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The heat-induced crystallization of amorphous calcium phosphate (ACP) is an intriguing process not yet
well comprehended. This is because most of the works on this topic are based on ex situ studies where
the materials are characterized after the heat and cooldown cycles, thus missing transient structural
changes. Here, we used time-resolved energy dispersive X-ray diffraction and infrared spectroscopy to
study, for the first time, the thermal crystallization of ACP in situ. The thermal crystallization of two kinds
of citrate-stabilized carbonated ACP was studied, as they are promising materials for the preparation of
advanced bioceramics. The behavior of these samples was compared to that of two citrate-free ACPs,
either doped or non-doped with carbonate ions. Our results evinced that several phenomena occur
during ACP thermal annealing. Before crystallization, all ACP samples undergo a decrease in the short-
range order process, followed by several internal reorganizations. We have assessed that differently from
carbonate-free ACP, carbonated ACPs with and without citrate directly crystallize into a biomimetic
poorly crystalline carbonated hydroxyapatite. Citrate-stabilized ACPs in comparison to citrate-free ACPs
have a faster hydroxyapatite formation kinetics, which is due to their higher specific surface area. This
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work reveals the necessity and the potentialities of using in situ techniques to effectively probe complex
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Introduction

Calcium phosphates are excellent materials for application in
medicine, agriculture, environmental remediation, cosmetics,
catalysis, and many other sectors.'” Their most successful and
widespread use is in the form of bioceramics, employed in
dentistry and orthopedic surgery.” Among calcium phosphate
phases, there is renewed interest in the metastable amorphous
calcium phosphate (ACP). ACP does not have a precise stoichio-
metry and is represented by the general formula Ca,(PO,),-nH,0,
and it usually consists of rounded nanoparticles containing
Cag(PO,)s clusters surrounded by 3-5 water molecules that
“attach” the clusters together.” The short-range (local) ordered
ACP clusters, defined as Posner’s clusters, have a structural
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processes such as the heat-induced crystallization of ACPs.

similarity to some crystalline calcium phosphates, such as hydro-
xyapatite (HA, Cas(PO,);(OH), Ca/P molar ratio = 1.67) or trical-
cium phosphate (TCP, Cas(PO,),, Ca/P molar ratio = 1.5).° ACP
has found successful application as a biomaterial for dental
remineralization, as a component of self-setting injectable bone
cements, and as a coating material of orthopedic prostheses.”*°
For these applications, the material is used in its amorphous
phase, and then it crystallizes, forming the desired crystalline
product in situ.

Crystallization of ACP is an intriguing process not yet well
comprehended and of great relevance for any application. ACP
crystallizes both by reacting with water, as well as by heating."'*?
Thermal crystallization of ACP is a multistep process, which
starts with a non-reversible dehydration of its structural water
and concludes with the transformation into a crystalline phase,
usually occurring in the temperature range between 500 and
800 °C. The thermal crystallization of ACP is thought to be
controlled by a solid-state internal lattice reordering mechanism,
and usually, the product is TCP, either in the o- or B-form.”
Previous reports have suggested that the ACP composition, and
thus its Ca/P molar ratio, influences the type of crystalline
product, usually leading to the formation of mixtures of TCP
with other calcium phosphate phases. Recently, we have studied
the thermal crystallization of carbonate-doped ACP nanoparticles
stabilized by citrate ions (hereafter denoted Cit-ACP). We have
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demonstrated that the thermal crystallization of Cit-ACP uniquely
leads to the formation of pure HA instead of TCP, as its Ca/P
molar ratio (1.70) is closer to the HA’s one (1.67)."* In addition,
Cit-ACP was doped with fluoride and carbonate ions, and these
ions were maintained in the HA structure formed by heating,
allowing the production of a multi-ion doped bioceramic of
medical interest."*

However, several phenomena may occur to ACP under
heating. This is a relevant issue as to the best of our knowledge
all the studies on this topic reported in the literature are
“ex situ”, meaning that ACPs were characterized after being
heated and subsequently cooled down or quenched to room
temperature.*****52* previous ex situ studies could have
missed transient transformations (i.e. very fast-occurring phe-
nomena) such as structural changes occurring during heating
or cooling steps.'* ! So, there is a need for extensive and reliable
in situ experimental data at high temperatures. For example,
in situ high-temperature energy dispersive X-ray diffraction
(HT-EDXRD) allows observing the processes of crystallization,
crystal growth, and changes in crystal phases as a function of
temperature.”*>* Another important technique in this field is the
in situ temperature-dependent Fourier-transform IR spectroscopy
(TD-FTIR) that provides information on the variations in local
order that occur in functional groups. TD-FTIR is sensitive to
short-range ordered (amorphous) phases and allows discriminat-
ing between amorphous and proto-crystalline phases®* as well
as studying the thermal stability of volatile substances.”” Therefore,
the aim of this work was to investigate in detail the transformations
of Cit-ACP during heating by using complementary HT-EDXRD and
TD-FTIR, as these techniques allow the investigation of the heat-
induced transformations from the crystallographic point of view
as well as at atomic and molecular levels.

From these data, we have evaluated the lifetime of the
amorphous phase as a function of temperature, the formation
of transient phases, the reaction mechanisms, and the kinetics
of HA crystallization, shedding more light on the ACP thermal
crystallization process.

Experimental section
Materials

All reagents were purchased from Sigma Aldrich (St. Luis, MO,
USA) and were used without purification. Reagents comprise
calcium chloride dihydrate (CaCl,-2H,0, >99.0% pure), hydro-
chloric acid (HCl, >37.0% pure), sodium citrate tribasic dihydrate
(Naz(CeH50;)-2H,0, >99.0% pure), sodium phosphate dibasic
dihydrate (Na,HPO,-2H,0, >99.0% pure), and sodium carbonate
monohydrate (Na,CO3-2H,0, >99.0% pure). All solutions were
prepared with ultrapure water (18.2 MQ cm, 25 °C, Arium@© pro,
Sartorius).

Sample preparation

Cit-ACP samples (hereafter denoted Cit-ACP-1 and Cit-ACP-4 as
a function of the different nominal Cit/Ca ratio used) were
synthesized as reported in the work of Iafisco et al.”® Cit-ACP
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was prepared by mixing two solutions (1:1 v/v, 200 mL total) of
(A) 100 mM CaCl, + X mM Na;(CsH50;) (Where X = 100 mM for
Cit-ACP-1 and 400 mM for Cit-ACP-4) and (B) 120 mM Na,HPO,
+200 mM Na,CO; under vigorous stirring at room temperature.
Before mixing solution (B), pH was adjusted to 9.5 with HCI.
After 1 min of stirring, the particles were repeatedly washed
with ultrapure water by centrifugation (7000 rpm, 5 min, 4 °C)
and then freeze-dried overnight.

Citrate-free ACP samples doped and non-doped with carbonate
ions and hereafter denoted Ref-CO;-ACP and Ref-ACP, respectively,
were synthesized by slightly modifying the chemical precipitation
described above and used as reference samples. In detail, Ref-CO3-
ACP was prepared by mixing two solutions (1:1 v/v, 200 mL total)
of (A) 10 mM CaCl, and (B) 12 mM Na,HPO, + 20 mM Na,CO; at
4 °C, and the precipitate was washed three times by centrifugation
(12500 rpm, 4 min, 4 °C), the first two with water at 4 °C and the
last with a solution of ethanol-water (70:30 v/v) at 4 °C, and then
freeze-dried. Ref-ACP was prepared using a procedure similar to
that used for Ref-CO5-ACP without using Na,CO;.

Chemical and crystallographic characterization of ACP samples

Powder X-ray diffraction (PXRD) patterns of the samples were
recorded on a D8 Advance diffractometer (Bruker, Karlsruhe,
Germany) using Cu Ka radiation, with source parameters set at
40 kV and 40 mA. The patterns were collected in the 20 range
from 10° to 60° with a step size of 0.02° and an acquisition time
of 0.5 s.

The Ca and P contents of the samples were measured by
using an Agilent 5100 inductively-coupled plasma optical emission
spectrometer (Agilent Technologies, Santa Clara, CA, USA). For the
analysis, 10 mg of the sample was dissolved in 50 mL of a 1 wt%
HNO; aqueous solution, and a calibration curve was constructed
by using certified standard solutions (Sigma Aldrich, St. Luis, MO,
USA). Citrate and carbonate contents were measured through
thermogravimetry analysis using an STA 449F3 apparatus (Netzsch
GmbH, Selb, Germany). Ca. 10 mg of the sample was put in a
platinum crucible and heated from room temperature to 1100 °C
under air flow at a heating rate of 10 °C min~"; citrate was
quantified with the weight loss from 350 to 700 °C and carbonate
with the weight loss from 700 to 1000 °C.*®

The specific surface area (SSAggr) of the samples was mea-
sured using a Surfer instrument (Thermo Fisher Scientific,
Waltham, MA, USA) through the Brunauer-Emmett-Teller
approach for N, gas adsorption.

In situ energy dispersive XRD with a controlled temperature
program

Data acquisition. EDXRD spectral acquisition was per-
formed at a fixed scattering angle and exploiting the polychro-
matic radiation of a W-anode bremsstrahlung, performing an
energy scan of the diffracted photons. In this way, the fixed
experimental setup during acquisition allows a fast, real-time
data collection. The EDXRD diffractogram is usually reported as
diffracted intensity as a function of the normalized momentum
transfer magnitude g, where ¢ is defined by the formula g = a x
E x sin(0) (A~") where a is a constant, E is the energy of the
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specific component of the continuous X radiation and 0 is the
value of the scattering angle. The energy dispersive diffracto-
gram can be easily converted into an angular one (intensity vs.
20) by using the given formula. EDXRD patterns were obtained
by means of a custom apparatus with a W-anode X-ray tube
generating radiation up to 50 keV. Diffracted signals were
collected using an EG & G high purity germanium photodiode
detector with an energy resolution of 1.5-2.0% in the 20-50 keV
range. Upon varying 0, it is possible to modulate the g-range of
the collected signal, before data collection with a controlled
temperature program, several diffraction spectra have been mea-
sured at different values of the scattering angle to individuate the
most suitable spectral window (gmin—¢max) for the analyzed com-
pounds. The operative scattering angle was fixed at a value of 260 =
5° as the best compromise of possibility to record signals belong-
ing to the initial phase (ACP), the final phase (HA), and the
possible transient phases. Maximum radiation energy was set at
50 keV and the current at 30 mA. The EDXRD apparatus was
coupled with a customized high-temperature cell (HT-cell) with a
PID feedback control system and a dome-shaped beryllium win-
dow. The system allowed us to perform high-temperature mea-
surements in the range up to 800 °C. Sample heating was set with a
temperature ramp of 5 °C min~ " until a temperature of 700 °C.
Sample heating and acquisition of diffracted spectra started
simultaneously. EDXRD real-time monitoring was performed by
acquiring an EDXRD pattern every 2 minutes.

Data processing and analysis. All patterns underwent a
smoothing procedure by applying a 5 point adjacent-averaging
algorithm. Spectra were plotted and analyzed with the software
OriginPro. The HA (211) peak was identified and fitted by using
an automated peak fitting routine (OriginPro2016) in order to
calculate the peak diffracted intensity as a function of tempera-
ture. The following procedure was used: first, the region
between 25 and 35 20° was extracted and the baseline of the
pattern was removed, then HA (211), (112), and (300) peaks were
fitted with a single Gaussian curve, obtaining the (211) peak
area as a function of temperature. The HA (002) peak was also
identified and fitted by using a similar automated peak fitting
routine (OriginPro2016) to calculate the peak full width at half-
maximum (FWHM) and peak position as a function of tempera-
ture. In this case, the region between 15 and 30 20° was extracted
and the baseline of the pattern was removed, then the peak was
automatically identified as the 2nd derivative maxima, and finally,
it was fitted with a single Gaussian curve obtaining the peak
parameters. These parameters were used to calculate the HA
crystalline domain along (002) (referred to as D(go2)) during heating
by using Scherrer’s formula.

In situ FT-IR spectroscopy with a controlled temperature
program

Data acquisition. Infrared spectroscopy has been employed
to obtain the reflectance spectra of samples as a function of
temperature, in the spectral range from 400 cm ™' to 8000 cm™ ',
with a resolution of 4 cm™". A Bruker Vertex 80v Fourier Transform
Infrared (FTIR) spectrometer equipped with a Bruker Hyperion
3000 microscope has been used for this characterization.
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The optical configuration included a Globar source, a Ge/KBr
beam-splitter, a Cassegrain objective (x 15, NA = 0.4), and a liquid
nitrogen-cooled MCT detector. A gold mirror was used as a
reflectance reference. A TS1500 Linkam heating device, placed
on the motion-controlled stage of the microscope, has been
employed to heat the sample. In order to obtain kinetic infor-
mation, a synchronous heating and acquisition method was
used. A heating rate of 5 °C min " was programmed from RT to
700 °C, while a repeated measurement process was performed
(2 spectra per min, 64 scans per spectrum). Reference was
acquired at the beginning and at the end of the heating process.

Data processing and analysis. Each reflectance spectrum
was obtained by computing the ratio between the reflected
intensities obtained for the sample and the reference. Finally,
for the sake of a better visualization of the structural evolution,
all spectra have been normalized to the most intense reflec-
tance value (main PO, mode (v3)). Normalized spectra were
plotted and analyzed with the software OriginPro. The main
FTIR peaks (v4PO,, 3P0y, v3CO3, and vCOO) corresponding to
the main ACP’s chemical species were identified and integrated by
using an automated multi-peak analyzer routine (OriginPro2016)
to extract the peak full width at half-maximum (FWHM), peak
position, and peak area as a function of temperature. The follow-
ing procedure was used: first, the baseline of each peak was
removed, then the peaks were automatically identified as the
2nd derivative maxima, and finally, peaks were integrated, and
peak parameters were calculated. This process allowed measuring
the variations in peak broadness, position, and area associated
with variations in crystallinity, local order, and content of chemical
species, respectively, so as to visualize the kinetics of the transfor-
mations of ACP during heating.

In addition, the TD-FTIR spectra were further processed to
highlight the crystallization of ACP into HA as a function of
temperature. In detail, the second derivative of the spectra was
calculated by applying the Savitzky-Golay algorithm combined
with spectral smoothing to improve the signal-to-noise ratio.
Afterward, the second derivative of the spectra was inverted to
show the negative peaks.

Results and discussion

Morphological, structural, and compositional characterization
of Cit-ACP and Ref-ACP

Cit-ACP and citrate-free ACP samples are amorphous, as shown
by their PXRD patterns (Fig. S1, ESIt). Cit-ACP samples were
prepared at two different nominal Cit/Ca molar ratios, i.e. Cit/
Ca = 4 or 1, as reported in our previous works we have found
that the Cit/Ca ratio controls their specific surface area (SSAggr)
and this, in turn, influences their thermal crystallization as well
as the crystallization in water.'*?® Citrate-free ACPs, used as
reference samples, were prepared under similar reaction con-
ditions to those used for preparing Cit-ACPs; however, it should
be considered that they cannot be obtained using the same
concentration of calcium and phosphate precursors employed
for Cit-ACP, as the high supersaturation in the absence of citrate
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induces the immediate conversion of ACP into HA (data not shown).
Therefore, Ref-CO;-ACP and Ref-ACP samples were prepared with
the same precursor molar ratios of Cit-ACP, but the overall ion
concentration was reduced by a factor of 10. Chemical composition
and SSAggr values of Cit-ACP samples in comparison with those of
citrate-free ACP samples are reported in Table S1 (ESIT). Cit-ACP
samples are similar to each other in terms of elemental composition
and citrate/carbonate content. Ref-CO5;-ACP has a carbonate content
comparable to Cit-ACP samples, while for Ref-ACP, the carbonate
content is negligible. The Ca/P molar ratio of Ref-ACP (1.35) matches
with the standard value reported in the literature for one common
type of ACP (called ACP2, Ca/P = 1.35-1.38).” On the other hand, Cit-
ACP samples and Ref-CO;-ACP have higher Ca/P values (1.70 and
1.66, respectively) due to the presence of carbonate ions substituting
phosphate ions in the ACP structure, as previously demonstrated by
other studies."”*® The SSAggr values of all materials are relatively
high, as all samples are nanosized. The SSAggr values of Ref-ACP and
Ref-CO;-ACP samples are 50 and 130 m> g™, respectively, which are
similar to other ACPs reported in the literature (50-160 m* g~ *).>**!
On the other hand, the presence of citrate leads to remarkably
higher SSAggr values for Cit-ACP samples, being ca. 200 and
300 m”> g~ for Cit-ACP-4 and Cit-ACP-1, respectively. Our previous
works have shown that the uncommonly high SSAggr values of
Cit-ACP are caused by Cit molecules, which adsorb on the surface of
ACP nuclei, minimizing their size and increasing their specific
surface area.'**® In addition, the nominal Cit/Ca molar ratio influ-
ences the nucleation lag time, leading to different SSAgr values. As a
consequence, the different surface areas influence Cit-ACP crystal-
lization kinetics and thermodynamics.'*?®

In situ HT-EDXRD analysis of Cit-ACP thermal crystallization

As the first step, the thermal crystallization of ACP samples was
investigated in situ by using EDXRD coupled with a high-
temperature cell.

Temperature (°C)
Intensity (a.u.)

Intensity (a.u.

Intensity (a.u.)

20 (degree)
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In Fig. 1, the HT-EDXRD patterns collected during heating of
Cit-ACP samples (panels A and B) and citrate-free ACP samples
(panels C and D) are presented as three-dimensional graphs
together with the corresponding two-dimensional contour plots
as well as stack plots in Fig. S2 (ESIt). HT-EDXRD patterns of
Cit-ACP samples show that from 30 °C to ca. 550 °C both
materials remain amorphous, as no diffraction peaks are pre-
sent and only an ACP characteristic broad band centered
around 30° 20 was detected. In this temperature range, an
increase in the intensity of the ACP band can be observed,
which can be attributed to the thermal expansion of the sample
holder, which is mainly constituted of metal, hence lifting the
ACP powder. Consequently, a higher quantity of powder inter-
cepts the incoming X-ray beam and contributes to the diffracted
signal. Citrate-free ACP samples have also the same behavior,
with a non-specific increase of ACP band intensity between
room temperature and 550 °C. In the range between 550 and
700 °C, crystallization occurs in Cit-ACP samples, proved by the
progressive formation of several diffraction peaks. This finding
is in agreement with our previously reported differential ther-
mal analysis (DTA) data.'® The crystallization product of Cit-ACP
samples is HA as a single phase (PDF card file 00-009-0432) as
some of its characteristic peaks can be observed: (002) at 25.6°,
the triplets (211), (112), and (300) between 31-33°, respectively,
and (310) at 40° (Fig. S3, ESIt). This finding is in agreement with
previous ex situ analysis."* A closer look at high-temperature
patterns (Fig. 1 and Fig. S2, S3, ESIt) evidences the formation of
another diffraction peak at 35.5° 20 at temperature > 680 °C for
both Cit-ACP-1 and Cit-ACP-4, which is attributed to crystalline
calcium oxide (CaO, PDF card file 00-037-1497). This peak was
expected, as our previous ex situ study revealed the formation of
a small amount of CaO (less than 1 wt%) due to the reaction
between the excess calcium of Cit-ACP (their Ca/P ratio is above
1.67, the stoichiometric value for HA) and atmospheric oxygen
during the thermal crystallization."* Thanks to this in situ

Temperature (°C)
Intensity (a.u.)

0 10

0 30 40
20 (degree)

7 810"
' 0

Temperature (°C)
Intensity (a.u.)
3

0 0 4 5
20 (degree)

Fig.1 EDXRD patterns, collected as a function of heating temperature of (A) Cit-ACP-1, (B) Cit-ACP-4, (C) Ref-CO3-ACP, and (D) Ref-ACP. The two
peaks at ca. 10° 20 are due to instrumental contribution and correspond to the anisotropic K, and Kj fluorescence signals of the W anode tube.
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analysis, it has been clarified that CaO formation occurs after
Cit-ACP crystallization into HA, and it is not concomitant to
crystallization. Interestingly, Ref-CO;-ACP and Ref-ACP present
a different behavior at high temperatures. Ref-CO;-ACP, similar
to Cit-ACP samples, crystallizes into HA (together with traces of
Ca0), but at a higher temperature (at ca. 600 °C) due to its lower
surface area. Ref-ACP remains amorphous up to 700 °C, as
previously observed by ex situ DTA and XRD analyses. Ref-ACP
crystallization into TCP occurs at more than 700 °C and could
not be observed in our HT-EDXRD experiment.'* Therefore,
these data prove that the chemical composition of ACP controls
the nature of the final product obtained by heating.

The HA formation and its crystalline domain dimension
were assessed from HT-EDXRD patterns. HA formation was
estimated by measuring the intensity of the HA (211) peak
(Fig. 2A), as this parameter is proportional to the amount of the
crystalline phase. This approach was chosen over other quali-
tative methods for the evaluation of the degree of crystallinity
as the others can be used only for XRD patterns of crystalline
materials characterized by several diffraction peaks. This study
was carried out only for Cit-ACP samples and Ref-CO;-ACP, as
no crystallization process occurred in Ref-ACP. The data show
once again that Cit-ACP samples start to crystallize earlier than
Ref-CO;3-ACP (at 530 °C rather than at 570 °C), and the HA phase
content increases with heating. The size of the HA crystalline
domain along the (002) direction (D(yo,)) as a function of
temperature was calculated using Scherrer’s equation (Fig. 2B)
to estimate the HA crystalline domain dimension along its
major c-axis. D(ggz) values show that both Cit-ACP samples and
Ref-CO;-ACP are nanocrystalline, with an average size of ca.
5 nm. Interestingly, the size of Do,y does not vary as a function
of the temperature up to 700 °C, suggesting that with heating
more and more crystalline HA nuclei form without domain size
growth.

Overall, our data prove that HA is directly formed through
heating of carbonated ACP without the formation of intermedi-
ate phases, and rules out the hypothesis that HA is formed by
ACP recrystallization during the cooling process. Even if the

>

—o— Cit-ACP-1
—o— Cit-ACP-4 °
— | —o— Ref-CO,-ACP £006°
3 3 500°°
© / o
= d 00d o9
> o / 00’
= o R o°
g /\O © 00 J
O
06" 004°d o
-g qzogoo 000 000°
- e\ o
o 3 oP o o
2 2 o0™°
154 Opg 900
© o
= Lk Opnd
= o £C000
=) o0 000°
oO_Jo‘)\ oo'o
Ff/ o o o
[0 o0
o
—0—0—080000000G

T T T T T T T T T
500 520 540 560 580 600 620 640 660 680 700
Temperature (°C)

Fig. 2

24518 | Phys. Chem. Chem. Phys., 2022, 24, 24514-24523

View Article Online

Paper

heating temperature is relatively high and can induce a strong
crystal growth, we show that the newly formed diffraction peaks
are broad and poorly defined, indicating that HA has nanometric
crystalline domains and low crystalline order and that any growth
of crystalline domains along the investigated temperature range
occurs. This means that the material obtained at high tempera-
ture is rather similar to biogenic apatite, which is ion substituted,
contains carbonates, and is poorly crystalline.** The implication
of this finding is that a biomimetic HA ceramic material can be
prepared by heating a Cit-ACP precursor.

In situ TD-FTIR spectroscopy of Cit-ACP thermal crystallization

Complementary to HT-EDXRD, TD-FTIR allowed us to investi-
gate the compositional and structural changes that occurred to
Cit-ACP samples during heating which are not detectable by
XRD. In Fig. 3, the FTIR spectra as a function of temperature for
Cit-ACP samples (panels A and B) and citrate-free ACP samples
(panels C and D) are represented as three-dimensional graphs
together with the corresponding two-dimensional contour plots
as well as stack plots in Fig. S4 (ESIT). At room temperature, all
samples display the broad absorption bands at ca. 560 and
1050 cm™ " that are associated, respectively, with the bending
(v4PO,) and stretching (v3PO,) modes of phosphate groups in
an amorphous environment. In addition, Cit-ACP samples and
Ref-CO;-ACP present additional bands at ca. 870 em™ " and in
the range 1400-1500 cm ™" that were attributed to the carbonate
substitution ions inside the ACP structure (v,CO3; and v;COj3
modes, respectively).** Finally, Cit-ACP samples present a band at
1560 cm™ " that is attributed to the stretching of carboxylate groups
of citrate (LCOO).** For the sake of clarity, the spectra of the
samples recorded before the thermal treatment are reported in
Fig. S5 (ESIt). Enlargements of contour plots focusing on phos-
phate and carbonate bands are provided in Fig. S6-S8 (ESIT).
The TD-FTIR spectra of Cit-ACP-4 and Cit-ACP-1 show that
several changes occur during the annealing as shown in Fig. 3
and 4 and Fig. S6-S8 (ESIT) and are summarized in Table 1.
First, from room temperature to ca. 120 °C, there is an
increase in the v;PO, band broadness (Fig. S6A and B, ESIt).
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The evolution of band broadness was measured by peak
integration analysis, calculating the FWHM of v;PO, as a func-
tion of temperature (Fig. S6A, ESIt). Calcium phosphate bands
are constituted by the superposition of several sub-bands asso-
ciated with P-O vibrations in different local environments.>* In
the case of ACP, the non-ordered structure causes the formation
of many different local ionic geometries around phosphate
anions, and therefore, their vibrational bands appear broad
and without distinctive peaks.” Therefore, an increase of FWHM
indicates an increment of such distribution (i.e. a decrease of
short-range order) which can be associated with ACP dehydra-
tion, as previously described.*® No significant differences in
v3PO, FWHM between Cit-ACP-1 and Cit-ACP-4 were observed,
suggesting that this event is not influenced by SSAggr of the
samples. The increase of FWHM occurs also for Ref-CO;-ACP and
Ref-ACP (Fig. 4A and Fig. S6C and D, ESIt).

Second, from ca. 270 to 400 °C, the vCOO band of citrate in
Cit-ACP samples decreases in relative intensity in comparison

This journal is © the Owner Societies 2022

to the v;PO, band and completely disappears at ca. 400 °C
(Fig. 4B and Fig. S7, ESIt). This finding confirms that citrate
undergoes a thermal decomposition to carbon dioxide before
crystallization, as previously suggested by DTA analysis.'* Also,
in this case, the different SSAggy values of Cit-ACP-1 and Cit-
ACP-4 do not influence the degradation rate of citrate, as their
vCOO area curves are superimposed.

Third, from ca. 300 to 500 °C, a redshift of the main
phosphate peak v;PO,4, with the maximum shifting from ca.
1015 to ca. 1005 cm™ " (Fig. S6A and B, ESIT), was found. This
modification can also be observed in Ref-CO;-ACP and Ref-ACP
(Fig. 6C and D, ESIt), but for these samples, it occurs at a lower
temperature (between ca. 200 and 400 °C) and at different
wavenumbers (from 1025 to 1020 cm ™" for Ref-CO;-ACP and
from 1030 to 990 cm ™' for Ref-ACP). A similar redshift was
reported in the literature when other ACPs are heated, and it
was tentatively attributed to phenomena associated with dehy-
dration, and to the elimination of voids and the shrinking of

Phys. Chem. Chem. Phys., 2022, 24, 24514-24523 | 24519
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Table 1 Interpretation of the changes in the TD-FTIR spectra of ACP samples as a function of temperature from 25-700 °C
Temperature
Sample range (°C) Event Interpretation
Cit-ACP-1 Ca. 25-150 Broadening of v;PO, Decrease of local short-range order®®
Ca. 270-400 Decrease of vCOO intensity Decrease of citrate content
Ca. 300-500 Redshift of v;PO, (from ca. 1015 to 1005 cm™ ) Variation of the local short-range environment
(shrinking of volume or change in geometry)*®
Ca. 450-550 Deconvolution of v,CO; from v;PO, (ca. 865 cm”) Increase of local short-range order
Ca. 500-600 Narrowing of v,PO, Increase of long-range order (i.e., crystallization)®®
Ca. 530-700 Decrease of v,CO; and v3CO; intensity Decrease of carbonate content
>570 Splitting of v,PO, in two bands (560 and 600 cm ) Formation of an ordered apatitic environment?®
Ca. 500-620 Narrowing of v;PO, Increase of long-range order (i.e., crystallization)®®
Ca. 580-620 Blueshift of v3P0O, (from ca. 1005 to 1025 cm™ ") Variation of the long-range environment**?3°
Cit-ACP-4 Ca. 25-150 Broadening of v3PO, Decrease of local short-range order®®
Ca. 270-400 Decrease of vCOO intensity Decrease of citrate content
Ca. 300-500 Redshift of v;PO, (from ca. 1015 to 1005 cm™*) Variation of the local short-range environment
(shrinking of volume or change in geometry)*®
Ca. 450-550 Deconvolution of v,CO; from v;PO, (ca. 860 cm™") Increase of local short-range order
Ca. 520-650 Narrowing of v,PO, Increase of long-range order (i.e., crystallization)®®
Ca. 530-700 Decrease of v,CO; and v3CO; intensity Decrease of carbonate content
>620 Splitting of v4,PO, in two bands (560 and 600 cm™ ") Formation of an ordered apatitic environment?®
Ca. 600-650 Narrowing of v;PO, Increase of long-range order (i.e., crystallization)®®
Ca. 600-650 Blueshift of v;PO, (from ca. 1005 to 1010 cm ") Variation of the long-range environment**>®
Ref-CO;-ACP Ca. 25-150 Broadening of v;PO, Decrease of local short-range order®®
Ca. 200-400 Redshift of v;PO, (from ca. 1040 to 1020 cm ™) Variation of the local short-range environment
(shrinking of volume or change in geometry)*®
Ca. 500-700 Decrease of 1,CO; and v3CO; intensity Decrease of carbonate content
>650 Narrowing of v;PO, and v4PO, Increase of long-range order (i.e., crystallization)®®
Ref-ACP Ca. 25-200 Broadening of v;PO, Decrease of local short-range order®®
Ca. 200-400 Redshift of v;PO, (from ca. 1030 to 990 cm ™) Variation of the local short-range environment

the ACP volume.*® However, this shift can be either a variation
of the P-O bond length or a change of phosphate vibrational
geometry.’” Although the interpretation of this redshift is still
open, all the hypotheses suggest that with heating, there is a
change in the local environment around phosphate groups in all
samples before crystallization, and this change occurs at higher
temperatures for Cit-ACP samples in comparison to citrate-free
ACP ones, independently of the presence of carbonate ions.

Fourth, at around 500 °C, a small peak centered at ca.
865 cm ™ (for Cit-ACP-1) or 860 cm ™ (for Cit-ACP-4) was revealed
(Fig. 3 and Fig. S6A, B, ESIt). This peak is the v,CO; band, and its
appearance due to the narrowing of the v;PO, band indicates a
progressive increase of the local order around phosphate and
carbonate ions. This suggests that Cit-ACP crystallization occurs
through an internal reorganization of ions into a short-range
ordered structure; afterward, the apatitic crystallites grow and can
be detected by HD-EDXRD. Regarding carbonate bands, there is a
slight decrease in the relative intensity and peak area of both
1,CO; and v3;CO; bands between ca. 530 and 700 °C (Fig. 4B and
Fig. S6, S7, ESIt) that is due to the thermal decomposition of
carbonates into CO, occurring in parallel with Cit-ACP crystal-
lization. In agreement with our previous DTA data, the amount of
this loss is comparable between Cit-ACP-1 and Cit-ACP-4. It is
worthy of note that the carbonate bands are still present at 700 °C
after the complete crystallization event, confirming that the
thermal treatment of CitACP leads to the formation of
carbonate-doped HA. The evolution of carbonate bands of Ref-
CO;-ACP as a function of temperature is rather similar to the
ones of Cit-ACP samples (Fig. 4B and Fig. S6, ESI{).
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(shrinking of volume or change in geometry)*®

Finally, between 500 and 650 °C, the crystallization of Cit-
ACP into HA is observed, which is evinced by three main
changes to the TD-FTIR spectra. The first is the narrowing of
v3PO, and v,PO, bands (Fig. 4A and Fig. S6A, B and S8, ESIf).
As stated above, for calcium phosphate materials, the FWHM of
a peak is inversely proportional to local order, and the narrow-
ing of both phosphate bands indicates the rearrangement of
ions in a more ordered (i.e., crystalline) structure as the number
of possible geometries around phosphate anions decreases.
Interestingly, at 700 °C, the phosphate bands are narrower
than the pristine ones but are still relatively broad, suggesting
that the final material is poorly crystalline. The second is the
splitting of the v,PO, band into two sub-bands at ca. 560 and
600 cm " (Fig. S8, ESI). This band deconvolution and structur-
ing into sub-bands indicates that all phosphate ions acquire a
precise local environment. In particular, the appearance of two
bands at 560 and 600 cm ™" for v,PO, demonstrates that an apatitic
crystal structure is obtained, as those are the characteristic v,PO,
frequencies of HA.*® The last is the blue-shift of the v;PO, peak
from ca. 1005 to ca. 1025 or 1010 cm ™" for Cit-ACP-1 and Cit-ACP-
4, respectively (Fig. S6A and B, ESIt). The relationship between
ACP crystallization and the blue-shift of the v;PO, peak to
1010-1020 ecm™ " is well reported in the literature and described
as the formation of an apatitic long-range ordered structure.'*~®

The crystallization of the samples was also followed by
calculating the second-order derivatives of the FTIR spectra,
as this mathematical expression allows the magnification of the
changes in the v;PO, position and shape.’***° Querido et al.
have validated the robustness of this data analysis for the study
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of ACP-to-HA crystallization in synthetic calcium phosphates,
in complex materials such as bones, and in minerals formed in
osteogenic cell cultures.®® In detail, the second-order derivative
spectrum of ACP presents a characteristic negative peak at ca.
990-996 cm™ ' while HA or TCP has a corresponding negative
peak at 1015-1020 cm ™ '.*>*® Second-order derivatives of ACP
v3PO, band are reported in Fig. 5 as three-dimensional graphs
together with corresponding two-dimensional contour plots; an
enlargement of the 950-1050 cm ™' range is provided in Fig. $9
(ESIt). The second-order derivative of Cit-ACP (Fig. 5A, B and
Fig. S9A, B, ESIF) clearly shows a negative peak at ca. 985 cm™"
at room temperature that between 450 and 600 °C shifts to ca.
1010-1015 em ™' due to the progressive decrease of ACP and
increase of HA.*° This indicates that in Cit-ACP samples, the
phosphate groups initially are in a non-ordered environment,
and their transition to an apatitic environment occurs in the
450-500 °C range. Differently, Ref-ACP presents a negative peak
at ca. 985-970 cm ™" which between 400 and 700 °C decreases in
intensity without disappearing, while in parallel, a new negative
peak at 1000-1020 cm™* appears above 200 °C (Fig. 5C, D and
Fig. S9C, D, ESIY). This result suggests that from 200 to 600 °C,
a concomitant presence of phosphate ions in a non-ordered local
environment and in an ordered environment exists. With heat-
ing, a progressive transformation from the former to the latter
occurs, and only above 650-700 °C, the ordered environment is
predominant. This finding was not observed in previous ex situ
studies.’® It is important to mention that for Ref-ACP other
crystalline phases could be present, making the second-order
derivative analysis difficult to interpret. The second-derivative
spectra of Ref-CO;-ACP (Fig. 5C and Fig. S9C, ESIf) have the
features both of the “single peak shift” observed for Cit-ACP
samples (i.e., a shift of the maximum between 500 and 650 °C) as
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well as the “double peak” observed for Ref-ACP (i.e., the perma-
nence of the 985-970 cm™* peak up to 700 °C), suggesting that
carbonate ions prevent the early formation of the locally ordered
phosphates observed in Ref-ACP.

Associating the crystallization event with the disappearance
of the 985-970 cm ™' negative peak, the second-order derivative
spectra confirm that the crystallization of Cit-ACP samples initi-
ates at lower temperatures (450-500 °C) compared to citrate-free
ACP samples (more than 650 °C for Ref-CO;-ACP, and more than
700 °C for Ref-ACP). The slight discrepancy in the crystallization
temperature between HT-EDXRD (from 540-700 °C), TD-FTIR
(from 450-500 to 650-700 °C), and our previous DTA analysis
(from 500 to 700-800 °C) is due to the experimental setups, as the
three setups have different sample holders, sample sizes, mass,
volumes, heating systems, and temperature feedback mechan-
isms, and thus a different heat transfer to the sample.

Overall, the results of TD-FTIR experiments are in good
agreement with those of HT-EDXRD and give several additional
information on the events that occur in the materials before the
crystallization, showing the strength of the technique for this
kind of study. In particular, we have discovered that the thermal
crystallization of Cit-ACP involves first a loss of order while the
material is being dehydrated. This transformation is followed by
a rearrangement of phosphate and carbonate ions into a pre-
apatitic structure paralleled by citrate decomposition.

By comparing Cit-ACP with its reference samples, we have
found that the role of citrate is to delay the first internal
rearrangement of phosphate ions and to accelerate the onset
of crystallization. It is likely that both effects are caused by the
high surface area of Cit-ACP samples. We have also found out
that carbonate ions influence the chemical composition (i.e.,
Ca/P ratio) of ACP, and this in turn leads to the selective
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Fig. 5 Second-order derivatives of the TD-FTIR spectra collected as a function of heating temperature of (A) Cit-ACP-1, (B) Cit-ACP-4, (C) Ref-CO3-

ACP, and (D) Ref-ACP.
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formation of HA instead of TCP. In addition, the use of the
second-order derivative on the FTIR spectra suggests that in
Cit-ACP samples the transition from the non-ordered local
environment to the ordered apatitic environment is discrete,
while in citrate-free ACPs, the two local environments (ordered
and disordered) coexist for some time. Finally, it must be noted
that the TD-FTIR experiment not only shed more light on the
thermal crystallization of ACP, but confirmed that the changes
in the FTIR spectra observed by ex situ works were correctly
attributed to the heating process and are not due to the
subsequent cooling process.

Conclusions

Our work represents the first in situ, real-time study of ACP
thermal crystallization using HT-EDXRD and TD-FTIR. We have
discovered that several phenomena occur during the heating of
ACP, and the crystallization is just the last step of several
structural reorganizations. We also found out that citrate and
carbonate ions play a critical role in the crystallization kinetics
as well as have an effect on the nature of the crystalline product.

This comprehensive investigation of the complex thermal
crystallization of ACP paves the way for new research directions
in the field. For example, thanks to the knowledge gained from
this work, we envision that by using controlled heating of ACP,
it will be possible to produce bioactive HA ceramics for medical
applications. Indeed, the thermal treatment allows the conso-
lidation of the material, and the use of Cit-ACP as a precursor
would allow the improvement of the biomimetism of the
ceramic by controlling crystallinity and ion doping. Finally,
our work shows the high potentialities of in situ techniques that
could be used to investigate in depth the crystallization mecha-
nism of other kinds of amorphous materials.
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