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Abstract

Raman spectroscopy is widely used to examine the carbonate content within

bone apatite, but Raman spectra are also sensitive to orientation effects

between the polarisation of the incoming laser light and the sample orienta-

tion. This may lead to discrepancies when using Raman spectroscopy to evalu-

ate the carbonate content as the extent of crystal organisation can change

depending on the type of bone, age, and presence of mineralisation disorders

in the organism. It is experimentally very challenging to evaluate the effect of

orientation using individual bone crystals. Therefore, we have used density

functional theory to examine the effect of orientation in apatitic materials. We

examined hydroxyapatite and three different types of carbonated apatite:

A-type where the carbonate ion substitutes the two OH groups in the unit cell,

B-type where co-substitution occurs between carbonate in a phosphate

position and Na+ for Ca2+ to maintain charge balance, and AB-type where

carbonate sits in both A-site and B-site. Our simulations show that the OH

group in hydroxyapatite has a strong orientation dependence, consistent with

previous literature. In addition, the phosphate and carbonate bands of the apa-

titic structures are predicted to be orientation dependent, where the maximum

scattering efficiency occurs in configurations in which the laser polarisation is

parallel to the crystallographic axes of the material. The intensity changes of

the phosphate and carbonate bands are not consistent upon changing

orientations and thus may lead to an underestimation of carbonate contents if

insufficient sampling points are used during bone analysis.
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1 | INTRODUCTION

Biological apatite found in bone, dentine, and enamel[1]

is an inorganic, crystalline calcium phosphate material
with an atomic structure similar to that of abiotic
hydroxyapatite (OHAp) found in geological materials.
However, unlike its abiological counterpart, significant
chemical substitutions are found associated with this
material, particularly the occlusion of carbonate ions
(CO3

2�) either in place of a hydroxyl (A-type) or phos-
phate (B-type) group.[2] These substitutions dramatically
change the physical and chemical properties of the
crystals,[3,4] enabling them to have specific functionalities
in biological tissues. Due to this, significant amounts of
research have been undertaken in the materials and
medical science domains as changes in the chemical
reactivity of the material can be related to pathological
mineralisation, such as in cardiovascular disease,
deficient mineralisation,[5] including osteoporosis,[6] and
are important for the biocompatibility of bone and teeth
implants.[7] Thus, it is of great importance to characterise
and gain insight into defective OHAp structures. A key
analytical tool for probing chemical changes in bioapa-
tite, that is the go-to method for the materials and medi-
cal scientific communities, is vibrational spectroscopy:
infrared (IR) and Raman spectroscopies. For example,
pristine vibrational bands respond to the chemical envi-
ronment of the carbonate group incorporated into the
structure via the formation of new vibrational bands.[8–10]

These methodologies are considered so robust that it has
become a standard procedure to obtain the carbonate
percentage in biological apatite from the ratio of the car-
bonate band(s) intensity versus the intensity of the domi-
nant phosphate band. However, there have been reports
that the relative intensities of the Raman bands are
dependent on the orientation of the crystals with respect
to the incoming light source,[11,12] which can be highly
variable in materials such as bone and dentine and
change with age of the organism[13] or tissue and in the
presence of mineralisation disorders.[14]

Raman spectroscopy is increasingly the focus of such
research as it has been suggested to be more sensitive to
carbonate substitutions[15] and it is relatively easy to
examine the effects of orientation using this technique.
As a technique, it is particularly interesting for medical
research because there is a potential to apply it in
vivo,[16–18] unlike many orientation and compositional
analytical techniques, for example, 2D X-ray tomography
or electron microscopy. Hydroxyapatite and enamel have
been measured using a Raman spectrometer under
different laser polarisations at selected orientations, and
results show that some band intensities have a strong

dependence on the sample orientation.[19,20] Similarly,
bone samples orientated differently with respect to laser
polarisation produce Raman spectra where the intensity
of the biological apatite related bands varies.[21] Yet, the
reported behaviour of the bands between these studies is
inconsistent. Particularly, the effect on the symmetric
stretching band of PO4 (ν1) is critical because this is the
band that is used to normalise intensities between spectra
to calculate the carbonate concentration. In large, abiotic
hydroxyapatite crystals the intensity of the ν1 PO4 band is
found to show minimal change with orientation,[20] yet
within bone, this effect is significant.[14] In contrast to
bone and dentine biological apatite, enamel crystals are
typically 100 times larger, have a lower carbonate
content, and have higher crystallinity.[22–24] Whether
carbonated apatite shows a similar orientational
relationship to abiotic hydroxyapatite is unclear from
the current studies. To the best of our knowledge,
orientation experiments with synthetic carbonated
hydroxyapatites have not been reported in the literature,
probably due to the logistical difficulties associated with
the small size of the crystallites produced. Similarly,
mineral components in bone and dentine are too small
to evaluate the effect of orientation on individual
crystals. Therefore, in this study, we have used density
functional theory to determine the effect of laser polarisa-
tion and sample orientation on the Raman spectra of
carbonated apatites.

2 | METHODS

Density functional theory (DFT) calculations presented
in this work were performed using a linear combination
of atomic orbitals (LCAO) basis set as implemented in
the all-electron code CRYSTAL (2017 release),[25,26]

where the atoms were described using basis sets reported
in literature (calcium,[27] phosphorus,[28] oxygen,[29]

hydrogen,[30] carbon,[31] and sodium[32]). The global
hybrid B3LYP exchange-correlation functional[33,34] was
used throughout all calculations without further
modifications. The geometry of each system under
scrutiny was optimised in both atomic coordinates and
cell parameters, while the Hessian was updated using the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm.

In CRYSTAL, the convergence of the real-space sum-
mation of the Coulomb and exchange contributions to
the Hamiltonian matrix is controlled by five overlap cri-
teria. The values used in this study were 10�6, 10�6, 10�6,
10�6, and 10�12. The threshold on the self-consistent
(SCF) energy was set to 10�7 Ha. For the compounds of
interest, the convergence with respect to k-points was
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checked. Monkhorst-Pack meshes of 2 � 2 � 4 for bulk
hexagonal hydroxyapatite and 2 � 4 � 1 for bulk mono-
clinic hydroxyapatite were used to sample the first Bril-
louin zone.[35]

Relative Raman intensities were computed analyti-
cally based on coupled-perturbed Hartree-Fock/
Kohn-Sham (CPHF/KS) treatments implemented in the
code.[36,37] Integrated Raman intensities are normalised
so that the most intense peak is set to 1000. The peak
width is not explicitly available within this treatment;
thus, it was kept constant. The spectra are constructed
by using the transverse optical modes and adopting a
pseudo-Voigt function with the default VOIGT and
DAMPFAC variables of 1.0 (pure Lorentzian functions)
and 8.0 (full width at half maximum used for the spec-
tra), respectively. The temperature and laser frequency,
taken into account through a prefactor in the expres-
sion for the Raman integrated intensity, were set to
295 K and 532 nm to facilitate comparison with avail-
able experimental measurements. In CRYSTAL, the
Raman spectra are obtained for an oriented single
crystal and for a powder polycrystalline sample.
Different polarisation components are identified from
the components of the polarisability tensor. The
standard polarisation notation is used throughout the
work; for example, the xy polarisation denotes the
response of the material in the x-direction as a result
of an applied incident light source polarised in the
y-direction. Upon analysing the resulting spectra, the
unit cell orientation axis were translated where required

to a common reference system (chosen to be the
initial pristine hexagonal bulk OHAp one, which
corresponds closest to the crystallographic one) for
consistent and relevant comparison between the sys-
tems under scrutiny. Furthermore, the chosen setup has
been shown to reproduce the structure as well as vibra-
tional properties of apatite compounds in good agree-
ment with experimental data.[38–41] Anharmonicity has
been taken into account only for the O–H stretching
mode.[42,43]

Long range dispersion corrections were included
using the semi empirical D3 approach of Grimme et al.
with Becke–Johnson damping.[44–46] Graphical drawings
were produced using VESTA.[47] The crystal structures
and their corresponding lattice directions used through-
out this work are shown in Figure 1. Hexagonal OHAp
was modelled in a unit cell with P63 (nr. 173)
symmetry, instead of the experimentally noted P63/m
(nr. 176) space group to avoid the unphysical duplica-
tion of each OH group[29]; monoclinic OHAp was
modelled in a cell with P21/b symmetry (nr. 14), while
all the carbonate-bearing models are simulated in a
triclinic trivial P1 symmetry (nr. 1). Estimations of the
intensities related to orientations other than the six
calculated (xx, xy, xz, yy, yz, and zz) were found using
a locally modified Matlab script (originating from the
VASPKIT MAE script[48]) whereby the intensities were
linearly interpolated before being plotted in a 3D
diagram where notation of the plot axes corresponded
to the crystallographic axes.

FIGURE 1 Crystal structure of the

four distinct unit cells coupled with

DFT used to determine the effect of

laser polarisation and sample

orientation on the Raman spectra of

carbonated apatites [Colour figure can

be viewed at wileyonlinelibrary.com]
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3 | RESULTS AND DISCUSSION

3.1 | Geometrical features

The calculated lattice parameters of pristine as well as
carbonated hydroxyapatite are listed in Table S1. The cal-
culated values compare well to experimentally available
data as well as earlier theoretical works, which is not sur-
prising as the adopted methodology and simulated geom-
etries have been audited and elaborated upon extensively
in available literature.[2,29,41,49–51] It is, however, noted
that the inclusion of weak van der Waals (dispersive)
forces (via the Grimme's D3 semiempirical approach)
yields lattice constants that systematically underestimate
the lattice parameters of OHAp when compared to exper-
iments. Further system-dependent tuning of the disper-
sion parameters would be required to achieve results
closer to measured ones, as demonstrated by Civalleri
and co-workers,[52] which was not pursued here in order

to present a systematic study with consistent parameters
across all OHAp systems. The comparison of anharmonic
corrections to the OH stretching modes is reported in
Table S2. As CRYSTAL only applies anharmonic effects
to stretching modes, it is difficult to make full compari-
son with experimental data for reasons outlined
elsewhere.[53]

3.2 | Hydroxyapatite

Calculations of the effect of incoming light polarisation
with respect to the crystal structure orientation calculated
using DFT demonstrate that all bands in the Raman spec-
trum display an orientation dependency of their intensity
(Figure 2A). Typically, the orientation of the incoming
light perpendicular to the major crystal axes results in
the lowest band intensities observed. The exception to
this was the symmetric bending ν2 PO4 band at 474 cm�1,

FIGURE 2 Analysis of the dependence of Raman band intensity on sample orientation of hydroxyapatite. (A) Raman spectra of

hexagonal hydroxyapatite, where, for example, xy refers to response of the material in the x-direction as a result of an applied incident light

source polarised in the y-direction. There are no bands between 1800 and 3700 cm�1; therefore, this spectral range has been omitted to aid

visualisation. Similarly, the spectra have been offset for clarity. (B) Three-dimensional plots showing the intensity of specific bands with

respect to specific crystal-laser orientations. The intensities calculated have been linearly interpolated to predict band intensities when the

laser is aligned in other orientations to those computed. Here, the axes refer to those of the crystal lattice. The colour scale reflects the

highest intensity found in the spectrum, and the axes lengths are normalised to the maximum intensity of the band of interest to aid

visualisation. [Colour figure can be viewed at wileyonlinelibrary.com]
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which becomes more intense when the incoming light is
orientated along the z-axis, but the crystal has an x or
y orientation. Many bands important for the study of
bone are even predicted to have close to zero intensity
under the condition where the crystal and incoming light
are orientated perpendicular to one another. For exam-
ple, in the most extreme cases, such as the activity of the
antisymmetric stretch of the phosphate band (ν3 PO4) at
1095 cm�1 and symmetric stretch of the OH band at
3790 cm�1, the only orientation under which they are
activated is when the crystal and incoming light are par-
allel along the z crystallographic axis (Figure 2B). This
behaviour has been observed experimentally for the OH
band, as described by Iqbal et al.[54] and Tsuda and
Arends.[20] A loss of the OH band intensity upon rotation
of the crystal from a parallel to 45� orientation of the
laser was also found experimentally by Tsuda and
Arends[20] and is confirmed by our calculations as shown
in Figure 2B for this band. In Tsuda and Arends' work,
the most sensitive bands to sample orientation were
determined to be the antisymmetric bending ν4 PO4

bands around 590 cm�1. In our model, the relative inten-
sity of the 597 cm�1 band is largest in the zz orientation,
whereas the intensities of neighbouring bands at 620 and
586 cm�1 become more dominant in other orientations.
This is consistent with the observations in the literature;
therefore, the DFT simulations reproduce the expected
dependence of most Raman band intensities with respect
to the laser orientation for hydroxyapatite crystals. How-
ever, previous experimental work has demonstrated that
unlike other bands in the spectrum, the 960 cm�1 ν1 PO4

band does not exhibit the dramatic change in intensity
found in the calculations.[20,54] As hexagonal fluorapatite
shows an orientation dependence of this band, the lack
of an orientation dependence for hydroxyapatite was
explained in previous studies as evidence for a mono-
clinic rather than hexagonal structure.[54] In contrast, our
simulations with a monoclinic structure for hydroxyapa-
tite show the same scale of orientational behaviour as
that of the hexagonal structure (Figures S1 and S2), dem-
onstrating that differences in the lattice are not sufficient
to result in the observed retention of the ν1 PO4 band in
the Raman spectra at different orientations in single crys-
tal experiments. Interestingly, Raman spectra of bone
materials obtained at different orientations with respect
to the laser polarisation do show a dependence of the ν1
PO4 band intensity when scattering-related errors are
minimised by using a high numerical aperture lens.[14]

This behaviour is most consistent with the hexagonal
crystal structure as the highest intensity is found when
the laser polarisation is parallel to the long axis of the
bone and therefore the c-axis of the mineral. Therefore,
we expect that the behaviour of this band found in the

hexagonal model system is consistent with bone mate-
rials and is not related to a change in symmetry due to
the presence of carbonate groups. We have thus contin-
ued to study the hexagonal form for the carbonated apa-
tites rather than the monoclinic system based on this
analysis.

3.3 | A-type carbonated apatite

To maintain charge neutrality, all OH groups in the unit
cell are replaced by carbonate in our A-type carbonated
apatite model. Substitution of OH by carbonate was
found to produce a change in the sensitivity of the phos-
phate bands with respect to the polarisation of the laser.
In this material, there are several ν1 PO4 bands with simi-
lar intensities when summed over all orientations, where
the most intense are found at 959 cm�1 and 965 cm�1

(Figure 3). Overlap of these bands produced a band enve-
lope with an apparent higher wavenumber shoulder, also
observed in published work on synthetic A-type carbon-
ate apatites.[9] Animations of these bands using CrysPlot
demonstrate that the band at 965 cm�1 corresponds to
phosphate groups located close to the carbonate, in con-
trast to the 959 cm�1 band of phosphate groups in the
centre of the unit cell. Overall, these bands have a similar
behaviour to that observed for the ν1 PO4 band in
hydroxyapatite, whereby an intensity close to zero was
found for configurations when the laser polarisation was
perpendicular to the crystallographic axes and the high-
est intensity in parallel configurations. But, their behav-
iour with respect to orientation is slightly different. For
the 959 cm�1 band, there was a larger change in the
intensities in parallel directions where the ratios of Iyy:Ixx
was 0.97 and 0.88 for Izz:Ixx, in comparison with 1 and
0.97, respectively, in pure hydroxyapatite. In contrast, the
965 cm�1 band has a stronger orientation dependence
producing ratios for Iyy:Ixx of 0.94 and Izz:Ixx of 0.87,
resulting in a higher prominence of this shoulder in spec-
trum from the xx configuration. The ν4 phosphate band
at 597 cm�1 showed only a weak direction–intensity rela-
tionship in this material.

In A-type carbonated apatite, the occupation of car-
bonate in the hexagonal channels within the apatite
structure means that the carbonate group has a high
degree of rotational freedom. Although it remains aligned
with the channel length, which lies along the z-axis of
the crystal, DFT calculations have demonstrated that
there is a low energy barrier to rotation in the xy
plane.[55] Thus, in experimental data, the carbonate sig-
nal should arise from an average of multiple orientations
of carbonate within the channel. To evaluate how the ori-
entation of the carbonate within the apatitic crystal

GEMERI ET AL. 163
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FIGURE 3 Analysis of the Raman band intensity dependence on sample orientation of A-type carbonate substituted apatite. (A) Raman

spectra, where, for example, xy refers to response of the material in the x-direction as a result of an applied incident light source polarised in

the y-direction. There are no bands above 1800 cm�1 as in this material, the CO3
2� replaced OH� in the structure. The spectra have been

offset for clarity. (B) Three dimensional plots showing the intensity of phosphate bands with respect to specific crystal-laser orientations.

(C) The effect of carbonate ion orientation in the xy plane on band activity. Intensity ratios of the carbonate versus the phosphate

symmetrical stretch are plotted for the xx and yy configurations for models where the carbonate ion threefold rotational axis is orientated at

5�, 18�, and 79� to the x crystallographic axis. Due to the hexagonal unit cell, the C3 axis is orientated along the y crystallographic axis at 60�

in the plot. An estimate of the intensity ratio for the yy configuration at this point (highlighted with a *) was obtained by fitting the xx data

with a polynomial function. Three-dimensional plots show the band intensities associated with the laser-crystal orientations for each model.

Note, the plots in (a) and (B) correspond to configuration 1 in (C). For (B) and (C) 3D plots, the calculated intensities were linearly

interpolated to predict band intensities when the laser is aligned in other orientations to those computed. The axis labels refer to the axes

found in the crystal lattice, and the colour scale reflects the highest intensity found in the spectrum, with the axes' lengths normalised to the

maximum intensity of the band of interest to aid visualisation. [Colour figure can be viewed at wileyonlinelibrary.com]
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structure changes the spectra under a differently
polarised laser, we analysed three stable configurations
where the three-fold rotational axis (C3) of the carbonate
group is differently orientated: (1) 5�, (2) 18�, and (3) 79�

from the crystallographic x-axis (Figure 3C). In the
Raman spectra, the most active carbonate band was that
associated with the symmetric carbonate stretch (ν1). This
band varied its position by 3 cm�1 depending on the ori-
entation of carbonate group from 1129 cm�1 in configu-
ration 3, to 1132 cm�1 when there was the largest
misalignment from the crystallographic axes (configura-
tion 2). This corresponds with a slight deformation of the
hexagonal Ca ring in the different configurations
(Figure 3B) and is up to 20 cm�1 higher than described
previously for synthesised samples.[9] In addition to a
change in position, the carbonate ν1 band intensity had a
strong dependence on the laser orientation when it was
closer to the crystallographic axes, but is expected to
decrease as the C3 axis becomes unaligned (Figure 3C).
Although both the carbonate and phosphate bands vary
their intensity with orientation differently, the ratios of
carbonate to phosphate ν1 bands calculated for the three
carbonate orientation models produced a very similar
range for the xx and yy configurations, 0.07 to 0.33 and
0.08 to 0.28, respectively. By examining the different ori-
entations, it is predicted that the maximum intensity
ratios will be 0.37 when the carbonate C3 and laser polar-
isation are aligned with either the x or y crystallographic
axes. In contrast, there was very little variation in the car-
bonate to phosphate ratio (0.10 to 0.11) when the system
was in the zz configuration, consistent with the lack of
carbonate rotation with respect to this axis.

3.4 | B-type carbonated apatite

Placement of the carbonate band in the location of a
phosphate group (B-type substitution) with the concomi-
tant substitution of a Ca2+ for a Na+ to maintain charge
balance results in a similar behaviour of the Raman
bands to that of pristine hydroxyapatite. The lowest
energy substitute configuration explored by Ulian
et al.[41] was adopted for this study (labelled as the Na6
configuration model in the corresponding literature).
Again, the dominant phosphate band, the symmetrical
stretch (ν1) showed the highest intensity in parallel con-
figuration along the xx-axis with Iyy:Ixx and Izz:Ixx of 0.85
and 0.90, respectively. In comparison, the ν4 PO4 band at
597 cm�1 retained its dominance in the zz configuration
but, as observed with the A-type carbonated apatite, also
has a larger intensity contribution in the other two paral-
lel configurations, as well as the perpendicular configura-
tions (Figure 4). Examination of the vibrations

contributing to this band using CrysPlot demonstrated
that unlike the unsubstituted hydroxyapatite, in the B-
type carbonated apatite, the band in the spectrum is not a
pristine phosphate vibration but rather is overlapped by
an additional OH stretch. Therefore, some of the orienta-
tional dependency may also arise from that of the OH
group. As for the A-type carbonated apatite, the carbon-
ate group shows a strong dependency on orientation.
Here, the ν1 of carbonate in the phosphate site is found at
1091 cm�1, again consistent with previous analysis of
synthesised B-type carbonated apatite.[56] But this band
shows a high intensity along the zz direction with a very
low intensity in the two other parallel configurations.
This information if somewhat latent and mixed in the full
spectra as a result of overlapping carbonate and phos-
phate bands, yet it can be clearly identified from the ori-
entational plots for specific vibrational modes
(Figure 4B). Thus, for a B-type apatite, the true carbonate
content would thus only be able to be measured in the
parallel configuration along the zz, with other parallel
configurations resulting in an underestimation.

3.5 | Type AB

As expected, due to the mixed nature of the AB
substituted apatite structure, this material shows a com-
bination of the behaviours found thus far for the A and
B-type apatite materials with respect to sample orienta-
tion and laser polarisation. As observed for the A-type
carbonate substituted apatite, the phosphate ν1 symmetri-
cal stretch is split into two bands, where the lower wave-
number band (967 cm�1 in this model) has the highest
intensity in all configurations and corresponds to phos-
phate groups located in the centre of the unit cell
(Figure 5). In contrast, the lower intensity band observed
for this material at 974 cm�1 corresponds to phosphate
located closest to A-type carbonate group substituted the
equivalent position to OH in hydroxyapatite. All bands
show a sensitivity to orientation, with the phosphate ν1
symmetrical stretching modes retaining their maximum
scattering efficiency when the laser is polarised parallel
to a crystallographic axis, with a maximum intensity
found in the xx configuration. Similar to the B-type apa-
tite, the phosphate ν4 band at 597 cm�1 has its maximum
scattering efficiency in the zz configuration, but, retains
its orientation dependence unlike the A-type substituted
apatite.

In contrast to the A-type apatite, our simulations with
different initial orientations of the carbonate group in
place of an OH group (A-type carbonate substitution) in
the AB-type model reverted to the lowest energy state
described previously by Ulian et al.[41] In other words,
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the rotational energy barrier for carbonate in the hexago-
nal channel that runs along the z-axis seems to be much
higher in the AB-type carbonated apatite. This is likely
due to the replacement of a Ca2+ ion at the edge of the
channel with an Na+ ion (Figure 1), required to maintain
charge balance when a phosphate group is replaced by
carbonate (B-type carbonate substitution). The carbonate
C3 axis in the AB-type structure is positioned 78� from
the x-axis in the AB-type model, which is almost identical
to configuration 3 in the A-type carbonated apatite
model. However, the orientation sensitivity of the car-
bonate ν1 band and its intensity were much lower as the
xx and yy carbonate to phosphate ν1 band ratios were
0.009 and 0.005 for the AB-type system, respectively,
whereas they were 0.07 and 0.28 for the A-type model,
respectively. A maximum scattering efficiency for the car-
bonate ν1 band was found in the zz configuration for the
AB-type carbonate substituted apatite, with Ixx:zz and Iyy:
zz of 0.51 and 0.24, whereas the maximum difference in

the perpendicular directions (in the xz configuration) is
also 0.24 with respect to the zz scattering efficiency, with
other directions producing an intensity even lower. The
ν1 symmetrical stretch of carbonate in the B-site of the
AB substituted structure was found at the same location
as the equivalent band in the B-type carbonate
substituted apatite. However, the presence of the A-type
carbonate appears to result in a change in the behaviour
of the bands related to the carbonate substituted for phos-
phate. For example, the ν1 symmetrical stretch of carbon-
ate in the B-site found at 1091 cm�1 showed the same
scattering efficiency in both the xx configuration and yy
configuration as well as an intensity ratio for Izz:xx of 0.57,
whereas in a perpendicular configuration, the highest
intensity ratio was 0.10. Despite showing a similar behav-
iour with respect to the activity of bands in different con-
figurations, the changes in scattering efficiency are not
the same for the phosphate and carbonate related bands.
In the parallel configurations, where the intensity is

FIGURE 4 Raman spectra and intensities of specific bands with respect to the orientation between the laser and crystal structure for the

B-substituted hydroxyapatite, where carbonate substitutes for a phosphate group within the apatite structure. (A) Raman spectra of different

orientations between the incoming laser light and crystal structure. Here, for example, yz refers to the response of B-substituted

hydroxyapatite orientated in the y-direction as a result of an applied incident light source polarised in the z-direction. There are no Raman

bands determinable from the simulations between 1800 cm�1 and 3700 cm�1; therefore, this spectral region has been omitted. The

individual spectra have been offset to aid visualisation. (B) Plots showing the three-dimensional relationship between crystal orientation and

laser polarisation. Intensities obtained from the simulations were linearly interpolated to predict band intensities when the laser is polarised

in other orientations to those computed. Here, the axes refer to the axes in the crystal lattice. The axes' lengths are normalised to the

maximum intensity of the band of interest whereas the colour scale reflects the highest intensity found in the spectrum. [Colour figure can

be viewed at wileyonlinelibrary.com]
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FIGURE 5 Raman spectra and intensities of specific bands with respect to the orientation between the laser and crystal structure for the

AB-substituted hydroxyapatite, where carbonate substitutes in both an A- and B-sites within the apatite structure. (A) Raman spectra of

different orientations between the incoming laser light and crystal structure. Here, for example, yz refers to the response of AB-substituted

hydroxyapatite orientated in the y-direction as a result of an applied incident light source polarised in the z-direction. Individual spectra

have been offset to aid visualisation and comparison. (B) Plots showing the three dimensional relationship between crystal orientation and

laser polarisation. Intensities obtained from the simulations were linearly interpolated to predict band intensities when the laser is polarised

in other orientations to those computed. Here, the axes refer to the axes in the crystal lattice. The axes' lengths are normalised to the

maximum intensity of the band of interest whereas the colour scale reflects the highest intensity found in the spectrum. [Colour figure can

be viewed at wileyonlinelibrary.com]

highest, the difference in scattering efficiency would
result in a CO3:PO4 ratio of 0.29, 0.35 and 0.18 for xx, yy,
and zz, respectively.

4 | IMPLICATIONS FOR BONE
ANALYSIS

Orientation of crystallites within bone is an important
component of bone's mechanical function,[57] including
during its regeneration.[8] It is known that the bioapatite
crystals within bone can be orientated with respect to the
collagen fibrils and thus the lamellae that are present at a
higher level of the hierarchical arrangement in bone.[58]

The absolute orientation of the bioapatite with respect to
the bone characteristics will therefore be dependent on
the type of bone, as compact bone in long bones has a dif-
ferent organisation at higher levels of the hierarchical
material than spongy cancellous bone.[59,60] Even in
woven bone, where there is no measurable fibril orienta-
tion, bone mineral crystallites are observed to become
orientated with time.[61] However, within a single com-
pact bone, there can be different amounts of organisa-
tion, for example, two mineralised fibre arrangements are
present, twisted, or orthogonal plywood structure, where
differences in the relative intensities of Raman bands

have been used to evaluate their presence.[62] Similarly,
in rats, the level of organisation was not found to be con-
sistent across a single bone specimen.[63] In addition, the
organisation of the bone structure and therefore the
alignment of the bone mineral component can vary with
age,[13] up to puberty in humans,[64] and in cases where a
bone mineralisation disease is present.[65]

The observation that orientation would be expected to
play a significant role in characterising bone materials is
reflected in Raman spectroscopic analysis of these mate-
rials where the ν1 PO4 band intensity was found to
depend on the orientation of the mineral with respect to
the polarisation of the laser.[14] However, while it is an
acceptable method to use Raman spectroscopy to evalu-
ate the carbonate:phosphate ratios within bone,[66] the
effect of orientation on this data is typically neglected in
these analyses. The calculations conducted here clearly
show that apatite phosphate band intensities are orienta-
tionally dependent. This not only applies to hydroxyapa-
tite but also is consistent with our models of carbonated
apatite, supporting the use of phosphate bands for
Raman spectroscopy-based orientational studies as
described in the literature. However, the carbonate bands
are also highly orientation dependent and are not
expected to scale directly with the intensity changes of
the phosphate band based on the simulations. Even
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Raman instruments without the ability to polarise the
laser along different directions can produce orientation
effects in mineral spectra.[67] Therefore, this effect is
expected to be present in mineral characteristic studies
as well.

In compact bone, it has been reported that 75% of the
crystallites lie outside of the collagen matrix and that
these crystals are highly aligned with their c-axis lying
parallel to the long axis of the bone.[68] Evaluation of the
effect of orientation within the crystal on the measured
ratios indicates a variability in the ratios of up to 23% for
the B- and 17% AB-type carbonated apatite. Based on the
calibrated lines of synthetic B-carbonated apatite,[69] this
would be a variation in the carbonate content of
10 weight %. Given that the largest discrepancies for both
the B and AB-type carbonated apatites are between the zz
and xx or yy orientations, this implies that limiting the
difference in orientation through analysing perpendicular
to the long axis of the bone or collagen alignment should
produce the most robust carbonate data, although they
will reflect an underestimation in the carbonate content.
When examining the difference between the xx and yy
orientations, the difference in the carbonate:phosphate
ratios are much lower, 6% for both B- and AB-type car-
bonated apatite, resulting in a difference of 1 weight %
carbonate when using the synthetic calibration lines. A
previous study exploring longitudinally cross-sectioned
compact bone found higher carbonate contents of several
weight % related to less crystallite alignment in bone
associated with a mineralisation disorder. In contrast, in
the same study, a decrease in carbonate with increasing
alignment was found related to age in normal mice.[70]

This indicates that decreasing alignment of the crystal-
lites does not scale directly with increasing carbonate
content, which would be expected if an increased zz com-
ponent was significant during the analysis of less orga-
nised bone. Thus, increased carbonate content related to
bone mineralisation diseases was not the consequence of
changes in the bone organisation. The variability of orga-
nisation within the bone structure requires that specific
areas, such as close to osteons, should be avoided and
many points taken to make a statistically robust measure-
ment that can account for more variations. In addition,
our findings suggest that there may be a population of
the bone crystals in the randomly organised crystals that
are not being effectively mapped by the Raman spectrom-
eter during analysis if they are orientated perpendicular
to the laser polarisation.

Interestingly, B-type carbonated apatites have been
reported to have a lower OH band intensity with increas-
ing carbonate substitution,[71] consistent with the obser-
vation of a lack of OH within the crystal structure in
bone crystallites.[24] Our simulations demonstrate that for

a structure that has 17% carbonate content, that is, one
out of six phosphate sites it taken up by a carbonate ion,
which is higher than the typical content reported for
synthesised samples, the OH band should remain Raman
active.

In the B-type carbonated apatite, the OH band
becomes split due to the lowering of symmetry in the
simulations from P63 in hydroxyapatite to P1. Yet, the
OH/ν1 PO4 intensity ratio was very similar (0.61) for the
most intense OH band of the B-type carbonate hydroxy-
apatite compared with that found in the hydroxyapatite
(0.60). Therefore, if OH was present in bone bioapatite
and the sample was randomly orientate or along zz, the
simulations indicate OH stretching bands should be visi-
ble in the Raman spectrum. Its absence in previous
work[24] that studied an extracted powder that is assumed
to be randomly orientated, thus, supports the hypothesis
that bone bioapatite does not contain significant amounts
of OH consistent with later NMR analyses.[72]

A range of positions for the B-type carbonate ν1 band
have been reported from 1072 to 1080 cm�1 depending
on the phase composition, including the presence of
other substitute ions such as silica, and crystallinity.[73]

Most synthetic materials of the A- or B-carbonated apa-
tite report ν1 carbonate bands that are �30 cm�1 apart,
consistent with previous simulations of different AB-
carbonate structures with the exception of one model
where the ν1 band positions of A-type carbonate were
found to be lower than the equivalent B-type band.[41] A
later paper has demonstrated that the exact spacing of
these bands changed depending on pressure.[74] There-
fore, there is a chance that there may be some overlap
between A- and B-type ν1 carbonate bands depending on
the sample chemistry. Critically, even if the bands are
distinguishable, our model demonstrates that the activity
of the A-type band is expected to be lower in the AB-type
carbonated apatite system. Thus, it is possible that in
bone and synthesised carbonated apatite, some carbonate
also substitutes for the OH but is not detectable using
Raman spectroscopy. This would be consistent with IR
spectroscopy analysis of bone, which detects carbonate in
the A-type site.[75]

5 | CONCLUSION

Density functional theory calculations of hydroxyapatite
and carbonated apatite structures have demonstrated a
consistency with experimentally derived systems reported
in the literature, including their response to orientation
where this information is available. It became clear from
the simulations that the apatite system has a strong ori-
entation dependency of the Raman band intensities and
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that these behaviours differ depending on the band exam-
ined. This means that ratios of critical bands, such as the
ν1 of phosphate and carbonate, are not consistent
between different orientations. In particular, the zz orien-
tations have the highest sensitivity to both phosphate and
carbonate and produce the largest ratio value. In compar-
ison, there is almost no intensity observed for the phos-
phate and carbonate bands in orientations where the
laser is aligned perpendicular to the crystallographic axes
of the apatites studied. This means that for orientation
studies, evaluations of bone cut perpendicular to the col-
lagen structure will produce the most sensitive informa-
tion. However, samples cut parallel to the collagen
structure will be most effective for examining changes in
carbonate content between specimens as the ratios of the
carbonate and phosphate band intensities are most
robust in this orientation because they are not as affected
by orientation of the crystallites.
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Aleksandar Živkovi�c https://orcid.org/0000-0003-1347-
6203
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