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Abstract. The carbonate and phosphate vibrational modes
of different synthetic and biological carbonated apatites
were investigated by Raman microspectroscopy, and com-
pared with those of hydroxyapatite. Then1 phosphate band
at 960 cm−1 shifts slightly due to carbonate substitution in
both A and B sites. The spectrum of type A carbonated
apatite exhibits twon1 PO4

3− bands at 947 and 957 cm−1.
No significant change was observed in then2 andn4 phos-
phate mode regions in any carbonated samples. Then3
PO4

3− region seems to be more affected by carbonation: two
main bands were observed, as in the hydroxyapatite spec-
trum, but at lower wave numbers. The phosphate spectra of
all biominerals apatite were consistent with type AB car-
bonated apatite. In the enamel spectrum, bands were ob-
served at 3513 and at 3573 cm−1 presumably due to two
different hydroxyl environments. Two different bands due
to the carbonaten1 mode were identified depending on the
carbonate substitution site A or B, at 1107 and 1070 cm−1,
respectively. Our results, compared with the infrared data
already reported, suggest that even low levels of carbonate
substitution induce modifications of the hydroxyapatite
spectrum. Increasing substitution ratios, however, do not
bring about any further alteration. The spectra of dentine
and bone showed a strong similarity at a micrometric level.
This study demonstrates the existence of acidic phosphate,
observable by Raman microspectrometry, in mature
biominerals. The HPO4

2− and CO3
2− contents increase from

enamel to dentine and bone, however, these two phenomena
do not seem to be correlated.

Key words: Raman microspectrometry — Carbonated apa-
tite — Enamel — Dentine — Bone.

Calcium phosphate of vertebrate hard tissue exhibits an apa-
titic structure. However, many variations in composition

and structure within the same tissue have been reported.
These variations are influenced by the animal’s age, dietary
history, and health status, hence the challenge to character-
ize these biominerals. Biological apatites are usually de-
scribed as substituted hydroxyapatite [OHAp: Ca10 (PO4)6
(OH)2]. Most biominerals contain carbonate but its influ-
ence on biological crystal is not clear. This is why the study
of these minerals is of interest in biomineral composition
and structures understanding [1–8].

Two types of carbonate substitutions have been de-
scribed in synthetic compounds: type A (OH− substituted by
CO3

2−) and type B (PO4
3− substituted by CO3

2−). Previous
Raman studies on carbonated apatites have reported vari-
able numbers of bands in then3 PO4

3− domain. Despite
these discrepancies, two main bands are consistently re-
ported to be around 1070 and 1046 cm−1. Two distinct
wavenumbers of then1 carbonate mode have been sug-
gested depending on whether substitution is of type A or B
[9–11] at 1108 and 1070 cm−1, respectively.

Dental enamel is the most mineralized tissue of the hu-
man body (97 wt%). The carbonate content represents 2–4
wt% [12–14] with a reported 90% of type B and 10% of
type A [14]. Mature bone mineral and dentine generally
contain more carbonate (5–8 wt% of the mineral); the dis-
tribution between type A and B sites has not been deter-
mined precisely although it has been reasonably assumed
that type B carbonate is the major species [15, 16]. The
existence of HPO4

2− and nonapatitic environments of phos-
phate and carbonate ions in calcium phosphate biominerals
have also been established. Differences in the concentra-
tions of HPO4

2− and CO3
2− groups have been observed in

calcified cartilage and bone, and related to tissue formation
and maturation [17–19].

One of the problems linked to the use of infrared (IR)
and Raman (R) methods is the identification of bands, es-
pecially in complex, substituted, biological apatites. The
vibrational activity is different in R and IR, some modes are
both IR and R active, but others are only R or IR active.
Both R and IR band positions are influenced by both com-
position and structure, especially symmetry changes (like
the space group for crystals). Thus, synthetic samples, gen-
erally having a better crystallinity than biological apatites,
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are used as models to investigate complex biological com-
pounds [20]. Several studies using FTIR microspectroscopy
in mineralized tissues have been reported [21–24]. Such
investigations are usually performed in the transmission
mode and need specific sample preparation. Besides, the
micro-Raman probe of the micrometric scale is 10–100
times smaller than the probe used for IR microspectrometry.
Raman microspectrometry also permits investigations of
samples without possible artifacts due to specimen prepa-
ration. This method, used in the reflection mode, is nonde-
structive, thus different regions, such as interfaces, of the
sample can be investigated. The micrometric probe size
reduces the fluorescence problems encountered in conven-
tional Raman spectroscopy on such natural materials. The
vibrational modes of PO4

3−, OH−, HPO4
2−, and CO3

2−

groups can be studied by Raman spectroscopy. In addition,
the relative intensities of bands between normalized spectra
can lead to quantitative estimations of these constituents.
Thus, Raman microspectrometry can give new and comple-
mentary information about biominerals with a micrometric
probe.

There have been very few studies on Raman methods of
carbonated apatites, dental enamel, dentine, and bone. For
dental enamel, most studies have been done by conventional
Raman methods [4, 17] on powdered samples. Because of
the small amounts of carbonate ions in this tissue, the spec-
tra are generally interpreted by reference to hydroxyapatites
[9, 14.]. Conventional Raman spectroscopic investigations
on bone are usually difficult because of fluorescence prob-
lems related to organic components [17, 25], and the de-
proteination treatments proposed to solve this problem [26]
are drastic. They disrupt the three-dimensional organization
of the tissue, and might alter minor constituents themselves
or their environments.

The aim of this work was to study different synthetic and
biological carbonated apatites with a Raman microspectro-
metric technique in order to specify band assignments and
spectral alterations due to carbonate incorporation and crys-
tallinity.

Materials and Methods

Preparation of Synthetic Samples

Type B carbonate apatite (BCarAp): a phosphate solution
[(NH4)HPO4: 200 g; NaHCO3: 42 or 21 g; ammonia solution (sp.
gravity: 0.93): 500 ml; H2O: 3000 ml], was added slowly (for 3
hours) to a stirred calcium solution [Ca(NO3)2. 4H2O: 472 g;
ammonia solution (sp. gravity: 0.93): 1000 ml; H2O : 3000 ml] at
80°C. The precipitate was left to mature for 1 hour before filtra-
tion. It was then washed with distilled water and dried at 80°C.
Two samples corresponding to a carbonate-rich and to a carbonate-
poor apatite were prepared.

Type A carbonate apatite (ACarAp) was prepared from a stoi-
chiometric hydroxyapatite (OHAp), synthesized by Trombe’s
method [9], by treatment in a dry CO2 atmosphere for 3 days at a
high temperature (900°C).

The HPO4-containing apatite was prepared by hydrolysis ofb
tricalcium phosphate (TCP) in boiling water [27].

Purity of samples was monitored by chemical analysis, X-ray
diffraction, and FTIR spectroscopy. No sample was found to con-
tain impurities. The carbonate content of ACarAp was 5.8 wt%
and OH− groups were not observed by either R or IR spectroscopy.
The three samples of BCarAp contained, respectively, 4.5, 7, and
10 wt% carbonate.

Powders were spread on a microscope slide for spectral acqui-
sition.

Preparation of Biological Samples

For dental samples, sound first premolars extracted for orthodontic
reasons from 12-year-old children were used. The root was cut off
with a high-speed dental burr under water spray. The crown was
fractured along the longitudinal axis with a surgical instrument
placed between cusps. Then the dental samples were oriented on
the microscope slides in transverse excitation/detection arrange-
ments, as described by Tsuda and Arends [28].

Bone samples were obtained from rabbit femur cleaned and
broken in the middle of the diaphysis. To eliminate fluorescence
artifacts, the samples were immersed successively for 2 hours at
room temperature in acetone, then in a 30% hydrogen peroxide
solution, and in acetone again. The samples were dried at room
temperature and placed on a microscope slide for spectral acqui-
sition [29]. All assays were performed on about 30 biological
samples.

Raman Microspectrometry

We used a OMARS89 microspectrometer from DILOR (Lille,
France) with helium neon (632 nm) laser excitation at a power of
3 mW reaching the sample. The overall spectral resolution was 2
cm−1. The spectra were obtained in the 200–3700 cm−1 range. The
×100 microscope objective used in a confocal configuration give a
micrometric spot size. For easier comparison, all spectra are pre-
sented with a normalized intensity. This normalization was ob-
tained by computation of spectra with equal intensity value of the
n1 PO4

3− band.

Results

Raman band positons and assignments are listed in Table 1
and compared with those of hydroxyapatite [30].

Phosphate Vibrational Modes

The n1 mode of phosphate at 964 cm−1 for hydroxyapatite
exhibited a slight wave number shift in type B carbonated
apatites. We observed a single band at 960 cm−1, a position
that did not seem to change with the rate of carbonate sub-
stitution. The ACarAp, on the contrary, exhibited two
bands, the most intense at 957 cm−1, and a distinct shoulder
at 947 cm−1 (Fig. 1). In biological samples then1 mode of
phosphate exhibited the same modifications as synthetic
type B samples: a single band around 960 cm−1 was ob-
served [31]. In enamel, this single band seems stronger than
the one observed in dentine and bone spectra.

The n2 domain of synthetic samples was seen to be dif-
ferent depending on the type of substitution. In ACarAp, a
broad band with several poorly resolved shoulders was ob-
served at 440 cm−1. For BCarAp and enamel spectra, then2
PO4

3− mode wave number positions were nearly the same
with two bands around 432 and 445 cm−1. In dentine and
bone samples, the band at 432 cm−1 was conserved but the
second shifted slightly to 450 and 452 cm−1, respectively
(Fig. 2).

Then3 PO4
3− domain appears to be the most affected by

carbonate substitution. As already reported in a previous
study on fluoride-substituted OHAp [30] the number of
bands decreased and the region was dominated by two main
bands with a significant shift compared with OHAp (see
Table 1). These main bands dominate this spectral region on
synthetic type B, and on biological apatite samples at simi-
lar wave number values of around 1046 and 1070 cm−1.
However, the 1070 cm−1 band cannot be assigned to phos-
phate ions alone as it corresponds also to then1 mode of
carbonate ions. The intensity of this band increased with
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type B carbonate content. In AcarAp spectra, three bands
were detected at 1018, 1031, and 1059 cm−1. This feature
was not observed on any other type B carbonate-containing
apatites, and seems characteristic of ACarAp (Fig. 3). The
two main bands at 1031 and 1059 cm−1 can be considered
as shifted bands observed in the other CarAp. The shift

could be due to strong environmental modifications of
PO4

3− ions induced by complete hydroxyl substitution. In
spectra of biological samples, the frequency shift was neg-
ligible, and a regular type A environment in these samples
represents a minor proportion of the carbonate substitution.

The PO4
3− n4 mode always exhibited three main bands

with constant wave number values (579, 590, and 608
cm−1). The band around 590 cm−1 exhibited the strongest
intensity in all the synthetic and biological samples. In com-
parison with the OHAp spectra, the weak band at 614 cm−1

was not observed in all carbonated samples, presumably due
to band broadening. In the ACarAp spectrum, a band was
detected at 630 cm−1. In OHAp, the 630 cm−1 band assigned
to the OH− libration mode has been sometimes reported, and
was not observed by us. In ACarAp this band cannot be due
to the hydroxyl groups undetected in this sample by IR. It
cannot be definitely attributed to PO4

3− groups, however, as
it was observed at a wave number significantly higher than
that of the othern4 PO4

3− bands. So, its assignment remains
uncertain (Fig. 2).

On the HPO4
2−-containing apatites, two additional bands

attributed to acidic phosphate ions were observed at 1003
and 873 cm−1 (Fig. 6).

Hydroxyl Modes

The enamel spectrum exhibited two bands: one at 3573
(common with OHAp) and to our knowledge, an unreported
one at 3513 cm−1 (Fig. 4). Observation of this band was
impossible in dentine and bone spectra because of the broad
water band (3513 cm−1) (Fig. 5). In addition, to our knowl-
edge, these ions have never been detected by IR in bone and
dentine. The second band (3513 cm−1) observed in the OH−
stretching mode region was not detected in synthetic car-
bonated samples and cannot be assigned to carbonation. It
could be due to a OH− ion interacting by hydrogen bonding
with another anion. The shifts due to F-OH or Cl-OH in-
teractions are stronger in stoichiometric apatites [14], how-
ever, the evolution of this type of interaction in carbonated
samples is unknown.

Carbonate Modes

Types A and Bn1 carbonate bands were detected separately,
at 1103 and 1071 cm−1, respectively. These bands were
identified in all synthetic and biological samples. Although
type B carbonate band superimposes on then3 phosphate
band, the frequency shift from 1077 to 1071 cm−1 in OHAp
indicates a type B carbonation. The intensity of the 1071
cm−1 band increased consistently with the carbonate content
in both synthetic and biological samples and most of its
intensity was due to carbonate ions in apatites containing
more than 4% type B carbonate. The type An1 carbonate
band shifted slightly, in all biological samples, to 1103 cm−1

but remained observable. This band was very weak for
enamel and increased in bone and dentine consistently with
the total carbonate content. The two bands due to then4
carbonate mode were identified, in the ACarAp, at the same
wave number as in infrared spectra [18, 19] 675 and 765
cm−1 (Fig. 3). In spectra of 10% BCarAp, a very weak band
appeared at 751 cm−1, whereas in other BCarAp, two very
weak bands were detected at 716 and 690 cm−1 [4].

The n3 carbonate domain could not be investigated be-
cause of the weakness of the bands and their superimposi-

Fig. 1. Raman spectra in then1 phosphate mode region of (A) 5.8
wt% type A carbonated apatite, (4B) 4.5 wt% type B carbonated
apatite (7B), 7 wt% type B carbonated apatite (10B) 10 wt% type
B carbonated apatite.

Fig. 2. Raman spectra in then2 andn4 modes of phosphate, and
then4 mode of carbonate region of (A) 5.8 wt% type A carbonated
apatite, (10B) 10 wt% type B carbonated apatite.
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tion on organic matter bands in biological samples. Then2
domain did not show any identifiable bands.

Discussion

Several studies have been reported on carbonated apatites
[5, 9, 10, 18, 19]. A first question is related to the effect of
carbonate uptake on Raman spectra, especially on the num-
ber of bands and their wavenumber assignment. This point
is crucial for further, more detailed studies of spectra and
band identification of nonapatitic environments, for ex-
ample, which have been found in the initial deposits of
calcified tissues.

The substitution of carbonate ions for OH− or PO4
3− ions

induces the creation of vacancies and distortions in the
atomic arrangement.

For type A carbonate apatite the substitution of a mono-
valent ion by a divalent one is compensated for by the
creation of a vacancy and the chemical composition can be
represented by:

Ca10(PO4)6CO3h

whereh represents the vacancy.

This substitution results in the loss of the63 screw
axis but preserves the existence of theC3 axis. Thus, the
six phosphate groups of the unit cell are no longer equiva-
lent in the lattice but may be split into two groups, one
organized around a vacancy and one around a carbonate
ion, as suggested by Trombe [7]. The shoulder and main
band observed in then1 mode region of phosphate in
ACarAp can be assigned to two different environments
(vacant sites or divalent ions) of the phosphate groups in
planes1⁄4 and3⁄4 [7, 8, 32]. It should be noted, however, that
vibrational correlations could occur between equivalent
phosphates and that theoretically twon1 bands should be
seen in this domain for each group of three phosphate ions.
Similar observations were made on oxyhydroxyapatites
(Ca10(PO4)6(OH)2–2xOxhx; 0 ø × ø 1 and whereh is a
OH− ion vacancy), where the ionic distribution along thec
axis is also disturbed, but in this case, other vibrational
domains are also strongly altered. The existence of two
different types of phosphate environments in oxyapatite has
recently been confirmed by MAS-NMR [33]. Such a modi-
fication of the environment should affect the other phos-
phate modes as it does in IR [8]. Raman spectra modifica-
tions in then3 andn4 domains are, however, more difficult
to assess and it is actually impossible to distinguish the two

Table 1. Raman band positions and assignments compared with those of hydroxyapatite

OHAp ACarAp BCarAp 4.5% BCarAp 7% BCarAp 10% Enamel Dentine Bone

v2PO4
3− 433 432 432 432 433 432 432

440
448 445 445 445 450 450 452

v4PO4
3− 580 579 579 579 579 579 580 584

591 589 590 590 590 588 590 590
607 608 609 609 609 608 610 611
614

NA 630
v4 CO3

2− 675
765

P-OH stretch 873 873
? 920 924
v1 PO4

3− 964 947 961 961 961 959 959 961
957

v1 HPO4
2− 1002 1003 1005

v3 PO4
3− 1029 1018 1030 1030 1026 1026 1031 1032

1034
1041
1048 1031 1045 1046 1047 1043 1046 1044
1057
1064
1077 1059 1070 1071 1070 1071 1069 1071

B type v1 CO3
2− 1070 1071 1069 1071

A type v1 CO3
2− 1107 1103 1102 1103

Amide III 1245 1243
[27, 37] 1260 1262

C-H bending 1450 1449
[21, 37]

Amide I 1660 1662
[21, 37]

C-H 2881 2882
stretching 2948 2946
[21, 37] 2923

2988 2986
OH stretch 3513

3573 3576 3573 NO NO

NO 4 not observed; NA4 not assigned
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phosphate groups like forn1. Previous Raman studies on
synthetic apatites containing 2.2–12.4 wt% AB type carbon-
ate prepared from solutions at 80°C, have shown two bands
in then3 PO4

3− domain (at 1069-1072 and 1044-1046 cm−1)
[4]. For carbonated apatites prepared from solutions at
42°C, three bands have been observed (at 1031, 1048, 1076
cm−1) [5]. Synthetic, well-crystallized AB-type carbonated
apatites obtained at 900–950°C, showed either four bands
(at 1029, 1042, 1047, 1075 cm−1) [6] or three bands (at
1029, 1048, 1075 cm−1) [9] with variable carbonation levels
(7.88 and 11.8 wt%, respectively). In the present study, the
band broadening and disymmetry compared with well crys-
tallized OHAp suggest, however, some overlapping. The
1018 cm−1 band, also observed in oxyhydroxyapatites,
could be characteristic of apatites containing divalent ions

and vacancies instead of monovalent ions. However, then2
andn4 domains did not show any specific bands associated
with carbonation.

The type A n1 carbonate band at 1107 cm−1 is very
specific of carbonate groups substituting OH− ions and can
be considered as a signature. This band appears clearly in
enamel. In dentine and bone it appears as weaker but
broader but nevertheless, clearly apparent. This observation
confirms the existence of type A carbonate in bone and
dentine as suggested by IR data [16]. The relative intensity
of the 1103 cm−1 band indicates that the proportion of type
A carbonate is similar in enamel, dentine, and bone.

For type B carbonate the substitution of a PO4
3− group

by a CO3
2− mainly causes the creation of a Ca2+ vacancy

and a OH− vacancy. These compounds can be represented
by:

Ca10−x+u hx−u (PO4)6−x (CO3)x OH2−x+2uhx−2u

Fig. 3. Raman spectra in then3 phosphate mode region of (A) 5.8
wt% type A carbonated apatite, (4B) 4.5 wt% type B carbonated
apatite, (7B) 7 wt% type B carbonated apatite, (10B) 10 wt% type
B carbonated apatite.

Fig. 4. Raman spectra of human enamel and dentine, and rabbit
bone in the 1800-380 cm−1 region.

Fig. 5. Raman spectra of human enamel and dentine, and rabbit
bone in the 3600-2800 cm−1 region.

Fig. 6. Raman spectra of well-crystallized HPO4
−2 containing

apatite in the 350-1111 cm−1 region.
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with 0 < x < 2 and 0 < u < x. For ourcompounds the values
of u and x can be determined from the chemical composi-
tion.

These substitutions have several consequences on the
crystal lattice and in the Raman spectra. If we assume a
statistical distribution of the carbonate and phosphate
groups, the periodicity of the lattice is altered and factor
group considerations, especially, are no longer valid for the
high to medium substitution range. Site symmetry alone
should be adequate for interpretation of the spectroscopic
data. The substitution of one PO4

3− in the unit cell by a
CO3

2− for example, which is the case for apatites containing
around 6% carbonate, destroys the main symmetry elements
and all phosphate groups become independent which does
not allow correlations between vibrational movements. In
addition, the local environments of the groups can be modi-
fied by vacancies and/or substituents leading to different
vibrational frequencies and/or band broadening. In the case
of bone and dentine mineral, the small size of the crystals
adds its effect to carbonate substitution for phosphate. De-
spite the low crystallinity, the band broadening with respect
to well-crystallized carbonated apatites is minor. For these
samples, the lack of periodicity and symmetry elements, if
we assume a statistic distribution of the substituents and
defects, should give spectra that are interpretable from the
point of view of site symmetry only.

The phosphate bands observed in substituted type B car-
bonate-containing apatites spectra are broader and less in-
tense than those of OHAp. The observation of a strong
singlen1 band, two bands in then2 domain, and three main
bands in then3 and n4 domains at identical wave-number
values indicates, however, that differences in the environ-
ment of the phosphate groups in type B carbonate-
containing apatites are negligible in the concentration range
used in this study. Type B carbonate should disrupt the
symmetry between the PO4

3− groups in planes at1⁄4 c and3⁄4
c, thus, common R and IR bands should be observed [30].
But, the detected Raman bands differ from IR band posi-
tions (Table 1). This observation is not consistent with site
symmetry considerations only and could indicate that some
local organization exists, allowing correlations of vibra-
tional movements. In particular, the most intense IR band at
560 cm−1 is not observed on the Raman spectra. Conversely,
the most intense Raman bands at 590 and 579 cm−1 are not
observed on the IR spectra [18].

The spectra of type B carbonated apatites are analogous
to those of enamel which is not surprising considering the
site A low occupancy. The type An1 carbonate band, at
1106 cm−1, is only apparent in the spectra as a very weak
band and then1 PO4

3− mode does not show the character-
istics of type A carbonated samples. For these samples with
a low carbonate content, the distinction between two types
of carbonate substitution seems easier on IR than on Raman
spectra. But it should be emphasized that a small amount of
carbonate substituting phosphate ions is enough to modify
the Raman spectra of OHAp in then3 domain of PO4

3−, as
reported with FTIR [19]. The superimposition of the most
intense carbonate band on a phosphate band complicates the
analysis. However, it can be noticed that then1 PO4

3− band
appears in a domain where no other intense band due to
organic matter or carbonate exist. Therefore, this band can
be used as a reference to normalize the spectra. The relative
intensity of the 1070 cm−1 band can give a good estimation
of the type B carbonate content. All biological samples
conform to type B apatite spectra with slight shifts and
changes in intensities. Previous studies of synthetic high-

temperature carbonate apatites [9] and apatites produced
from aqueous solutions at 42°C [5] have reported a rela-
tionship between then1 of PO4

3− band half-width and the
carbonate content. In the present study, these modifications
between type B 4.5%, 7% and 10 wt% apatites are signifi-
cant (13, 15, and 17 cm−1, respectively). Dentine and bone
have similar values, (20 and 18 cm−1, respectively) but
enamel exhibits a lower value (14 cm−1) consistent with its
lower carbonate content and higher crystallinity.

Another interesting question is related to the detection of
nonapatitic environments by Raman spectroscopy as they
have been detected by IR. A faint band is observed around
1003 cm−1 with an insignificant wave number shift in all
biological samples. This band was also observed in Raman
spectra of well-crystallized apatites that contained HPO4

2−

ions. It does not appear in synthetic type B carbonated apa-
tites obtained in alkaline conditions. In agreement with
other authors, this band can be assigned to HPO4

2− groups,
it is observed in nonapatitic Ca-P like octacalcium phos-
phate (OCP) [34], and has also been reported in biological
mineral [17]. Other faint bands around 920–924 cm−1 can
also be noted in dentine and bone, but not in synthetic
HPO4

2−-containing apatites. These bands have also been
reported by others [17, 35] and assigned to HPO4

2− groups
in an OCP environment. However, similar bands observed
by IR in calcifying cartilage have been shown to be due to
organic components [36], thus, the origin of these bands is
not yet certain. The detection of these species seems to be
more difficult with Raman than with IR. Most phosphate
vibrational domains show weak bands that cannot be easily
decomposed or deconvoluted. The most sensitive Raman
band (in then1 domain) shows alterations, especially band
broadening, mainly associated with carbonation, that have
been observed by several authors. The possible existence of
an additional broad phosphate band around 920 cm−1, pos-
sibly corresponding to nonapatitic species, has to be con-
firmed. The bands around 873 cm−1 have been reported by
IR studies on biological apatite crystals, and assigned to
carbonate [36] and HPO4

−2 ions [25]. In the present study,
a band in this domain observed in synthetic HPO4

2−-
containing apatite was absent from all synthetic carbonated
samples, and thus it can be reasonably assigned to HPO4

2−

in biological samples.
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