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SPECIAL COLLECTION: APATITE: A COMMON MINERAL, UNCOMMONLY VERSATILE
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ABSTRACT

We have studied synthetic Fe-substituted hydroxyapatite Cas Fe,(PO,);OH and the corresponding
deuterated samples with varying Fe concentrations x (0 < x < 0.3) by Raman and IR spectroscopy at
room temperature. In the IR spectra, substitution of deuterons for protons affects the OH internal mode
in a way consistent with the mass difference of the substituting ions, as well as a mode attributed to
vibrations of the Ca;-(OH) unit. In the Raman spectra, the frequency of all modes is not noticeably
affected by the Fe substitution. Raman bands show increased width and substantial reduction in intensity
with increasing amount of Fe, presumably related to disorder introduced by the substitution. We find
that the disorder is smaller in the hydroxyapatites compared to the deuterated ones.
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INTRODUCTION

Iron is a biologically important trace element substituting
for Ca in the hydroxyapatite (HAp) structure (0.003 wt% in
enamel, 0.01-0.1 wt% in bone). It has been demonstrated that
Fe-deficient rat bones exhibit decreased mechanical strength,
decreased bone mass density, and increased fragility (Medeiros
et al. 2002), whereas Fe overload leads to decreased osteoblast
cell number and activity (De Vernejoul et al. 1984). Disagree-
ments on the structural modifications and related properties that
the Fe for Ca substitution causes in the apatite lattice are reported
in the literature (Wu et al. 2007; Low et al. 2008; Khudolozhkin
etal. 1974; Morissay et al. 2005; Jiang et al. 2002; Li et al. 2012;
Salviulo et al. 2011). In a recent publication we have shown that
Fe substitutes at both Ca(1) and Ca(2) crystallographic sites
with a preference at the Ca(2) site by applying simultaneous
Rietveld refinement of X-ray diffraction (XRD) and neutron
powder diffraction (NPD) powder patterns of Fe-substituted,
deuterated (FeDAp) powder samples (Kyriacou et al. 2013).

Here we present Raman and FTIR studies of the same series
of FeHAp and FeDAp powder samples. We have studied the
effect of the deuteron substitution for H on certain modes and
compared experimental results with first-principles calculations
(Corno et al. 2006; Pedone et al. 2007; Calderin et al. 2005;
Ulian et al. 2013). Our results indicate that Fe substitution
strongly affects the intensity of the internal modes of the PO,
tetrahedra, due to the lattice distortion introduced by Fe at the
Ca sites. Furthermore, it is found that the disorder in the lat-
tice of deuterated hydroxyapatites is more sensitive to the Fe
substitution.
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EXPERIMENTAL METHODS

The powder compounds studied have the chemical form Cas Fe,(PO,);OH
(FeHAp) with Fe atomic concentration 0 < x < 0.3). A similar set had been deuterated
in flowing oxygen-enriched D,O at 600 °C (FeDAp). Table I lists the composition
of the investigated samples. A 0.2 M solution of Ca(NO;),.4H,0 (99.98% ALPHA
AESAR) was added drop wise to a 0.12 M solution of (NH,),PO,-4H,0 (99.99%
ALDRICH) at ambient conditions. The pH was maintained at 9.5 = 0.1 by adding
NH,OH. Hydroxyapatite was formed according to the reaction:

5Ca(NO, ), +3(NH, ) HPO, %1 Ca (PO, ) OH.

Then, FeCl,4H,0 solution, heated to 85 °C, was added drop wise to the HAp
solution. Fe-substituted HAp formed according to the reaction:

Ca(PO, ), OH + xFeCl, — Ca, Fe (PO,) OH.

The final precipitate was aged for 20 h, washed, dried, and heat-treated in a tube
furnace at 650 °C for 15 h under flowing N, to prevent oxidation of the Fe ions.

Detailed information on the preparation conditions and characterization from
simultaneous Rietveld refinements of X-ray and neutron powder diffraction, X-ray
diffraction (XRD) and neutron powder diffraction (NPD), transmitted electron
microscopy (TEM), and magnetometry methods has been published elsewhere
(Kyriacou et al. 2013). A mixture of irregularly shaped rods and spherical particles
with dimensions between 15 and 65 nm was observed in the TEM image of Fe-
HApO, while the size range is limited to 20 to 50 nm in the FeDAp0 sample. When
Fe substitutes for Ca, the size range and shapes of the samples remain unaltered
regardless of the Fe concentration x.

Micro-Raman spectra were obtained at room temperature using a T64000 Jobin-
Yvon triple spectrometer, equipped with a liquid nitrogen cooled Charge Coupled
Device (CCD) and a microscope. The 514.5 nm wavelength of an Ar* laser was used
for excitation in a backscattering geometry of the sample under the microscope.
The spectrum accumulation time was 3 h and the laser power at the sample was
0.2 mW. The spectrometer was calibrated before and after each measurement using
a silicon wafer or a reference Kr lamp. Because of the random orientation of the
microcrystals in the powder samples, no exact selection rules could be applied.
The selection rules could give only limited information about the properties of
the Raman tensors because of the random orientation of the microcrystallites in
the powder samples. The differentiation of orientation was studied by turning the
sample stage between 0° to 90° while no dependence was found by changing the
polarization of the laser. Therefore, the spectra of all samples were recorded with
random polarization. The 100x (N.A. 0.95) and 50x (N.A. 0.80) magnification
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lenses were employed for the Raman measurements with the laser spot focused
to ~1 and ~2 um, respectively. Theoretically one would expect a 20% larger spot
for the 50x magnification and roughly two times larger confocal volume. The
confocal configuration of the spectrometer, together with the micrometric probe
size, reduces the fluorescence problems encountered in the conventional Raman
spectroscopy of such materials (Penel et al. 1998; Okazaki and Takahashi 1997,
Wopenka and Pasteris 2005).

The Fourier transform infrared (FTIR) spectra were recorded using a Bruker
Optic IFS66v/S interferometer equipped with a MIRacle Single Reflection Attenu-
ated Total Reflectance (ATR) unit with a diamond/ZnSe crystal plate. The range of
frequencies was 525-4000 cm ', and the spectra were recorded at ambient condi-
tions with a resolution of 2 cm™'. To obtain a good signal-to-noise ratio, 1200 scans
were collected and averaged. A KBr beam splitter was used for the M-IR source. The
ATR unit permits spectra collection without any specific sample preparation, but
only for the region above 525 cm™'. A high-pressure lamp has been used to achieve
high spectral quality and to avoid low-pressure effects. Since the pressure effect of
the ATR accessory could not be measured, an empirical method was used whereby
the variations of intensities and the ratio of the intensities were considered as a
function of pressure; they increase to a maximum and then remain fairly constant
as the applied force is increased further.

RESULTS AND DISCUSSION

Figure 1a presents the ATR FTIR spectra of all samples in the
high frequency region. The continuous line spectra correspond
to the as prepared FeHAp samples, and the dotted ones to the
deuterated FeDAp samples. The sharp band at ~3572 cm™ in the

TABLE 1.
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FeHAp spectra for all Fe concentrations is assigned to the OH
stretching mode (Elliott 1994, and references therein). The mode
frequency is mostly related to the mass of the H and therefore, D
substitution for H should modify its frequency mainly according
to the mass ratio of the two H isotopes. The absence of this mode
from the FeDAps and the appearance of a sharp band at ~2633
cm! confirms the deuteration of the samples. In particular, the
frequency of this band follows approximately the mass rule

Wp.o = W0 Mp o/My o).

Figure 1b shows the lower frequency part of the ATR FTIR spectra
of all samples. Several peaks appear, located at ~566, 600, 631,
963, 1026, and ~1088 cm'. Of these modes, only that at ~631
is affected by the deuteron substitution, while the remainder are
not noticeably modified. Some small changes in frequency of the
~1026 cm™ peak are most likely due to intensity modifications
of those modes that contribute to this peak. The first two modes
at ~566 and ~600 cm™! have been attributed to the v, doubly de-
generate asymmetric O-P-O bending mode of the PO, tetrahedron
(Antonakos et al. 2007, and references therein). The higher fre-
quency peaks at 1026, and ~1088 cm™ are related to the v; triply

Samples studied, corresponding phase identification, and identified phases (from Kyriakou et el. 2013)

File names of hydroxyapatite Chemical formula

File names of deuterated apatites

Nominal Fe content x Identified impurity phases

(from Kyriakou et el. 2013)

FeHApO Ca,(PO,);OH FeDApO 0.00

FeHApOO5 CayosFeqos(PO,);0H FeDAp005 0.05

FeHApO1 Ca,o0F€0.10(PO,);OH FeDApO1 0.10

FeHAp02 Cay,goFeq,0(PO,);0H FeDAp02 0.20 a-Fe,0,
FeHApO3 Cayz0Feq30(PO,4);0H FeDApO03 0.30 a-Fe,0,
a b

FIGURE 1. IR spectra of iron-doped hydroxyapatites (continuous lines) and deuterated oxypatites (dotted lines) for all samples in the high- (a)
and low- (b) frequency spectral region. The arrow in b indicates the mode that disappears with deuteration.
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degenerate asymmetric P-O stretching mode of the PO, tetrahedron
(Antonakos et al. 2007, and references therein). The weak but sharp
band at 963 cm™' can be assigned to the v, vibration (symmetric
P-O stretching mode) of the PO, tetrahedron (Penel et al. 1998;
Antonakos et al. 2007; Park et al. 2002). Finally, the weak mode
at~631 cm™ has been attributed to the OH librational mode of the
Ca3-OH group, i.e., the OH ion straddles across the Ca triangles
that are situated on the mirror plane of the apatite structure (Cant
et al. 1971; Elliott 1994; Antonakos et al. 2007). Some ab initio
calculations assign this mode to the internal v, vibrations (Corno
etal. 2006; Pedone et al. 2007). This does not appear to be correct,
since this mode disappears almost completely on deuteration, and
is neither affected in intensity nor width by the Fe substitution. As
we will see below in the Raman spectra, Fe substitution reduces
substantially the intensity and increases the width of the internal
vibration modes of the PO, tetrahedron. Therefore, the mode must
be related to the OH librational vibration of the Ca;-(OH) group.
Unfortunately, ATR did not allow lower frequency measurements
to follow the mode in the expected frequency from the mass dif-
ference H-D. Table 2 presents the detected IR and Raman modes
and their assignment (Elliott 1994; Antonakos et al. 2007).
Figure 2 presents data with 100x (dotted line) and 50x (con-
tinuous line) magnifications for the low- (Fig. 2a) and high- (Fig.
2b) frequency regions. Although in our previous investigations
of apatite higher magnification gave stronger peaks (Antonakos
et al. 2007), this did not occur in this study, presumably due to
the diffused light by the nanostructured samples that favors the

TABLE2. Raman and IR modes and their assignments
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longer focusing. Several peaks can be discriminated mainly
with the 50x magnification. In the low frequency part (Fig. 2a)
these are located at ~330 cm™ (very weak) and ~431, 4438, 581,
593, 610, and ~617 cm! (strong ones). The two strong ones at
~431 and ~448 cm™! have been assigned to v, vibrations, while
the other four modes at higher frequency belong to the v, mode
of the PO, group. The origin of the weak mode at ~330 cm!
will be discussed below. In the high-frequency region (Fig. 2b)
the peaks are located at ~839, 894, 916, 925, 962, 1027, 1040,
1046, 1075, 1122, 1252, and 1297 cm™'. Most of them can be
only observed with the 50x magnification. From those peaks,
the ones at ~1027, 1040, 1046, and ~1075 c¢cm™! have been
assigned by several authors to the v; vibrations, and the one at
~962 cm™ to v, of the PO, unit (Antonakos et al. 2007). The
lower frequency modes (843-925 cm™) are related neither to
Fe introduced to the sample nor to an Fe oxide impurity since
they are not modified in intensity by increasing the amount of
Fe. Modes at relative frequencies have been proposed in shell
model lattice dynamic calculations (Calderin et al. 2005), but
other more recent theoretical calculations did not find any modes
related to the undoped HAp in this frequency region (Corno et
al. 2006; Pedone et al. 2007; Ulian et al. 2013). Most likely the
bands at 843 and 894 cm™ are related to atmospheric CO3 ions
entering the HAp structure during the sample preparation. Similar
results were obtained in other studies (Leventouri et al. 2003;
Antonakos et al. 2007). Then the two broad bands at ~1252 and
~1297 cm™ are related to CO3/amide and/or HPO3~ impurities

Mode frequency (cm™) Detected in the compounds

Spectroscopic method Assignment (Elliott 1994; Antonakos et al. 2007)

223,244, 291,409,612, 1320 all with Fe, increase with Fe Raman a-Fe,0; (hematite)

839, 894,916,925 all Raman v, CO; and/or HPOZ~ impurities
566, 600 all IR v, PO,

631 FeHAp IR Ca;-(OH) librational OH mode
963 IR v; PO,

1026, 1088 all IR v; PO,

2633 FeDAp IR OH

3572 FeHAp IR OH

330 (very weak) Dap, HAp Raman Cas-(OH)?

431,448 all, decrease with Fe content Raman v, PO,
581,593,610,617 all, decrease with Fe content Raman v, PO,

962 all, decrease with Fe content Raman v, PO,

1027, 1040, 1046, 1075 all, decrease with Fe content Raman v; PO,

1252,1297 all Raman COs, amide and/or HPOZ impurities
a b

FIGURE 2. Raman spectra of the low- (a) and high- (b) frequency regions of the x = 0.0 hydroxyapatite sample with 100x (dotted line) and

50x (continuous line) magnification.
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(Vignoles-Montrejaud 1984; Penel et al. 1998; Antonakos et al.
2007). Finally, the very narrow band at ~1122 cm™ is a signal
from the fluorescence lamp.

Figure 3 shows the effect of the 0.30 atomic nominal Fe
substitution for Ca corresponding to the two magnifications. In
the low-frequency region (Fig. 3a) all strong modes that appear
in the pure HAp spectrum completely disappear, while new
peaks appear located at ~224, 244, 291, 409, and ~498 cm™.
All of them belong to hematite (de Faria et al. 1997). A peak at
~612 cm™' is mainly from the strong hematite band, which masks
the narrow weaker v, PO, peaks of the HAp (seen in Fig. 2a).
The lower frequency part of Figure 3b (843-925 cm™) and the
v, PO, mode remain practically unchanged in intensity. The v;
PO, modes are damped and broaden due to disorder introduced
by the Fe substitution. The v; PO, region was found in previous
studies to be very sensitive upon substitution due to the differ-
ent HAp environments present (Elliott 1994; Penel et al. 1998;
Antonakos et al. 2007). At higher frequency, a new strong broad
band develops upon Fe substitution at 1320 cm™'. This band is
expected to appear strong when excited with the 514 nm laser
and is related to a-Fe,O; (hematite) (Wang et al. 2005). Although
this band was observed previously, the explanation for the wave-
length response behavior and for its origin is still unclear, and
may be caused by a two magnon scattering process (Martin et al.
1977) or a resonance-enhanced two-phonon scattering process

FIGURE 3. Raman spectra of the low- (a) and high- (b) frequency
regions of the Fe-doped (x = 0.3) hydroxyapatite sample with 100x
(dotted line) and 50x (continuous line) magnification.

(McCarty 1988; Massey et al. 1990; Shim and Duffy 2001). The
fundamental mode could be the 660 cm™ IR active Eu band of
hematite and therefore an overtone.

The evolution of the Raman spectra with increasing Fe sub-
stitution is presented in Figure 4a for the low-frequency part of
FeDAps. It is observed that the intensity of the modes assigned to
hematite (marked by straight lines) increase with the amount of
Fe substitution, as presented in Figure 4b. On the one hand, XRD
results have detected traces of increasing amounts of hematite
starting from the x = 0.20 nominal atomic substitution (Kyri-
acou et al. 2013). On the other hand, Raman spectroscopy that
is more sensitive to detect impurities, indicates that the hematite

a

FIGURE 4. (a) Raman spectra of the FeDAp samples (low-frequency
region). Straight lines indicate the peaks due to the a-Fe,O; phase and
arrows the Raman modes of the apatite. (b) The dependence on the Fe
nominal atomic substitution of the new modes attributed to the hematite
phase.
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phase is present in all Fe substituted compounds, even for x =
0.05 (Fig. 4b). The intensity of the modes assigned to internal
vibrations of the PO, tetrahedra (marked by arrows) continuously
decreases with increasing amounts of Fe, and almost completely
disappears for the 0.02 atomic nominal Fe substitution for Ca.
The comparison of Figure 2a (x = 0) with Figure 3a (x = 0.3)
shows that the effect is similar for the as-prepared set of samples
(FeHAp). In the low-frequency region of the Raman spectra, a
mode of E1 symmetry related to Ca-OH is expected at 330 cm™!
(Pedone et al. 2007). A mode at close frequency (332 cm™) is
observed in pure DAp, which gradually disappears with Fe
substitution (Fig. 4a). This mode involves vibrations of OH.
Therefore, the D substitution would affect (decrease) its fre-
quency. In Figure 2a (HAp), this mode appears unshifted at the
same frequency, hence, questioning its assignment to vibrations
that involve the OH units (Pedone et al. 2007).

The Fe substitution for Ca could introduce disorder by the
breaking of long-range symmetry and shifting to lower frequen-
cies of the modes involving the Ca atoms owing to their mass
difference. The internal modes of the PO, units should not
be affected significantly. Except from a substantial reduction
in intensity (Fig. 4a), the internal modes are not modified in
frequency, probably because of the only small amounts of Fe
(up to 0.3 atomic, nominal content).

Depending on the mass difference between the substituting
(Fe) and the original (Ca) atom, the compound could follow one
or two mode behaviors (Srivastava 1990). In the former case,
there will be a gradual shift in frequency toward the limiting
value of a hypothetical system with 100% Fe at the Ca site. In the
latter, there will be a gradual development of another mode that
will correspond to the frequency of the hypothetical end-member.
Due to the different coordination of the substituting Fe, it is very
unlikely to assume one-mode behavior, since the internal modes
of PO, will be affected only indirectly by the breaking of the
external bonds to the Ca sites. Concerning the effect of the mass
difference between Fe and Ca on the vibrational modes, ab initio
calculations have investigated “*Ca isotopic substitution for “*Ca
(5% mass difference at the Ca sites) and deuteration (Corno et al.
20006). It has been found (Corno et al. 2006), that the expected
frequency shifts for modes above ~600 cm™' will not exceed
~1 cm™. Only Raman bands of frequency less than ~400 cm™ are
expected to be shifted by a few cm™ (Corno et al. 2006). In our
case, even for x = 0.30 (6% atomic Fe substitution for Ca) there
will only be a 2.5% mass difference with the partial substitution
of Fe for Ca. Therefore, the mass effect on the vibration frequen-
cies will be even smaller. Concerning deuteration, only peaks
in the range ~600 cm™' are expected to be shifted substantially
(Corno et al. 2006). From the observed modes in both IR and
Raman spectra, only the above-mentioned mode at ~631 cm™
is affected, but, as previously discussed, should be correlated to
an OH vibrational mode and not a PO, one (Fig. 1b). The rest of
the modes appear at the same frequency in both HAp and DAp
(Figs. 1b, 2, and 4a).

What is impressive is the strong reduction in intensity of the
majority of the modes in the Raman spectra (Figs. 4a and 5) even
with such small amounts of Fe substitution (maximum nominal
atomic amount 6%). As found by Kyriacou et al. (2013), Fe**
appears in a fourfold coordination, breaking some bonds with

FIGURE 5. Raman spectra of FeHAp (continuous lines) and FeDAp
(dotted lines) for all Fe concentrations. All spectra have the same scale
presented on the vertical axis.

the O(2) and O(3) nearest neighbors, while Fe*" is in a sixfold
coordination breaking the bond with O(1). The difference in
mass between the two elements (Fe and Ca) cannot justify such
disorder, as similar differences in mass without any chemical
variation usually modify the phonon characteristics, without
inducing disorder. We can recognize disorder from the increase in
the modes width and the reduction in its intensity. The variation
of disorder with doping is depicted in Figure 6 for the stronger
v, PO, mode at ~962 cm™' and both isotopic compounds. It can
be observed that in FeHAp there is a continuous decrease in
intensity and, at the same time, substantial increase in width with
a characteristic change in behavior at x ~ 0.2 (Fig. 6a). On the
other hand, FeDAp appears to become disordered faster, reaching
the same asymptotic tendency atx ~ 0.1 (Fig. 6b). This behavior
characterizes the other internal modes of the PO, tetrahedron, as
shown in Figure 7. Again, in the FeHAp samples there is a slower
continuous decrease in intensity than in FeDAp. Refinements of
the XRD patterns for FeHAp and FeDAp revealed the same Fe
content for same nominal x and therefore the differences in the
disorder could not be due to differing amounts of Fe concentra-
tion in the two sample sets. The observed increased disorder is in
agreement with the increased distortion index of the phosphate
tetrahedron in the Fe-doped samples compared to the pure DAp.
The distortion index was calculated from the P-O bond lengths
found from the simultaneous Rietveld refinement of the X-ray
and neutron diffraction patterns of the FeDAp sample series
(Kyriacou et al. 2013). The obvious modification of the induced
disorder by the deuteron substitution that affects the long-range
order of the internal modes could be due to the additional process-
ing (heat treatment at 600 °C during ion exchange of H with D)
that would increase the disorder. In any case it is worthwhile to
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FIGURE 6. The dependence on Fe concentration of the intensity
(squares, left axis) and width (crosses, right axis) of the v, mode of
FeHAp (a) and FeDAp (b).

conduct further investigation since disorder may also mark an
anharmonic phonon behavior.

In conclusion, we have studied by Raman and IR spec-
troscopy two sets of hydroxyapatite compounds with varying
levels of atomic Fe substitution for Ca from 0 to 6%; one set of
samples with H and the other deuterated. Only two modes were
found to be affected by the deuteration, related to the OH group
at ~3572 cm™' (internal stretching mode of OH) and ~631 cm™!
(vibrational mode of Ca;-OH). Iron substitution for Ca did not
significantly affect the frequency of the modes, but damped the
intensity of the internal modes substantially, whereby increasing
their width. This is a clear indication of increased lattice disorder
with increasing degree of Fe substitution. It was also found that
HAp is less sensitive to disorder than the deuterated samples.

IMPLICATIONS

Although Fe is a minor substituent for Ca in the structure of
physiological hydroxyapatite, it affects their properties decidedly
(Medeiros et al. 2002; De Vernejoul et al. 1984). Motivated by

FIGURE 7. The dependence on Fe concentration of the intensity
for two of the strong v; modes, v;-1 (squares) at ~1027 cm™ and v;-3
(crosses) at ~1046 cm™! of FeHAp (a) and FeDAp (b).

the disagreement on the lattice modifications induced by the Fe
substitution, and a recent relevant study by combined XRD and
neutron scattering on Fe- and deuteron-substituted hydroxyapa-
tite (Kyriacou et al. 2013), we have carried out optical measure-
ments on the same series of samples.

In this work, hematite has been detected even in samples with
the smallest Fe concentration, which was below the detection
limits of the XRD measurements, demonstrating the advanta-
geous discrimination level of the Raman technique (Fig. 4). We
have found that Fe substitution does not affect significantly the
frequency of the strong modes that are related to internal vibra-
tions of the PO, tetrahedra. On the contrary, the width and the
intensity of those modes were found to be very sensitive to the
structural disorder introduced by the Fe substitution. The disorder
is related to the breaking of external bonds of the PO, tetrahedra,
as previously found by XRD and neutron scattering (Kyriacou et
al. 2013), and it is smaller in the hydroapatites compared to the
deuterated ones. The FTIR measurements have revealed modes
related to OH that challenge the results of ab initio calculations.
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Our data provide substantial experimental evidence to test rela-
tive theories on the lattice effects of the Fe substitution.
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