggregates.

SEM-EDX mapping was carried out to evaluate the
elemental distribution in the HAp—F sample, as shown
in Figure 3. The mapping results confirm the presence
of the main elements associated with fluorine-containing
hydroxyapatite, including calcium, phosphorus, oxygen,
and fluorine. The distribution of these elements over the
analyzed region indicates that fluorine is incorporated into
the material rather than being present only as a separate
localized impurity. This supports the formation of a
fluorine-modified hydroxyapatite phase.

The EDX scanning results shown in Figure 4 further
confirm the elemental composition of the HAp—F sample.
The detection of calcium and phosphorus corresponds to
the apatite matrix, while the presence of fluorine confirms
successful fluorine modification. The simultaneous
presence of Ca, P, O, and F is consistent with the
formation of fluorohydroxyapatite or fluorine-substituted
hydroxyapatite. However, since EDX provides mainly
local elemental information, the incorporation of fluorine

into the apatite lattice should be interpreted together with
the IR spectroscopy results, where changes in the OH -
and F-sensitive regions were observed.

Thus, SEM analysis shows that the HAp—F sample
has an agglomerated powder morphology with irregular
particle shape and micron-sized fragments. The EDX
mapping and scanning results confirm the presence
and distribution of fluorine in the hydroxyapatite-
based material. These findings support the successful
modification of hydroxyapatite with fluorine while
preserving the typical morphology of thermally treated
calcium phosphate powders.

Figure 4. SEM—EDX spectrum/scanning analysis
of the HAp—F sample

To investigate the crystalline structure of the synthe-
sized hydroxyapatite (HAp) and fluorine-containing hy-
droxyapatite samples, X-ray diffraction analysis was per-
formed over the 20 range of 10...80°. Figures 5 and 6 show
the experimental diffraction patterns of the samples togeth-
er with the reference reflection profiles from the Powder
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Diffraction File (PDF) database for hydroxyapatite (PDF
No. 86-0740) and fluorapatite (PDF No. 15-0876).

The diffraction pattern of pure hydroxyapatite shows
distinct high-intensity diffraction peaks corresponding
to the crystalline Cas(POa4)3(OH) phase characteristic of
hydroxyapatite. The dominant reflections are recorded at
20~ 25.8°,31.8° 32.9°, 34.0°, 39.8°, 46.7°, 49.5°, 53.2°,
and 64.0°, which agrees well with the PDF 86-0740 ref-
erence data. The high intensity and narrow shape of the
peaks indicate a high degree of crystallinity of the synthe-
sized material. The absence of additional or extraneous
peaks suggests that no secondary crystalline phases were
detected within the sensitivity of the XRD method.

Hydroxyapatite crystallizes in a hexagonal crystal sys-
tem with the space group P6s/m.

Figure 5. X-ray diffraction (XRD) pattern of pure
hydroxyapatite (HAp).

For fluorine-containing hydroxyapatite, the diffrac-
tion pattern also shows distinct sharp peaks; however,
their positions and relative intensities are slightly al-
tered compared with those of pure HAp. The dominant
peaks are close to the reference reflections of fluorapatite
Cas(POa)sF according to PDF 15-0876. The shift of some
peaks toward higher 26 values may be associated with the
incorporation of fluorine into the apatite structure and the
corresponding changes in interplanar distances. This shift
may be related to the smaller effective size of fluoride ions
(F") compared with that of hydroxyl groups (OH"), which
may contribute to local structural rearrangement in the
apatite lattice.

The HAp—F sample also exhibits a hexagonal apatite-
type structure with the space group P6s/m. The reference
unit-cell parameters for fluorapatite are slightly smaller
than those of hydroxyapatite: a = b = 9.367 A and ¢ =
6.884 A. Therefore, the observed shift of the diffraction
peaks in HAp—F is consistent with structural changes ex-
pected for fluorine-containing apatite phases, while the
overall lattice symmetry remains preserved.

The XRD results show that the synthesized hydroxy-
apatite has a high degree of crystallinity. The absence of
additional pronounced diffraction peaks suggests that no
secondary crystalline phases were detected within the sen-
sitivity of the XRD method. Fluorine modification leads
to the formation of a fluorine-containing apatite phase
without clearly detectable secondary phases, suggesting
structural changes associated with fluorine incorporation.

Overall, X-ray diffraction analysis showed that both
samples — pure hydroxyapatite and fluorine-containing
hydroxyapatite — possess the hexagonal apatite-type
structure with the space group P6s/m. The observed shifts
of the diffraction peaks suggest changes in interplanar dis-
tances and support the incorporation of fluorine without
disrupting the primary apatite crystal structure.

Figure 6. X-ray diffraction (XRD) pattern of fluorine-doped
hydroxyapatite (HAp—F).

To further evaluate the agreement between the experi-
mental diffraction data and the reference PDF patterns, the
deviation of the peak positions was calculated as A20 =
20exp — 20PDF (Table 2). For the HAp sample, the aver-
age absolute deviation from the hydroxyapatite reference
pattern PDF 86-0740 was approximately 0.126°, while
for the HAp—F sample the average absolute deviation
from the fluorapatite reference pattern PDF 15-0876 was
approximately 0.051°. The smaller deviation observed for
HAp-F indicates a good correspondence between the ex-
perimental pattern and the fluorapatite reference structure.
This result supports the formation of a fluorine-containing
apatite phase after fluorine modification.

Most of the HAp-F diffraction peaks are slightly
shifted to lower 28 values compared with the fluorapa-
tite reference data, with an average shift of approximately
—0.047°. Such small shifts may be associated with lattice
distortion, partial substitution of OH™ by F~, carbonate
incorporation, and local compositional variations in the
apatite structure. At the same time, the absence of addi-
tional intense peaks indicates that no pronounced second-
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ary crystalline phases were detected within the sensitivity
of the XRD method.

For clarity, only the main diagnostic diffraction peaks
of the HAp and HAp—F samples are presented in Table 2.
These reflections were selected because they correspond
to the most intense and characteristic peaks of the apatite
structure and are sufficient for phase identification.

Table 2. Comparison of XRD peak positions
of HAp and HAp—F samples

HAp PDF HAp-F PDF Assignment/
HAp, 26 86-0740, HAp-F, 26 15-0876, si nfi;ficance
20 20 g

26.15 25.872 25.44 25473 | Ccharacteristic
apatite reflection
32.05 32.275 31.89 31.937 main apatite peak
33.18 33.157 32.22 32.268 main apatite peak
34.30 34.167 33.07 33128 | apatitestructure

confirmation
39.44 39.364 39.28 39.330 apatite reflection
46.92 46.947 46.86 46.866 apatite reflection
49.73 49.620 49.54 49.584 apatite reflection
53.42 53.195 53.12 53.145 apatite reflection

To investigate electronic transitions in hydroxyapa-
tite and fluorine-containing hydroxyapatite, excitation
(Ex) and emission (Em) spectra were recorded using a
CM2203 spectrofluorimeter. These spectra make it pos-
sible to identify characteristic energy levels, electronic
transitions, and possible energy-transfer processes within
the material structure.

To study the luminescent properties of hydroxyapatite,
the sample was excited in the wavelength range of 200—
220 nm (Figure 7). Two dominant bands were recorded
in the excitation spectrum, corresponding to intense lu-
minescence bands in the regions around 340 and 450 nm.
Under excitation at 200 nm, the spectrum shows a broad
intensity distribution in the ultraviolet and blue regions,

suggesting the excitation of high-energy states associated
with defects in the crystal lattice.

Under excitation at 220 nm, a predominantly single
intense luminescence maximum is observed, suggesting
more selective excitation of specific states involved in en-
ergy relaxation. According to the literature, emission in
the ~450 nm region is associated with the dominant tran-
sition in the hydroxyapatite system.

Figure 7. Emission spectra recorded under excitation
at 200 and 220 nm.

Subsequently, excitation spectra were recorded for the
emission bands at 340 and 450 nm (Figure 8).

In the excitation spectrum corresponding to the 340
nm emission band (Figure 8a), bands in the 200-260 nm
range are observed. These bands suggest the excitation
of high-energy states that may be associated with defect
levels, such as oxygen vacancies or structural distortions
of PO+~ groups. Excitation by short-wavelength photons
may lead to relaxation to localized states, followed by
photon emission at 340 nm.

For the 450 nm emission band (Figure 8b), excitation
bands were registered at 260, 335, and 365 nm. These

Figure 8. Excitation spectra for the emission bands at 340 nm (a) and 450 nm (b).
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Figure 9. Emission spectra recorded under excitation
at (a) 260 and (b) 450 nm.

data suggest a possible multistep relaxation process, in
which excitation to higher-energy levels may be followed
by energy transfer to defect-related states and subsequent
emission at 450 nm.

As discussed earlier, under excitation at 260 nm (Fig. 9,
line a), broadband luminescence was recorded, consisting
of several emission components and spanning the
370...650 nm range. Within this range, dominant emission
bands were identified at approximately 374, 450, and 555
nm. Such a spectral structure suggests the excitation of
high-energy states followed by relaxation through several
possible intermediate defect-related levels.

Under excitation at 450 nm (Figure 9, line b), selective
enhancement of the emission band at 450 nm is observed,
which may indicate energy redistribution between the
corresponding electronic states.

Under excitation at 335 nm (Figure 10, line a), the
emission spectrum exhibits a maximum at 426 nm. This
may be associated with electronic transitions involving

Figure 11. Excitation spectrum of pure HAp monitored
at 555 nm emission.

Figure 10. Emission spectra recorded under excitation
at (a) 335 nm and (b) 365 nm.

excited states near the valence-band edge and localized
defect-related states.

A similar pattern is observed under excitation at 365
nm (Figure 10, line b), supporting the presence of defect-
related energy levels contributing to emission in the blue
region of the spectrum. In the spectra shown in Figure 10,
the dominant luminescence bands in the regions around
450 and 555 nm are clearly observed.

The excitation spectrum recorded for the 555 nm
emission band shows an intense maximum at 450 nm,
supporting a correlation between the corresponding
energy levels (Figure 11). This observation suggests
a possible multistep energy-transfer process, in which
excitation in the blue region is followed by relaxation and
photon emission in the green region (~555 nm).

To investigate the luminescent properties of fluorine-
containing hydroxyapatite, the sample was excited at
various wavelengths, and the corresponding emission
spectra were recorded. Under excitation at 220 nm,

Figure 12. Emission spectrum of HAp—F recorded under
excitation at 220 nm.
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Figure 13. Excitation spectra of HAp—F for the emission bands at (a) 385 nm and (b) 494 nm.

intense emission bands were observed at 385, 494, 550,
594, and 625 nm (Figure 12). The relationship between
the excitation conditions and the emission spectra
suggests changes in the luminescence behavior associated
with the incorporation of fluoride ions into the crystal
lattice. The observed band distribution indicates possible
modification of defect-related electronic states associated
with fluorine incorporation in the hydroxyapatite lattice.

Further analysis focused on the excitation spectra
recorded for the emission bands at 385 and 494 nm.
For the 385 nm emission band, the excitation spectrum
shows pronounced bands in the ~220 nm region (Figure
13a), suggesting efficient excitation of high-energy
states followed by relaxation to the level responsible for
emission at 385 nm. For the 494 nm emission band, the
excitation spectrum exhibits bands at 318, 355, and 372
nm (Figure 13b), suggesting a possible multistep energy-
transfer process between defect-related states associated
with fluorine incorporation.

Figure 14. Emission spectra recorded under excitation at (a)
318 nm, (b) 355 nm, and (c) 372 nm.

Under excitation of the HAp—F sample at 318 nm
(Figure 14a), broad composite luminescence bands were
observed in the regions around 420 and 550 nm. These
results suggest that the excitation energy influences
electronic transitions in the material and reflects the
complex nature of energy-transfer processes. Under
excitation at 355 (Figure 14b) and 372 nm (Figure 14c¢),
emission bands were also observed in the regions around
420 and 550 nm. The presence of these maxima under
different excitation wavelengths supports the involvement
of stable energy states in the luminescence processes and
suggests energy transfer between various defect-related
levels.

In summary, the excitation spectrum recorded for the
550 nm emission band reproduced the previously observed
excitation bands at 318, 355, and 372 nm (Figure 15). The
repeated appearance of these excitation maxima supports
the presence of reproducible excitation features and
possible energy-transfer processes in the HAp—F structure

Figure 15. Excitation spectrum monitored
at 550 nm emission.
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Figure 16. Band diagram of energy levels

associated with defect-related states formed upon fluorine
incorporation.

Overall, the spectral results suggest that the incorpo-
ration of fluoride ions affects the energy-level structure
of HAp, leading to additional excitation and emission
bands. This is reflected in the appearance of new spectral
features, broadening of the luminescence spectral range,
and increased complexity of energy-transfer processes be-
tween localized states.

To better understand the luminescence behavior of
the samples, the excitation and emission wavelengths
were converted into photon energies using the equation
E =1240/A, where E is the photon energy in eV and A is
the wavelength in nm (Table 3). For pure HAp, excitation
at 200 nm corresponds to an energy of approximately 6.20
eV, while the emission bands at 340 and 450 nm corre-
spond to 3.65 and 2.76 eV respectively. Under excitation
at 260 nm, with an excitation energy of 4.77 eV, emission
bands at 374, 450, and 555 nm correspond to 3.32, 2.76,
and 2.23 eV, respectively. These results indicate that the
luminescence of HAp is associated with relaxation from
high-energy excited states to lower-energy defect-related
states.

For the HAp-F sample, excitation at 220 nm corre-
sponds to 5.64 eV, while the observed emission bands at
385, 494, 550, 594, and 625 nm correspond to 3.22, 2.51,
2.25,2.09, and 1.98 ¢V, respectively. The appearance of

several emission bands over a wide spectral range indi-
cates that fluorine incorporation modifies the defect struc-
ture of hydroxyapatite and creates additional localized
energy states. These states may act as radiative recombi-
nation centers and contribute to the more complex lumi-
nescence behavior of HAp—F compared with pure HAp.

The emission bands observed for HAp—F under exci-
tation at 318, 355, and 372 nm are mainly located around
420 and 550 nm, corresponding to emission energies of
approximately 2.95 and 2.25 eV. The repeated appearance
of these bands under different excitation wavelengths sug-
gests the presence of stable defect-related luminescence
centers. The band near 420 nm may be associated with
blue emission from shallow defect levels, whereas the
band near 550 nm may correspond to deeper defect states
or energy-transfer processes involving fluoride-modified
local environments.

Figure 16 shows proposed energy-level diagram and
energy-transfer pathways for pure hydroxyapatite (HAp)
and fluorine-containing hydroxyapatite (HAp—F). The
scheme shows excitation transitions, defect-related en-
ergy levels, radiative emission pathways, and possible
non-radiative energy transfer between localized states. In
pure HAp, luminescence is mainly associated with intrin-
sic defect states, including oxygen vacancies, hydroxyl
vacancies, and PO+* -related localized states. In HAp-F,
fluorine incorporation modifies the defect structure, de-

Table 3. Calculation of the energies of the main bands

Sample Excitation, nm Excitation energy, eV Emission maxima, nm Emission energy, eV
HAp 200 6.20 340,450 3.65,2.76
HAp 260 4.77 374,450,555 3.32,2.76,2.23
HAp-F 220 5.64 385,494,550, 594, 625 3.22,2.51,2.25,2.09,1.98
HAp-F 318 3.90 420, 550 2.95,2.25
HAp-F 355 3.49 420, 550 2.95,2.25
HAp-F 372 3.33 420,550 2.95,2.25
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creases the band gap from 5.23 to 4.60 eV, and introduces
additional localized states that promote cascade-like en-
ergy-transfer processes and broaden the emission range.

CONCLUSION

This article presents a comparative study of pure and
fluorine-containing hydroxyapatite (HAp and HAp-F).
Sample synthesis followed by X-ray diffraction (XRD)
analysis showed that both materials exhibit the hexagonal
apatite-type structure (P6s/m). The observed peak shifts
in HAp-F suggest changes in interplanar distances
associated with the incorporation of fluorine, without
disrupting the overall lattice symmetry. Infrared (IR)
spectroscopy revealed spectral changes consistent with
fluorine incorporation into the apatite structure, possible
partial substitution of OH™ groups by F~ ions, and partial
carbonation of the material.

The excitation and emission spectra revealed
differences in the luminescent properties of HAp and
HAp-F. Fluorine-containing hydroxyapatite exhibits
changes in the visible luminescence region, including
band broadening and possible modification of defect-
related electronic states and energy-transfer processes.

Overall, the findings suggest that the incorporation
of fluorine affects the structural and optical properties
of hydroxyapatite. These results may provide a basis
for further studies of fluorine-containing apatite-based
materials for biomedical and luminescent applications.

This research was funded by the Science Committee
of the Ministry of Science and Higher Education of the
Republic of Kazakhstan (Grant No. AP22788773)
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HNCCIEJOBAHUE JIIOMUHECIHEHTHBIX XAPAKTEPUCTUK YUCTOI'O 1
DOTOPCOJAEPKAINEIO BUOTUAPOKCHUAIIATUTA

K. b. Kansuibicos , /1. X. laypendexos , T. T. Anubaii, I. b. BaiipoaeBa, A. C. AxmeToBa,
P. K. JaypenGekoBa, b. H. FOcyn6exosa, E. I. Komkun6aes, A. Taararyipt”

Eepaszuiickuii nayuonanvnwtit ynueepcumem umenu JI.H. I'vmunesa

* E-mail ona konmaxmos: adil.talgatuly.00@gmail.com

B paboTe mpencTaBieHO CpaBHHUTENIBLHOE HCCIeI0BaHHE 4YUCTOro M (ropcozpepxkaiiero ruapokcuanaruta (HAp u
HAp-F), HanpaBineHHOe Ha u3yueHHe BIUSHUS (QTOPUI-MOHOB Ha CTPYKTYPHBIC M ONTHYECKHE CBOMCTBA MaTepHala.
OO6pa3ipl ObUTA TIOTYYEHBI METOIOM OBICTPOTO TTUPOJIM3a U UCCIIEAOBAHbI ¢ UCTIOIH30BAHUEM PEHTTEHOBCKON Mudpak-
uuu (XRD), urppakpacHoi criekrpockonuu ¢ npeodpaszoBanneM Pypoe (FTIR) 1 IFOMUHECIIEHTHOMN CIIEKTPOCKOITHH.
Pe3ynbTaThl peHTTEHOBCKOTO aHAIM3a MOKa3ayid, 4To 00a Marepuana KpUCTAJUIM3YIOTCS B TeKCATOHAJIBHOW CTPYKTYpe
araTUTOBOTO THIIA C MPOCTpaHCTBeHHOU rpynmoit P6s/m. lanueie FTIR- 1 XRD-aHanu3a yka3slBatoT Ha CTPYKTYpHbIE
W3MEHEHHUs, CBA3aHHBIE C YACTUYHBIM BHEIpEHHEM HOHOB F~ 1 H3MEHEHHEM JIOKaIbHOTO OKPYXeHUS (pochaTHBIX TPYIIL.
CriexkTpanbHbIe W JIOMHHECLEHTHBIE MCCIEAOBAaHMS MOKAa3ald, YTO MPHCYTCTBHE (TOpa BIHSIET Ha JIIOMHUHECIIEHTHBIC
CBOWCTBa MaTepuaa, BKII0Yast U3MEHEHHUS B BUAMMOI 00IaCTH CIIEKTpa U BOSMOXKHYIO MOAN(UKAIHIO IPOIIECCOB Mepe-
HOCa PHEepruu. B 11enoM mogydeHHbIe pe3yIbTaThl TOKa3bIBAIOT, YTO BBEACHNE (PTOpa BIUSAET HA CTPYKTYPHBIC M ONITHYE-
CKHE CBOIICTBA THAPOKCHUATIATUTA U MOXKET CIYKUTh OCHOBOH JUTSI JAJIHEHIITNX MCCIIeTOBAHUH allaTHTOBBIX MaTepHAIIOB
JUTA OMOMEIUIIMHCKUX U IIOMIHECIEHTHBIX IPUMEHEHHUI.

Knroueswie cnosa: I'uopoxcuanamum, sudpoxcuanamum, MoOUDUYUPOBAHHbINL PMOpoMm; mopeuopOKCUanamum, uH-
@Ppakpacnas cnekmpockonus, PeHmeeHO8CKAs OUPPaKyus, CKAHUPYOUas 31eKMpPOHHAS MUKPOCKONUS, 3/1eMEeHMHbIIL
auanus; GomonoMUHeCcyeHyus.

TA3A ’KOHE ®TOPKYPAM/IbI BUOTUJIPOKCUAIMATUTTIH JIIOMUHECIHEHTTIK
CUITATTAMAJIAPBIH 3EPTTEY

K. b. Kaunbuisicos, [, X. laypenoexos, T. T. Anubaii, I. b. baiip6aeBa, A. C. AxmeToBa,
P. K. JaypenGexona, b. H. FOcynoexona, E. I. Komkun6aes, 9. Tanraryinl”

JI. H. I'ymunee amvinoazel Eypazus ynmmulx, ynueepcumemi, Acmana, Kazaxcman

* Batinanvic ywin E-mail: adil.talgatuly.00@gmail.com

By sxymbicTa Tasza xaHe (ropkypamasl rujnpokcuanarntke (HAp sxone HAp—F) canmbicTbipMansl 3epTTey >Kyprisifi,
(TOpU NOHAAPBIHBIH MaTEPUAIIABIH KYPBUIBIMJIBIK KOHE ONTHKAJIBIK KACHETTEPIHE acepi KapacThIPbULABL. YIIrlIep *Kbul-
JlaM TTUPOJIM3 ICIMEH albIHbIN, peHTreHaiK audpakuus (XRD), @ypse TypiaeHaipyai HHOPAKBI3bUI CHEKTPOCKOIHS
(FTIR) *oHe TIOMUHECLEHTTIK CIIEKTPOCKOIHUS 9/licCTepiMEH 3epTTeili. PEHTreHaik Tanay HoTHKeNepi eKi MaTepHaIblH
na P63/m KeHICTIKTIK TOOBIHA JKATaThIH IeKCArOHANIBI AIIATHTTIK KYPhUIBIMAA KpHcTainaHaTeiHbIH KepceTTi. FTIR xone
XRD nepexrepi F~ nonpapbinbi imiHapa eHrizityiMeH xaHe Gocgar TONTapbIHbIH KEPrilikTi OpPTachIHbIH ©3repyiMeH
OailylaHBICTBl KYPBUIBIMIBIK e3repictepii kepcereni. CHEKTpIiK jKoHE JIIOMHHECHEHTTIK eiueyiaep (GpropasiH Oomyb
MarepualIbIH JIOMHHECIICHTTIK KaCHETTEepiHe, COHBIH IIIiH/AE CIEKTPAIH KOPIHETIH aliMarbIHIarbl e3repicTepre jKoHe
SHEPrysl TackIMalIIay YAEPiCTEpiHiH BIKTHMA TYPJICHYIHE 9cep eTeTiHiH KopceTTi. JKarsl anFan/a, alnblHFaH HOTHKEIep
(TOPABIH €HTI31Iyl I'MIPOKCHAINIATUTTIH KYPBUIBIMIBIK KOHE ONTHKAJIBIK KAaCHETTEpIHE ocep CTETIHIH JKOHE araTHUT
HETi31HJIerT MaTepraiaapIbl OMOMETUIIMHAIBIK KOHE JIFOMAHCCIICHTTIK KOJIaHy YIIH OaH dpi 3epTTeyre Heri3 Oona
QJIATBIHBIH KOPCETE/I].

Tyuin ce30ep: cudpokcuanamum, @mopmern MOOUPUKAYUSIAHEAH 2UOPOKCUANAMUM, (MOPSUOPOKCUANAMUM,
UHDPAKBIZLLL CHEKMPOCKONUSL, PEHM2EHOIK OUPPaAKYUsL, CKAHepLey i dNeKMPOHObIK MUKPOCKORUSL, dLeMEHMMIK manoay,
Gomonomunecyenyusi
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