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Characterization of Calcium Phosphates
Using Vibrational Spectroscopies
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Abstract Vibrational spectroscopies are extensively used for the characterization
of calcium phosphates either as natural biological minerals (bone, teeth, ectopic
calcifications) or as biomaterials (bioceramics, coatings, composites). The present
review begins with a theoretical description of expected spectra for the main
calcium phosphate phases (i.e., brushite, monetite, octacalcium phosphate, trical-
cium phosphates, apatites, amorphous calcium phosphate) followed by the analysis
of real spectra, line positions and assignments, and observed anomalies. In the
second part, the spectra of complex well-crystallized ion-substituted apatites and
other calcium phosphates, as well as solid solutions, are investigated, and the
information gained regarding the substitution types and ion distributions are derived.
Finally, we will examine and interpret the spectra of nanocrystalline apatites
considering the ion substitution effects and the existence of a surface hydrated layer.
Quantification processes and spectra treatments are briefly presented and discussed.
Examples of the use of vibrational spectroscopies for biomaterials and biominerals
characterization will be detailed for coating evaluations, including spectroscopic
imaging, following up on mineral cement setting reactions, adsorption studies, near
infrared investigations of surface water, residual strains determinations in bone,
orientation of apatite crystals in biological tissues, and crystallinity and maturity
of bone mineral.
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8.1 Introduction

Calcium phosphate (Ca–P) biominerals, especially apatites, are complex structures
affording many ion substitutions and vacancies, which may be poorly crystallized.
Their study by diffraction techniques does not always give information on fine
structural details such as the presence and location of CO3

2�, HPO4
2�, or OH�

groups. Vibrational spectroscopies bring, in addition to structural identification, this
valuable information and may be used for a quantitative determination on a very
limited amount of material. They may also yield, in favorable cases, information
on the orientation of molecular species and crystals; in addition, microscopic tech-
niques can also be used for local investigations on biological tissues or materials,
and they allow a rather accurate mapping of specific mineral characteristics.

Several techniques involve transitions between vibrational levels. This review is
mainly focused on FTIR and Raman spectroscopies, which are used extensively.
Vibrational spectra of different Ca–P of biological interest will first be described
with an emphasis on apatites. The effect of ion substitutions and vacancies will
be illustrated, showing how local environments disturb the vibrational spectra.
This phenomenon can be used for the characterization of surface species in
nanocrystalline compounds. Many other uses of vibrational spectroscopies have
been published, for example, in adsorption studies, follow-up of calcium phosphate
cement setting, analyses of coatings, near infrared (NIR) investigations of surface
water, or biological mineralizations. These will be briefly discussed in the last
section of this chapter.

8.2 Basic Spectra and Line Assignments

8.2.1 Theoretical Considerations

A vibration is defined by a periodic variation of the interatomic distance in a
compound. In the simple case of a diatomic molecule, A-B, the vibration frequency
can be modeled using the simple Hook’s law in the approximation of a harmonic
oscillator. The frequency of vibration, �, is given by

v D 1

2�c

s
k

�

where � is the force constant associated with the chemical bond and � is the
reduced mass: �DmA*mB/(mA CmB) with mA and mB the mass of atoms A
and B. For more complex molecular species, different types of vibrations are
possible, which can be determined theoretically [1]. Two types of vibrations with
different energy domains are recognized for molecular species other than diatomic
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Table 8.1 Vibrational characteristics of molecular ions involved in calcium phosphates

Vibrational domains, symmetry, and activity of the free ions
(R: Raman activity and IR: infrared activity)Molecular ion

(symmetry) �1 �2 �3 �4

PO4
3� (Td) A1 (R) E (R) T2 (IR, R) T2 (IR, R)

Position (cm�1) 938 420 1,017 567
HPO4

2� (C3v) A E A C E A C E
(IR, R) (IR, R) (IR, R) (IR, R) (IR, R) (IR, R)

Positions (cm�1) 988 394 862 1,076 537 537
CO3

2� (D3h) A0

1 A00

2 E0 E0

(R) (IR) (IR, R) (IR, R)
Positions (cm�1) 1,064 879 1,415 680

ones: stretching vibrations, corresponding to an elongation of chemical bonds, and
bending vibrations, corresponding to angular variation between two chemical bonds.
Stretching vibrations exhibit a higher energy than the bending ones.

In crystalline solids several types of vibration may occur. In addition to acous-
tic modes, two main types are identified, “internal vibrations” associated with
molecules and molecular ions with covalent bonds that are present in the solid and
“external vibrations” corresponding to the vibrations of species and ions in their
crystallographic site [2–4]. Internal vibrations are generally close to the vibration
energy of the free molecule/ions and allow the identification of molecular species in
the solid. However, variations will appear in the energies of internal vibrations and
in their relative intensities which depend on the environments of these molecular
species in the solid. Such variations allow a precise identification of mineral
structures in most cases. Although external vibration modes also depend on the
crystal structure, their energy is lower than that of internal vibrations, and they are
more easily accessed using Raman spectroscopy. Among these external vibrations,
two types of movements may be recognized: translation modes and libration modes,
which can be viewed as partial rotation of molecular groups in the crystal. Libration
movements of OH� ions and H2O molecules occur at a relatively high energy
compared to non-protonated molecules, and the corresponding lines are frequently
found among the internal vibrations of other species like phosphate or carbonate.
To complete the description of vibrational spectra, overtone and combination lines,
which involve multi-quanta excitations, can be observed, although with much
weaker intensities than fundamental lines.

The main molecules and molecular ions found in calcium phosphates are
orthophosphate groups: PO4

3�, HPO4
2�, H2PO4

� and also H2O, OH�, CO3
2�.

The vibrational characteristics of the “free” CO3
2� and PO4

3� ions are shown
in Table 8.1 [5, 6], with the symmetry group and vibrational domains. We will
use the denominations of the spectroscopic domains of the free molecules/ions to
describe and discuss the different spectra in this paper. Although specific domains
can be used for protonated phosphate species [5, 7], the P–O vibrational regions
remain close to those of the PO4

3� group and they will be discussed by reference
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to this ion. In protonated species additional lines are expected due to the O–H bond.
The stretching of the O–H bonds in HPO4

2� and H2PO4
� groups are generally broad

and appear with a low to medium intensity. However, the P-(OH) bonds in HPO4
2�

and H2PO4
� are longer and weaker than the P–O bond in the PO4

3� ion, and
the corresponding stretching bands are shifted towards lower wavenumbers. These
bands are very sensitive to hydrogen bonding [5, 8, 9]. In contrast the weakening
of the P–OH bond is associated with a strengthening of the remaining P–O bonds,
whose stretching vibrations are shifted towards higher wavenumbers, whereas bend-
ing vibrations are shifted towards lower wavenumbers. The symmetry alterations
induced by protonation occurring in HPO4

2� can conveniently be described using
distorted PO4 edifices belonging to C3v symmetry (although the symmetry of the
real free ions is lower). These species have been included in Table 8.1.

The vibrational modes of “free” molecular ions and molecules are conveniently
determined using molecular group theory [1], which is used to name and distinguish
the vibrational modes. Group theory also allows determination of the infrared
(IR) and Raman (R) observance of the vibrational modes, their “activity,” which
is related to the physical interactions between electromagnetic radiations and
vibrational energy levels involved in these spectroscopic methods [2–4].

In crystalline solids two main alterations have been identified: the site symmetry
effect and the factor group symmetry [2–4]. The site symmetry effect corresponds to
an alteration in vibrational energy levels due to the symmetry lowering of the “free”
molecule or polyatomic ion related to its position in a well-defined crystallographic
site; these effects are shown in Tables 8.2, 8.3, and 8.4 for different crystalline
calcium phosphates in different structures [5, 9–14]. Considering PO4

3� ions in
apatites with a hexagonal unit cell (space group P63/m; Table 8.3), for example,
the site symmetry is Cs, as only a symmetry plane is preserved from the original
tetrahedral symmetry. In consequence, the degeneracy of vibrational modes E
(degeneracy: 2) and T2 (degeneracy: 3) of the “free” PO4

3� species is raised, and
instead of one vibrational level, several non-degenerated modes occur. All these
vibrational modes are active in IR and R and a “splitting” of the �2, �3, and �4 lines
is predicted. In addition, �1 and �2 modes are now active in IR, although they were
not observed for the free ion.

The factor group treatment provides a complete prediction of the vibrational
levels of a crystal for both internal and external vibration modes. This approach
takes into consideration the whole content of the unit cell, including the correlations
between the vibrations of similar groups in a crystal that may interfere with
each other in a confined environment. These considerations result in additional
vibrational levels of molecules and molecular ions as shown in Tables 8.2, 8.3,
and 8.4. The number of predicted lines may vary considerably according to the
structure. For compounds containing HPO4

2�, OH� ions, and water molecules,
line broadenings are observed related to hydrogen bonding. In addition, libration
transitions, which have not been considered here, appear in addition to bending and
stretching lines.

The factor group may lead to weak shifts so, when numerous lines are expected,
individual components are hindered by line broadening and cannot be distinguished.
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Table 8.2 Internal vibrations of phosphate groups in non-apatitic calcium phosphates of interest
(PO4

3�-containing compounds)

Tetracalcium phosphate (TTCP); Ca4(PO4)2O; monoclinic P21 [10]
�1 PO4 �2 PO4 �3, �4 PO4

Site symmetry: C1 A(IR-R) 2A(IR-R) 3A(IR-R)
Factor group: C2 2A(IR-R) 4A(IR-R) 6A(IR-R)

2B(IR-R) 4B(IR-R) 6B(IR-R)
Number of lines IR 4 8 12
Number of lines R 4 8 12

’-Tricalcium phosphate (’-TCP); Ca3(PO4)2; monoclinic P21/a [12]
�1 PO4 �2 PO4 �3, �4 PO4

Site symmetry: C1 A(IR,R) 2A(IR-R) 3A(IR-R)
Factor group: C2h 12Ag(R) 24Ag (R) 36Ag(R)

12Au(IR) 24Au (IR) 36Au(IR)
12Bg(R) 24Bg (R) 36Bg(R)
12Bu(IR) 24Bu (IR) 36Bu(IR)

Number of lines IR 24 48 72
Number of lines R 24 48 72

“-Tricalcium phosphate (“-TCP); Ca3(PO4)2; trigonal R3c [12]
�1 PO4 �2 PO4 �3, �4 PO4

Site symmetry C3 A(IR-R) E(IR-R) A(IR-R)
E(IR-R)

Site symmetry C1 A(IR-R) 2A(IR-R) 3A(IR-R)
Factor group C3v 3A1(IR-R) 2A1(IR-R) 5A1(IR-R)

E(IR-R) 4E(IR-R) 5E(IR-R)
Number of lines IR 4 6 10
Number of lines R 4 6 10

Molecular group theory, site symmetry, and factor group treatments do not allow the
prediction of spectra with their line positions and intensities.

This information can be provided by quantum chemistry calculations [15]. For
mineral structures with disordered or partially occupied sites and for solid solutions,
factor group theory is more difficult to apply. For amorphous structures like
amorphous calcium phosphates, the spectra prediction may rely on the symmetry of
basic structural units, Posner’s clusters (Table 8.5) [16], although the S6 symmetry
of these clusters has been discussed and lower symmetry, C1 or C3, has been
proposed depending on the environment [17].

8.2.2 Spectra of Well-Defined Stoichiometric Calcium
Phosphates

The FTIR and Raman spectra of the most important calcium phosphates are
shown in Figs. 8.1 and 8.2. Line positions are reported in Tables 8.6 and 8.7.
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Table 8.3 Internal vibrations of phosphate groups in apatites for different structures and symmetries

Apatite; hexagonal P63/m [11]
�1 PO4 �2 PO4 �3, �4 PO4

Site symmetry: Cs A0(IR-R) A0(IR-R), A00(IR-R) 2A0(IR-R), A00(IR-R)
Factor group: C6h Ag (R), E2g (R), Bu

E1u(IR),
Ag(R), E2g(R), Bu, E1u(IR),

Bg, E1g(R), Au (IR), E2u

2Ag(R), 2E2g(R), 2Bu,
2E1u(IR), Bg, E1g(R),
Au (IR), E2u

Number of lines IR 1 2 3
Number of lines R 2 3 5

Apatite; hexagonal P63 [12]
�1 PO4 �2 PO4 �3, �4 PO4

Site symmetry: C1 A (IR,R) 2A (IR-R) 3A (IR-R)
Factor group: C6 A(IR-R), B, E1(IR-R),

E2(R)
2A(IR-R), 2B, 2E1(IR-R),

2E2(R)
3A(IR-R), 3B, 3E1(IR-R),

3E2(R)
Number of lines IR 2 4 6
Number of lines R 3 6 9

Apatite; monoclinic P21/b
�1 PO4 �2 PO4 �3, �4 PO4

Site symmetry C1 A(IR,R) 2A(IR-R) 3A(IR-R)
Factor group C2h 3Ag(R), 3Bg(R),

3Au(IR), 3Bu(IR)
6Ag(R), 6Bg(R), 6Au(IR),

6Bu(IR)
9Ag(R), 9Bg(R), 9Au(IR),

9Bu(IR)
Number of lines IR 6 12 18
Number of lines R 6 12 18

Very often for complex structures, the assignments are difficult to obtain due to
the superimposition of elementary fundamental vibrations. Theoretical calculated
spectra can, in principle, be obtained if the crystal structure is known, and a few
reports have been published on this subject [15].

Generally speaking, the spectra observed for well-crystallized stoichiometric
calcium phosphates like apatite correspond to the theoretical prediction, although
some anomalies can be noted like the observation of superimposed E2g and Ag

modes for the apatite spectra in the �1 PO4
3� domain in Raman or other anomalies

[11]. Detailed investigations have discussed the occurrence of faint lines revealed by
second derivatives of the spectra and the adequacy of the P63/m model for hexagonal
hydroxyapatite [11, 20, 21] (factor group C6h), compared to the real local symmetry
(factor group C6). The structure of stoichiometric hydroxyapatite, corresponding
to a monoclinic unit cell, space group P21/b, should theoretically lead to spectra
with additional lines which are not all observed. The ordering of OH� anions in the
structure, related to the monoclinic superstructure, seems to have little effect on the
vibration movements of the PO4

3� ions, which is very analogous in hydroxyapatite
to that of a truly P63/m symmetry like that of fluorapatite [11, 22].

The spectra of tricalcium phosphates (TCP) and tetracalcium phosphates (TTCP)
are particularly complex, and all predicted lines cannot be distinguished and
identified due to superimposition, except for the �1 lines of TTCP which are
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Table 8.4 Internal vibrations of phosphate groups in calcium phosphates of interest (HPO4
2�-

containing compounds)

Octacalcium phosphate (OCP); Ca8(PO4)4(HPO4)2, 5H2O; triclinic P�1 * HPO4
2� [14]

�1 PO4 �2 PO4 �3, �4 PO4

Site symmetry: C1 A(IR,R) 2A(IR, R) 3A(IR, R)
Factor group: Ci 4C2*Ag(IR) 8C4*Ag(IR) 12C6*Ag(IR)

4C2*Bu (R) 8C4*Bu(R) 12C6*Bu(R)
Number of lines IR 4C2* 8C4* 12C6*
Number of lines R 4C2* 8C4* 12C6*

Anhydrous dicalcium phosphate (DCPA) or monetite; CaHPO4; triclinic P�1
Site symmetry: C1 A(IR, R) 2A(IR, R) 3A(IR, R)
Group factor: Ci 2Ag(R) 4Ag(R) 6Ag(R)

2Au(IR) 4Au(IR) 6Au(IR)
Number of lines IR 2 4 6
Number of lines R 2 4 6

Dicalcium phosphate dihydrate (DCPD) or brushite; CaHPO4; monoclinic Ia [5]
Site symmetry: C1 A(IR-R) 2A(IR-R) 3A(IR-R)
Site symmetry: Cs A0(IR-R) A0(IR-R) 2A0(IR-R)

A00(IR-R) A00(IR-R)
Factor group: Cs A0(IR-R) 2A0(IR-R) 3A0(IR-R)

A00(IR-R) 2A00(IR-R) 3A00(IR-R)
Number of lines IR 2 4 6
Number of lines R 2 4 6

Table 8.5 Vibrations of phosphate groups in amorphous calcium phosphate (ACP) assuming a S6

symmetry of the Posner’s clusters [16]

�1 PO4 �2 PO4 �3, �4 PO4

Symmetry S6 Au(IR), Eu(IR) 2Au(IR), 2Eu(IR) 3Au(IR), 3Eu(IR)
Ag(R), Eg(R) 2Ag(R), 2Eg(R) 3Ag(R), 3Eg(R)

Number of lines IR 2 4 6
Number of lines R 2 4 6

relatively thin and well resolved. The case of ’-TCP is special due to a very
large unit cell with numerous phosphate groups, giving numerous lines with a
poor resolution. Strong lines are observed in the FTIR �2 PO4 domain of TTCP,
like in oxyapatite [23], possibly related to the presence of oxide ions in these
structures.

Other types of lines can be observed corresponding to the libration movements of
protonated species like OH� ions for hydroxyapatite or H2O- and HPO4

2�-related
lines for brushite and octacalcium phosphates. On Raman spectra several external
vibrations can be detected at low wavenumbers. Several differences between the
spectra of different calcium phosphate phases allow their identification and, to
some extent, their quantification. Overtone and combination bands can be seen
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Fig. 8.1 FTIR spectra of calcium phosphates in the domains of internal vibrations of phosphate
ions

on some spectra. For hydroxyapatite and related compounds, the most frequently
observed overtone/combination is a group of lines at 2,200–1,950 cm�1 [11].

These weak intensity lines do not seem to have received much attention and
they are sometimes misinterpreted. Overtone and combination bands of protonated
molecules are also used in near infrared (NIR) characterization of calcium phos-
phates. Lines assignments have been proposed in the case of the simplest spectra
like apatite [11, 12, 20, 22, 24, 25]. For the amorphous calcium phosphate, the
lines appear very broad and dissymmetric, suggesting the existence of several
components. It seems however difficult, using FTIR and Raman data, to contribute
to the discussion concerning the symmetry of real Posner’s clusters.

8.3 Methods and Techniques

The vibrational spectra of solids are relatively complex, and several techniques
have been used to improve band resolution and assignment. Spectra obtained at
low temperatures, for example, may show narrower lines, improving the band
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Fig. 8.2 Raman spectra of calcium phosphates in the domains of internal vibrations of phosphate
ions (for comparison purposes the wavenumber axis is in reverse order, like for the FTIR spectra)

resolution in certain cases [9, 18]. Among specific techniques applied to vibrational
spectroscopies are isotopic substitutions and the use of dichroic properties. Data
computing is also largely used, as in other domains of spectroscopy.

8.3.1 Isotopic Substitutions

One of the strengths of vibrational spectroscopies is the possible use of stable
isotopic substituted molecules or molecular ions that can be incorporated into a
material as molecular probes [18, 24]. Isotopic substitutions allow the identification
of vibrating groups when some doubt or suspicion is raised, follow-up of chemical
reactions or transformations of calcium phosphates, or simply shifts of weak hidden
lines superimposed on other absorption bands.



238 C. Rey et al.

Table 8.6 FTIR line positions of calcium phosphates (cm�1; m medium, s strong, sh shoulder, v
very, w weak)

TTCP HA ’-TCP “-TCP OCP DCPA DCPD ACP

�3 PO4 1,400 w
1,350 w

1,295 w 1,215 m
1,193 w 1,175 m,sh
1,137 vvw 1,128 s 1,132 s

1,119 s 1,121 s
1,105 w 1,103 s
1,093 w 1,092 s 1,094 w,sh
1,073 w 1,080 w,sh 1,077 s 1,070 s
1,062 s 1,055 s 1,055 s 1,064 s 1,060 s
1,046 s 1,040 vs 1,039 s 1,041 vs 1,040 s
1,033 m 1,025 s 1,037 s

1,013 s 1,023 s
1,010 s 997 s 1,010 w,sh 1,000 vvw 1,000 w,sh
989 s 984 s

�1 PO4 972 s 992 m 984 s
962 w 962 w 962 w
956 w 954 m
946 w 945 m 949 w,sh
941 w

P-OH of
HPO4

2�

917 w
861 w 892 m 872 m

�4 PO4 620 w 613 m 627 vw
594 w 601 m 597 m 602 m 601 m

585 m 589 w
571 s 575 m,sh 563 m 575 w 576 s 577 m

561 m 551 m 550 m 560 m 563 s 560 m
501 w 541 m 524 w 525 m 526 s

�2 PO4 471 m 472 vw 471 w 480
462 sh 463 w 466 vw

454 w
450 w 430 w 432 vw 449 vw 428 vw 418 sh
429 w 415 w 405 m 400 m
399 m 398 sh

References [10] [12] [13] [12] [14] [12] [18]

The isotopic shift (position ratio between identical vibration modes of the
unsubstituted and isotopic substituted molecules) can vary according to the atom
substituted in the molecule and the vibrational mode considered. For diatomic
vibrators like the OH� ion, the shift between OH� and its deuterated equivalent
OD� is given using Hook’s derived formula. The position ratio between the
protonated and deuterated ion stretching line is theoretically close to 0.7276, the
square root of the reduced mass ratios, which in fact is observed experimentally.
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Table 8.7 Raman line positions of calcium phosphates (cm�1; m medium, s strong, sh shoulder,
v very, w weak)

TTCP HA ’-TCP “-TCP OCP DCPA DCPD ACP

�3 PO4 1,131 m 1,132 vw
1,119 vw 1,119 vw 1,118 w
1,101 w 1,112 w
1,091 sh 1,077 w 1,077 w 1,090 w 1,079 vw 1,094 m 1,079 w
1,076 vw 1,064 w 1,061 m

1,057 w 1,058 w 1,052 w
1,045 vw 1,048 w 1,048 w 1,050 w

1,041 w
1,034 w 1,036 vw

1,026 w 1,029 w 1,027 w 1,027 vw
1,008 w 1,012 w 1,015 w 1,011 m

998 w 1,005 w,sh
�1 PO4 983 vw 976 s

961 vs 964 vs 964 s 970 s 966 s 988 s 986 s
956 vs 954 sh 948 s 959 vs
946 s 951 s
940 s

P-OH st. of
HPO4

2�

916 w 900 m
874 w 878 m

�4 PO4 615 vw 614 w 620 w 619 vw
608 vw 607 w 610 w 612 w 609 mw
597 w 591 w 593 w 591 m 588 m 588 w 594 m
576 vw 580 w 577 w 577 m 563 m
566 sh 563 w
556 vw 549 w
495 sh 523 w, b 525 w

�2 PO4 481 sh 480 w
463 sh 448 w 451 w 451 m 451 m
449 w 433 w 439 w
414 sh 421 w 427 m 420 w 419 m
407 w 408 w 409 m 411 w
389 w 353 w 394 w 381 w

References [10] [19] [13] [19] [14] [20] [19]

For more complex molecules, the isotopic shift depends only on the mass ratios
of the atoms and can be determined according to the Teller–Redlich product rule
[26]. The replacement of 12C by 13C in the carbonate ion, for example, gives
different shifts depending on the vibration domain. The line position ratios are,
respectively, 1,000, 0.9686, 0.9723, and 0.9963 for the �1, �2, �3, and �4 domains.
The replacement of 16O by 18O in PO4 groups has been used in early studies [24].
However, as a total substitution of 16O by 18O could not be achieved, the spectra
were rendered more complex by virtue of the different possible substitutions.
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Fig. 8.3 Example of dichroism on dahlite monocrystals (IR spectra). Dotted line: OH stretching
vibration, when the electric vector of the IR beam is parallel to the c-axis of the hexagonal structure;
the OH line shows a maximum height. This line is not observed when the electric vector is
perpendicular to the c-axis. These data indicate that the OH� ion is parallel to the c-axis (Reprinted
from Ref. [7]. Copyright 1994. With permission from Elsevier)

8.3.2 Dichroism

Dichroism corresponds to the change in line intensities related to the polarization
of the IR or Raman beams with respect to the crystallographic axis. It can be
used when monocrystals are available with shapes and morphologies compatible
with the techniques in use for spectra recording. The activities of the different
vibrational modes in polarized IR and Raman can be determined using factor group
theory. Conversely, dichroism can be used to determine the orientation of crystals
in a material or a biological tissue. One of the most interesting examples is that
of the orientation of OH� groups in hydroxyapatites [7]. Early works on natural
monocrystals of dahlite (a carbonated hydroxyapatite) have shown that OH� groups
are parallel to the c-axis of the hexagonal structure (Fig. 8.3). Conversely, this
orientation can be used to determine the orientation of hydroxyapatite crystals in
materials or biological tissues like dental enamel [26].

8.3.3 Data Computing

The actual techniques of vibrational spectra acquisition in general permit the
recording of spectra of high quality with excellent resolution and signal/noise
ratio. However, very frequently an intrinsic broadening persists, related to the
substance itself. Many computing techniques have been proposed to improve
spectral resolution and line identifications. The easiest ones are second derivative
and FTIR self-deconvolution [11, 21, 27]. A drawback is an enhancement of sharp
slope changes in the spectra, whereas broad lines remain mostly unchanged and
a lowering of the signal on noise ratio. Second derivative changes considerably
the aspect of the spectra. With self-deconvolution, the aspect of the spectra is
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preserved, but spurious bands may appear in case of overdeconvolution [28].
These resolution enhancement techniques are often associated with curve-fitting
procedures, extensively used nowadays for quantitative evaluations. However, these
techniques are difficult to validate, and, very often, several solutions may appear for
the same spectrum, which leads to some heterogeneity in the published reports [29,
30] with variable numbers of lines and assignments. The line shape is an important
parameter in curve-fitting; however, no definitive rule can be provided, and the best
fitting parameters might not always correspond to the most relevant ones from a
physical-chemical point of view. Whenever possible, the peak fitting procedure and
line assignments should be supported by other data involving, for example, isotopic
substitution, chemical analyses, or correlation with other techniques such as solid-
state NMR. Curve-fitting techniques lead to a peak area or integrated intensity
allowing quantitative determinations. It is very difficult, in the case of solids, to use
the absolute line intensities, and generally the results are given as intensity ratios in
a given domain. These integrated intensity ratios are often considered to represent
the molecular composition of a phase or the composition of a mixture of phases.
However, line intensity ratios should not be confused with molecular or phase ratios.
The molecular extinction coefficients between molecules in different environments
or in different phases can be very different, and appropriate standardization curves
are needed to determine a chemical composition.

Other elaborate techniques such as principal component analysis can be applied
to collections of spectra to determine the individual components involved in the
series [31]. However, this technique presupposes, implicitly, that discrete individual
compounds with invariable line positions are involved and thus excludes the
existence of apparent continuous band shifts often observed in solid solutions.
Many other techniques are available, including specialized data treatment software
combining chemometrics and spectroscopy.

8.4 Substituted Well-Crystallized Calcium Phosphates

Very often biological apatites and other calcium phosphates can incorporate substi-
tution ions, and the corresponding spectra can be strongly altered. Thus, in addition
to phase identification, vibrational spectroscopies also allow the identification of
site occupancies in crystalline solids and interactions between species in close
proximity.

8.4.1 Substituted Apatites and Their Solid Solutions

Several types of substituted apatites may be found, from simple solid solutions
involving different cations in stoichiometric apatites to complex substitutions
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involving coupled replacements and vacancies. The spectra interpretation, including
line assignments, for substituted compounds is considered to derive from those for
pure, non-substituted compounds. However, at the molecular level, the differences in
mineral ion environments due to solid solutions may be perceived as disruptions in
the crystal periodicity and as alterations in the vibrator environments and symmetry.
Thus, there is some ambivalence in interpreting spectra of substituted apatites
considering either the global crystallographic structure or the local environments
of the vibrating species.

8.4.1.1 Cation-Substituted Stoichiometric Apatites

The spectra of cationic solid solutions can often be related to those of pure
compounds. An illustrative example is given by strontium–calcium hydroxyapatites.
In the series Ca10�x Srx (PO4)6 (OH)2, the phosphate and OH lines are shifted
between those of the end terms; pure calcium and strontium hydroxyapatites. The
infrared lines are globally shifted towards lower wavenumbers when a large, heavy
cation replaces a smaller, lighter one. This phenomenon is often related to the unit
cell volume and, indirectly, to the substitution ratio. The number of lines, however,
remains consistent for all spectra of the series with that for a stoichiometric calcium
or strontium hydroxyapatite. The shift of simple lines like the Raman �1 PO4

(Fig. 8.4) can be linearly correlated to the substitution ratio, even if the distribution
of cations between the two cationic sites of the structure is not homogeneous in this
kind of substitution. Similar observations have been reported by Bigi et al. [32]. This
behavior is not, however, always observed, and discrepancies have been reported for
lead–calcium apatites, for example [33].

Line broadening is generally observed for substituted apatites, which increases
progressively with the substitution rate, reaching a maximum at about half sub-
stitution and decreasing when approaching the end point. Line broadening is
generally related to the irregularity of the atomic array, often referred to as lattice
strain, although several causes may be involved [34]. As the substitution ratio
increases, the disorder increases and is attested to by line broadening. At a low
level of substitutions, a dissymmetry of the Raman �1 PO4 line is clearly observed,
suggesting a slight unresolved band shift.

The position and shape of the FTIR or Raman stretching OH vibration follows
the same rules (not shown). When we look at the FTIR OH libration line, however,
a large gap exists between the extremes of the solid solution (from 633 cm�1 for
calcium hydroxyapatite to 535 cm�1 for strontium hydroxyapatite), and the shift is
no longer progressive and linear but seems to correspond to new line formations
which could be tentatively assigned to a change in the cationic environments of the
OH species, as shown for the Ca9 Sr1 (PO4)6 (OH)2 sample (Fig. 8.5), where two
OH libration lines can be distinguished.

Interestingly, for other types of hydroxyapatites, for example, calcium arsenate
hydroxyapatites, the position of the OH stretching and libration lines is close to
those of calcium phosphate, suggesting that it is the cationic environment of the
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Fig. 8.4 Raman spectra of Sr–Ca hydroxyapatite solid solution in the �1 PO4 domain and quasi-
linear variation in the position of the Raman �1 PO4 line as a function of the cationic composition

Fig. 8.5 FTIR spectra of
OH� libration line showing
the formation of a second
shifted OH� line in Ca9Sr1

hydroxyapatite (2), in
addition to the OH� line of
Ca10 hydroxyapatite (the
assignment to the OH� ion
has been confirmed by
deuteration, not shown)

OH� ions that determines their vibrational and libration frequencies. The observa-
tion of several lines could then possibly be related to the local cationic environments
of the OH vibrators and could potentially give information on clustering of cations
in the apatite structure.
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Fig. 8.6 Raman spectra in
the �1 PO4 domain of
oxyapatite (with undetected
OH� line by Raman). The
two lines at 966 and
951 cm�1 correspond to
phosphate ions close to a
O2� ion or a vacancy

8.4.1.2 Substituted Anions and Nonstoichiometric Apatites

The replacement of phosphate ions in stoichiometric apatite by other ions like
AsO4

3� or VO4
3�, for example, in lead fluorapatite, Pb10(PO4)6�x(VO4)xF2,

induces an alteration in both molecular anion spectra, with a quasi-linear shift
of lines relative to each anion, proportional to the substitution ratio, like in cation-
substituted apatites [35]. This lines shift with the substitution ratio could probably
be used to support the formation of a homogeneous solid solution.

The observation of the oxyapatite, Ca10 (PO4)6 O, spectra is interesting as it
involves strong alterations in the infrared and Raman lines compared to its parent
phase hydroxyapatite. The Raman �1 PO4 line, for example (Fig. 8.6), is split into
two components at 951 and 966 cm�1 which has been related to the formation of
a vacancy in the monovalent anionic sites (OH� sites) due to water release and the
formation of O2� ions [23]:

Ca10.PO4/6.OH/2 ! H2O C Ca10.PO4/6O (8.1)

In oxyapatite, one half unit cell contains either a vacancy or an oxide ion
corresponding to two kinds of local phosphate environments.

For a similar apatite, type A carbonate apatite, Ca10 (PO4)6 CO3, also containing
one bivalent anion and a vacancy per unit cell, the �1 Raman phosphate line is also
split into two lines at 947 and 957 cm�1 [20].

Additionally, a general feature of this kind of apatite with a vacant anionic
monovalent site is a rather specific phosphate line in the �3 PO4 domain of the
FTIR spectra at around 1,140 cm�1. Such a line is observed, for example, in
oxyapatite, type A carbonated apatite, sulfoapatite Ca10 (PO4)6 S, and peroxyapatite
Ca10 (PO4)6 O2 and has been related to the presence of bivalent ions and vacancies
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Fig. 8.7 Self-deconvoluted
FTIR spectra in the �3 CO3

domain of carbonate ions in
mixed type AB carbonated
apatites with increasing
carbonate concentration (in
weight %). 1–1.3 %; 2–2.8 %;
3–3.5 %; 4–10 %. At low
concentrations, relatively thin
lines can be seen for type A
and B carbonate. As the
concentration increases, new
lines appear corresponding to
interactions between
carbonate species, and a line
broadening associated with a
loss of resolution is observed
(Reproduced with permission
from [37])

[36]. Interestingly, a line near this position is also observed in HPO4
2�-containing

apatites, which has been assigned in this case to a P–O stretching of HPO4
2� ions

in the apatite structure. It should be observed, however, that these apatites, like type
B carbonated apatites (carbonate ions substituting phosphate ions), are considered
to contain OH� vacancies [7]. However, the 1,140 cm�1 line is not detected in type
B carbonated apatites.

Another alteration observed in the spectrum of oxyapatite is an enhancement of
the �2 PO4 line compared with other apatites, which has not yet received a definitive
explanation.

Among illustrative examples of substituted apatites are type AB carbonate
apatites containing carbonate species replacing both the phosphate ions (type B)
and hydroxide ions (type A) of hydroxyapatite: Ca10 (PO4)6�x (CO3)x (OH)2�x�2y

(CO3)y [37]. At very low carbonate content, the carbonate species are dispersed in
the crystals, and relatively thin and well-resolved carbonate bands can be observed
(Fig. 8.7). This is generally the case when low amounts of substituents are used.
When the carbonate concentration increases, the lines become broader, as expected
in solid solutions, and, interestingly, new lines appear that have been attributed to
interactions between carbonate species [37, 38] and also to the effect of coupled
substitution like Na–CO3 for Ca–PO4, for example [39].
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8.4.2 Other Substituted Calcium Phosphates

A few other examples of FTIR or Raman investigations of other substituted calcium
phosphates have been proposed. Quillard et al., for example, have shown that
the spectra of sodium- and potassium-containing “-TCP could be interpreted in a
quantitative manner by evaluating the line intensities related to the alteration in the
phosphate environments produced by this substitution [40].

8.5 Nanocrystalline Biomimetic Apatites

Nanocrystals are characterized by a very high surface area, and vibrational spectro-
scopies can be used to get information on the surface species. Several reports have
been published revealing specific features considering nanocrystalline apatites of
biological origin as well as synthetic biomimetic apatites [41, 42].

8.5.1 Surface Characteristics of Biomimetic Nanocrystalline
Apatites

An interesting set of data is the comparison of FTIR spectra obtained on freshly
precipitated nanocrystalline apatites in either the wet or dry state (Fig. 8.8) [43].
As water strongly absorbs IR radiation, such spectra are obtained either by using
the attenuated total reflectance (ATR) technique or more simply by transmission
through a thin layer of a suspension deposited on a polyethylene membrane.
The data show that the spectra in the �1, �3 phosphate domain differ strongly.

Fig. 8.8 FTIR spectra of
biomimetic nanocrystalline
apatites in the �1, �3 PO4

domain: in a wet state
(transmission through a thin
layer on polyethylene); after
freeze-drying (in a KBr
pellet)
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Fig. 8.9 FTIR spectra of
biomimetic apatites in a wet
state: 1 original sample; 2
sample 1 exchanged in a
NH4HCO3 solution (1 M) for
5 min; 3 sample 2 exchanged
back for 5 min with a 1 M
(NH4)2HPO4 solution.
Illustration of the alteration
related to carbonate ion
uptake and the reversibility of
the surface ion exchange
(Reproduced with permission
from [43])

In the wet state, relatively narrow lines are obtained, whereas in the dry state,
a loss of resolution and band broadening are observed. The transition appears
progressively on drying, and it has been assigned to the existence of a structured
hydrated layer on the surface of these nanocrystals, which is destroyed upon drying
leaving amorphous-like domains. When carbonate is present, such a hydrated layer
with relatively thin spectral lines can also be observed, although with less clarity.
Interestingly, ion exchanges, which can be easily realized, alter the structure of the
hydrated layer, but these changes are reversible and the original features can be
reestablished by reverse exchange reactions (Fig. 8.9).

At this point it should be recalled that vibrational spectroscopies are sensitive to
local environments and surface environments can be very easily modified. Thus, the
observation of an amorphous-like structure using vibrational spectroscopies does
not necessarily mean that there is an amorphous phase precursor to the apatite
formation. The example above shows that amorphous domains may form on the
surface of existing nanocrystals but these do not constitute an isolated phase with
defined boundaries, as would be the case with a precursor phase.

Considering the structure of the hydrated layer, FTIR shows that carbonate-free
layers are close although not identical to OCP environments as predicted by Brown
[44]. For the carbonated hydrated layer, we did not find three-dimensional model
structures with comparable spectroscopic characteristics.

From ion exchange experiments, the characteristics of surface carbonate species
can be determined (Fig. 8.10), either in the wet state or after drying and amorphiza-
tion [43]. If the dried sample shows line positions and shapes analogous to those of
amorphous calcium carbonate, distinct bands positions can be seen on wet samples,
demonstrating again the role of water in the spectroscopic characteristics of surface
species.
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Fig. 8.10 FTIR spectra of
biomimetic nanocrystalline
apatites with surface
carbonate ions in the �3 CO3

domain: 1 after freeze-drying
(in a KBr pellet); 2 in the wet
state (transmission through a
thin layer on polyethylene)
(Reproduced with permission
from [43])

8.5.2 Characterization of Nanocrystalline Apatites Using
Isotopic Substitution

Isotopic substituted molecular ions can be incorporated as molecular probes into a
material to follow alterations in their environments or chemical reactions. These
can be used, for example, in apatite nanocrystals to identify sites of carbonate
incorporation and alterations in the nanocrystals upon aging.

8.5.2.1 Surface Carbonate in Biomimetic Nanocrystalline Apatites

13C carbonate is easily available and can be used to follow the carbonate species in
exchange reactions involving the hydrated layer. When a 13C carbonate-containing
solution is put in contact with a 12C carbonated nanocrystalline apatite, a surface
equilibration occurs. The FTIR spectra were analyzed in the �2 CO3 domain
(Fig. 8.11). The isotopic shift is large enough in this domain to completely separate
the 12C and 13C carbonate bands. The data show that the 12C carbonate spectrum is
mainly composed of thin lines at 879 and 871 cm�1, respectively, assigned to type
A and B carbonate. After contact with the 13C carbonate-containing solution, the
13C domain shows a broad line, characteristic of surface “amorphous” carbonate,
without signs of 13C carbonate incorporation in the apatite sites. The 12C species
present in the apatite domains are not modified by the 13C carbonate solution
treatment. The 13C carbonate uptake is associated with a decrease in surface HPO4

2�
ions detectable by FTIR [45], consistent with a surface ion exchange.
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Fig. 8.11 Self-deconvolved
FTIR spectra in the �2 CO3

domain: 1 original
precipitated 12C carbonate
apatite matured for 1 day; 2
original apatite 1 treated in
1 M 13C carbonate solution
for 20 min; 3 apatite 2
exchanged in 1 M HPO4

2�

solution for 20 min. All
samples were freeze-dried
after washing

It is possible to exchange back the surface 13C carbonate in a second reaction,
with HPO4

2� ions (Fig. 8.11; spectrum 3); the data show that only the 13C surface
species have been removed and that once again the apatite’s 12C type A and B
carbonate remains unchanged. Very faint lines corresponding to apatite carbonate
type A and type B are seen in the 13C domain, corresponding to a very small uptake
of surface carbonate into the growing apatite domains, due to the brief maturation
process taking place during the time of the exchange reaction.

These experiments clearly show the existence of two domains for the carbonate
ions inside the nanocrystalline apatite domains (type A and B carbonates) that are
stable and nonreactive and on the surface of these domains, comprising a hydrated
layer in which carbonate ions can be easily trapped.

8.5.2.2 Maturation Process

Solution exchanges can also be used to pursue the incorporation of carbonate species
during aging into nanocrystalline apatites, which is also referred to as maturation.

In these sets of experiments, the nanocrystalline apatites were first precipitated
into a 12C or a 13C carbonate-containing solution. After different periods of aging,
the solutions were exchanged and the 12C carbonated samples were separated and
put in 13C carbonate solutions and vice versa. The spectra obtained after recovering
and freeze-drying the samples were analyzed in the �2 CO3 domain. The data are
shown only for the 13C-precipitated and then 12C-treated samples (Fig. 8.12).

The samples corresponding to solution substitution at time 0, immediately after
precipitation, contain essentially all 12C carbonate. When the solution exchanges
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Fig. 8.12 Self-deconvoluted FTIR spectra in the �2 CO3 domain of apatites prepared in a 13C
carbonate-containing solution (1 M) matured for different times and put in 12C carbonate solution
for 3 additional weeks. 1 initial maturation time 0 in the 13C precipitation solution, most carbonate
species are incorporated as 12C during the 3 weeks after the solution exchanges; 2 3 days
maturation in the 13C solution before the exchange; 3 9 days maturation in the 13C solution before
the exchange. The 13C carbonate line intensity increases progressively as the initial maturation time
increases, whereas the 12C carbonate line intensity decreases (Reprinted from Ref. [45]. Copyright
2007. With permission from Elsevier)

occur later after precipitation, however, the proportion of 13C carbonate increases
and that of 12C carbonate decreases. The first noteworthy observation is that the
carbonate ions are incorporated in these nanocrystalline apatites during aging and
that they are not trapped in the apatite domains during the fast precipitation. The
carbonate taken up during precipitation exists essentially as easily exchangeable
surface carbonate. The second observation is that the ratios between type A and
type B locations do not vary significantly with time of uptake during aging and
that species already in the apatite domain are not altered. The third phenomenon
revealed by these experiments is that the ability to incorporate carbonate ions slows
down considerably with time reflecting a loss of reactivity of the nanocrystals on
aging related to the decrease of proportion of the unstable surface hydrated layer
which nourishes the growth of the apatite domains.

The comparison of apatites precipitated in 13CO3 solutions, aged for 3 days, then
treated in 12CO3 solutions with symmetrical samples precipitated in 12CO3 solutions
and aged for 3 days, and then treated in 13CO3 solutions (Fig. 8.13) indicates, in
addition, that the line resolution is always better for the first carbonate species to
enter (13CO3 and 12CO3, respectively), which can be interpreted as an improvement
in the local organization possibly related to the growth of the apatite domains at the
expense of the unstable hydrated surface layer.
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Fig. 8.13 Deconvoluted
spectra in the �2 CO3 domain
of: 1 apatites precipitated in
the 12C carbonate-containing
solution matured for 3 days
and put in 13C carbonate
solution for 3 additional
weeks and 2 apatites
precipitated in the 13C
carbonate-containing solution
matured for 3 days and put in
12C carbonate solution for 3
additional weeks. The first
trapped carbonate species are
more resolved and correspond
to their environments with
better crystallinity (Reprinted
from Ref. [45]. Copyright
2007. With permission from
Elsevier)

8.6 Examples of the Use of Vibrational Spectroscopies
in Biominerals and Biomaterials Involving Calcium
Phosphates

8.6.1 Plasma Sprayed Coating

Plasma spraying of hydroxyapatite (HA) is largely used to improve the biological
activity and biointegration of orthopedic metal implants [46–48]. However, it is well
established that HA decomposes during plasma spraying, leading to the formation
of different phases [48–50]. This reported decomposition has several advantages
and drawbacks for the behavior of the coatings after implantation. Plasma sprayed
coatings are mainly composed of crystalline HA and oxyapatite (OA) embedded
into a relatively soluble amorphous phase (ACP). Sometimes CaO, TTCP, and ’-
or “-TCP are also present, generally in small proportions. In order to determine the
material’s quality, several standards have been published regarding the coating’s
chemical composition (Ca/P ratio), phase composition, and crystallinity (ISO
13779-3:2008). Most of these characterizations are based essentially on X-ray
diffraction (XRD) analyses. However, several additional parameters that are more
difficult to determine, such as the main phase proportions and their distribution
within the coating and more specifically the amount of amorphous phase, are
not considered in the standards, although they could be related to the coating
behavior in vitro and in vivo. All the phases detected in a plasma sprayed coating
can theoretically be distinguished by Raman spectroscopy, especially the most
important, in some instances with better sensitivity than by XRD. In addition,
Raman scattering allows local investigations of the coating’s heterogeneity [50–53].
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Fig. 8.14 Raman spectra of
plasma sprayed coating in the
�1 PO4 domain showing the
main phases: amorphous
calcium phosphate (ACP),
oxyapatite (OA), and
hydroxyapatite (HA)
(Reprinted from Ref. [54].
Copyright 2012. With
permission from Elsevier)

Micro-Raman imaging based on different representations from the same data set
may provide a powerful means to study structural alterations and visualize the
distribution of phases within heterogeneous plasma sprayed HA coatings. The
�1PO4 domain, with strong thin lines, seems well adapted for imaging (Fig. 8.14)
[54]. The ACP especially is characterized by a broad Raman line around 950 cm�1,
and all crystalline phases show lines distinct from that of apatite at 961 cm�1.
The OA, so difficult to distinguish by other methods, exhibits very specific Raman
scattering lines at about 951 and 966 cm�1, as mentioned earlier [23]. CaO is the
only phase that cannot be detected in this domain.

An accurate mapping of the different phases in HA coatings can be obtained
by micro-Raman imaging involving curve-fitting in the �1 PO4 domain, extraction
of the characteristic line(s) associated with specific phases, and of their relative
intensities. It should be noticed that at this stage, without accurate standardization,
the data represent only the relative integrated intensities of lines associated with a
specific phase and their relative variation, but not their real content in the coating.
In the example shown in Fig. 8.15, we can see the distribution of the HA, OA,
and ACP in a cross section of a coating obtained using a low-energy plasma spray
device [54].

The domains rich in oxyapatite appear relatively narrow and dispersed. Two types
of OA-rich domains can be distinguished, those found within the amorphous phase,
which may correspond in part to a recrystallization process, and those contiguous to
HA domains, possibly formed by dehydration during the particles’ flight. HA-rich
domains might correspond to solid particle cores. It clearly appears that HA-rich
domains exist in zones with low amorphous content.

In addition to a heterogeneous distribution of phases through the thickness of
the deposit, there is also a heterogeneous distribution on its surface, and very
different Raman spectra are collected depending on the location [55]. Therefore,
Raman microspectroscopy can be used as a routine nondestructive tool to obtain
rapid analysis of the composition of apatite coatings and even of different domains
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Fig. 8.15 Raman mapping of the main calcium phosphate constituents in a cross section of a
plasma sprayed coating obtained using a low-energy mini-torch [55]. Relative areas of specific
lines: HA, hydroxyapatite (962 ˙ 1 cm�1); OA, oxyapatite (957 ˙ 1 cm�1); and ACP, amorphous
calcium phosphate (948 ˙ 2 cm�1). The amorphous phase appears as a binder. Islands of HA are
surrounded and superimposed to OA. HA is never totally absent suggesting a recrystallization from
the amorphous phase

of a splat. This technique could be adapted for the chemical characterization of
the coating directly on biomedical implants. Image analyses could then be used to
describe the coating characteristics with accuracy.

8.6.2 Setting Reactions of Calcium Phosphate Cements

Calcium phosphate cements have been widely used as bone substitute materials
since the 1980s, and generally FTIR and Raman spectroscopy are involved in
the characterization of the set cements. Interestingly, this technique can also be
implemented to study the cement paste composition during setting and hardening
and thus provides kinetics data on the chemical reaction(s) involved during these
processes. Generally it is only the physical setting that is examined according to
standards.

Two methods can be used for such a study: (1) lyophilization of cement paste
after different maturation periods (water removal stops the chemical reaction) and
then preparation of a KBr pellet of the sample for transmission mode FTIR analysis
and (2) direct real-time FTIR analysis of cement paste using a horizontal attenuated
total reflectance device equipped with a standard ZnSe monocrystal [56]. This
technique allows direct follow-up of the cement setting reactions and kinetics. We
present herewith an example of this kind of FTIR analysis on vaterite CaCO3–
dicalcium phosphate dihydrate (DCPD) mixed cement to study the influence of a
solid phase co-grinding treatment on the cement setting reaction [57].
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Fig. 8.16 Real-time evolution of the FTIR spectra of a cement paste at 37 ıC: (a) the cement
paste prepared with unground solid phase; (b) the cement paste prepared with co-ground solid
phase (D DCPD, V vaterite, Ap apatite) (Reproduced with adaptation from Ref. [56]. Copyright
2011. With permission from Elsevier)

It has previously been shown that the setting reaction of the reference cement is
based on the chemical reaction of DCPD on vaterite, leading to a solid form com-
posed of nanocrystalline carbonated apatite analogous to bone mineral associated
with untransformed vaterite CaCO3.

Hydrogen phosphate groups in brushite (at 985, 1,058, 1,132, and 1,222 cm�1),
phosphate groups in apatite (at 1,020 cm�1), and carbonate groups in vaterite (at
876 cm�1) can be identified by FTIR spectroscopy. We focused on examination of
modifications in the phosphate and carbonate domains of the spectrum.

Figure 8.16a illustrates the setting reaction of a reference cement paste: a
decrease in the brushite and vaterite lines is associated with an increase in the
apatite lines. Figure 8.16b shows the evolution of the FTIR spectrum (in the range
1,270–820 cm�1) of a cement paste made of previously co-ground brushite and
vaterite powders. Significant differences can be seen regarding the progression
of the setting reaction, especially during the first hour of paste evolution [56].
Interestingly, 30 min after paste preparation, the intensity of the band (shoulder)
at 1,020 cm�1 characteristic of apatite is lower in the case of the co-ground cement
than in the case of the reference cement. This marked difference in 1,020 cm�1 band
intensity is also visible if we compare spectra obtained after 1 h (Fig. 8.16a, b), thus
indicating a significant effect of co-grinding on cement setting reaction kinetics.
This effect is also marked when comparing the decrease in intensity of the weak
phosphate band of DCPD at 1,222 cm�1 for both cements: a delay in the decrease
in intensity of this band is noted for the cement paste prepared with a co-ground
solid phase, especially if we compare spectra corresponding to 1 h of cement paste
evolution (Fig. 8.16a b).

This kind of study can easily be transposed to other systems and allow a
convenient and precise evaluation of the effect of additives, pretreatments, or
impurities on cement setting and hardening reactions.
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8.6.3 Adsorption of Biomolecules and Drugs

Bioactive molecules often exhibit a high binding affinity for calcium phosphate
surfaces through ionic end groups. Adsorption properties of apatites are involved in
biological molecule chromatography and in the regulation of biological processes
like biomineralization [58–60]. In the biomaterials field, adsorption of drugs on
apatitic surfaces can be used to confer a therapeutic activity to substitutive biomate-
rials based on calcium phosphate [61]. FTIR and Raman spectroscopies appear to be
powerful tools in understanding the interactions of bioactive molecules with apatitic
surfaces; they have been widely utilized, for example, to study bisphosphonate
adsorption on apatite in vitro [62, 63] or, potentially, in vivo, using surface-enhanced
Raman spectroscopy (SERS) [64]. Bisphosphonate molecules (BPs) are used as
successful antiresorptive agents for the prevention and treatment of bone diseases
such as osteoporosis. They present a high affinity for apatitic surfaces and prevent
mineral dissolution and bone resorption, inhibiting osteoclast activity [65]. The
adsorption equilibrium of such drugs with apatitic surfaces can be described by a
Langmuir isotherm, and follow-up of the variation in the mineral ion content of the
solution after adsorption indicates that the adsorption reaction can be described as
an ion exchange process between phosphonate groups of BPs molecules in solution
and phosphate groups on the apatitic surface [66].

Raman microspectroscopy provides a powerful way to acquire information about
chemical composition at a molecular level, even in aqueous environments. Moreover
most BP molecules contain aromatic or conjugated domains and are therefore
strong Raman scatterers. For example, considering the Raman spectra of biomimetic
apatitic nanocrystals after adsorption of a bisphosphonate, tiludronate (Fig. 8.17),
several vibration bands attributable to tiludronate are observed.

Some of them, especially those of phosphonate groups, are hidden by those
from phosphate ions of the substrate. However, additional lines appear at 745 and
1,575 cm�1 corresponding to C–S and aromatic ring chain vibrations, assigned
to tiludronate. Thus, the spectroscopic data from adsorbed molecules permits to
confirm the presence of BPs on apatitic supports, and the irreversibility of such
adsorption processes on solution diluting or sample washing [67]. Quantitative
determinations can be performed directly on such systems, and a linear variation
is obtained for the line area ratio of 746 or 1,575 cm�1 lines of tiludronate on
the 961 cm�1 phosphate line of apatite (Fig. 8.17). These determinations could be
improved using statistical analysis and chemometric methods.

8.6.4 Near Infrared Spectroscopy

Near infrared spectroscopy (NIR) may also be considered as an interesting com-
plementary tool for physicochemical characterizations, for example, where the
analysis of adsorbed water molecules is concerned. Indeed, water absorption bands
in the NIR region (composed of combination transitions and overtones, [68]) are
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Fig. 8.17 Raman spectrum of a biomimetic nanocrystalline apatite after adsorption of tiludronate
and variation of the intensity ratio of tiludronate lines at 746 and 1,575 cm�1 on the �1 PO4 apatite
line at 961 cm�1 [67]

characterized by weaker extinction coefficients than in the mid-IR region where the
absorption due to water molecules can approach saturation, especially for samples
exhibiting a high surface area. NIR analyses have, for instance, been exploited to
explore surface hydration phenomena on nanocrystalline apatite samples, including
surfaces with cationic substituent such as Mg2C ions [69]. In this type of experiment,
some biomimetic samples (preliminarily outgassed at room temperature) were
equilibrated with water vapor and analyzed by NIR in situ, to follow interaction
phenomena with surface water molecules.

NIR absorption bands due to water molecules in the 6,800–7,200 cm�1 range
may be overlapped by harmonic vibrations of apatitic OH� ions; therefore, attention
can be focused on the more specific ı C �asym combination mode of water molecules
located at lower frequencies, in the 5,500–4,500 cm�1 region: this mode was indeed
shown to be rather sensitive to hydrogen bonds involving water molecules, leading
to a variety of NIR contributions due to molecules experiencing different types of
interactions with the surface [68, 70].
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Fig. 8.18 NIR spectra in the
5,750–4,720 cm�1 range of
nanocrystalline apatite (nap).
Panel A: samples in contact
with water vapor: line a- nap
at 1 day maturation; line b-
nap-1d with 0.9 % Mg on the
surface obtained by ionic
exchange; line c- nap-1d with
1.3 % Mg; line d- nap-1d
with 3.0 % Mg (d). Panel B:
samples after outgassing at
room temperature for 1 h
(Reprinted from Ref. [69].
Copyright 2009. American
Chemical Society)

The ı C �asym H2O band for water adsorbed on nanocrystalline apatite [69]
(Fig. 8.18A, line a) was found to be multicomponent in nature, with a main
absorption around 5,170 cm�1, attributed to H2O molecules acting as donors of two
equivalent H bonds, and two shoulders at about 5,300 (narrow) and 5,000 (broad)
cm�1 attributed to the OH moieties (non H-bonded and H-bonded, respectively) of
water molecules acting as donors of a single H bond [68, 69, 71]. The presence
of water molecules in direct contact with the crystal’s surface, as well as water
overlayers, was assumed. The introduction of Mg2C ions by way of Ca2C/Mg2C
surface exchanges in solution was found to result in an increased overall intensity
in the ı C �asym H2O band (Fig. 8.18A, lines b and c), unveiling additional water
adsorption capabilities for Mg-enriched samples. NIR spectroscopy thus suggested
that apatite samples enriched with Mg2C retained more water at their surface than
Mg-free counterparts. Although the increase in the amount of adsorbed water did
not appear to be strictly proportional to the Mg2C content, the ion distribution on
the surface of the nanocrystals is bound to vary upon Mg enrichment, and these
findings may be linkable to the greater interaction of Mg2C ions with H2O molecules
as compared to Ca2C.
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The residual ı C �asym pattern found after contact with water vapor and subse-
quent outgassing at room temperature (thus solely representative of “irreversibly”
adsorbed water molecules) was also investigated [69]. The related NIR absorption
profile then mostly exhibited two partially overlapped components at ca. 5,190 cm�1

and ca. 4,950 cm�1 (Fig. 8.18B, line a). In the case of samples enriched with
Mg2C, a broad component appeared in the range 5,150–5,000 cm�1. In all these
cases, the absence of high-frequency components suggested that both O–H groups
from “irreversibly” adsorbed H2O molecules were probably involved in hydrogen
bonds.

Such NIR findings thus illustrate the coexistence of various types of adsorbed
water on nanocrystalline apatites (as witnessed by changes in relative intensities
and positions), and the nature of surface cations (e.g., Ca2C, Mg2C) was shown
to have a direct effect on water adsorption capabilities. These modifications are,
however, probably not limited to water molecules in direct contact with the surface
(Fig. 8.18B) but could also involve water overlayers (Fig. 8.18A).

8.6.5 Pressure Effects and Residual Strains

Vibrational energy levels are sensitive to pressure exerted on crystals, and they
offer an interesting ability to detect residual strains. Generally when a sufficiently
high pressure (on the order of several GPa) is applied to a crystal, the FTIR or
Raman lines are shifted to higher wavenumbers as shown in the case of fluorapatite
Ca10(PO4)6F2 (Fig. 8.19) [71].

Shifts towards lower wavenumbers are also possible and have been reported
for water molecules and for ions involved in strong hydrogen bondings [73]. The
increase in pressure is also associated with line broadening and a loss of resolution.
In several cases phase transitions under pressure have been reported. The observed
shifts (d�) are proportional to the applied stress (dP), and the slopes (d�/dP) have
been reported for some calcium phosphates (Table 8.8) [72–74]. The d�/dP values
depend on the vibrational mode and may vary considerably, as for monetite, for
example, where the negative value reported for the 1,070 cm�1 line is attributed
to strong hydrogen bonding involving the HPO4

2� ions. Very similar values are
observed for the �1 lines of apatite samples. When pressure initiates a phase
transition, d�/dP variations generally show a discontinuity.

There are only a few studies involving solid solutions such as carbonated apatites
[75, 76]. In their study of type B carbonate apatite and bone mineral, de Carmejane
et al. [75] showed that d�/dP was much higher for the �1 phosphate line than
for the �1 carbonate line. They attributed this difference to the greater rigidity of
carbonate ions compared to phosphate. In all cases the alterations of the spectra
under isostatic pressure were found to be reversible and disappeared when the
pressure was released.

Several authors have claimed that it was possible to determine residual strains in
several cases, in coatings and in bone mineral, for example. In both cases, however,
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Fig. 8.19 FTIR spectra of
fluorapatite submitted to
different pressures, showing
the line shifts towards higher
wavenumbers (Reprinted
from Ref. [72]. Copyright
1996. With permission from
Elsevier)

Table 8.8 Infrared line shifts as a function of the applied pressure: d�/dP (cm�1.kbar�1) for
different representative lines of calcium phosphates in the �1, �3 domain, at room temperature

d�/dP d�/dP

Compound
Line position without
pressure (cm�1) Low-pressure phase High-pressure phase

Ca10(PO4)6 F2

fluorapatite (FA)
1,095 (�3) 0:56 –
964 (�1) 0:42 –

Ca10(PO4)6(OH)2

hydroxyapatite (HA)
1,089 (�3) 0:58 0.06
1,033 (�3) 0:46 0.06
963 (�1) 0:41 0.08

CaHPO4 monetite
(DCPA)

1,132 (�3) 0:26

1,070 (�3) �0:11

996 (�1) 0:29

CaHPO4, 2H2O brushite
(DCPD)

1,141 (�3) 0:64 0.50
1,066 (�3) 0:31 0.27
998 (�1) 0:48 0.34

the line displacements observed could be due to the existence of solid solutions
with different compositions. In the case of bone [77], the Raman spectra at a
zone indented with a cylindrical indenter were analyzed using multivariate factor
analysis. The data revealed that additional mineral factors appeared in the floor of
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the indent. These new factors were attributed to pressure alterations in the mineral
phase. It should be noted that these alterations appeared at relatively low pressures
(0.4–1.2 GPa) compatible with physiological loadings. The possibility of obtaining
permanent alterations, though the effect of pressure was found to be reversible,
has been related to the difference between an isostatic pressure, preventing ion
and water displacement, and axial loading. The organic matrix was found to be
affected near the indent edge. The new factor appearing there was assigned to a loss
of the collagen triple helical structure resulting in a disordered state of the protein
related to a rupture of cross-links. Similar observations have been published related
to fatigue microdamage in bone [78].

8.6.6 Orientation of Crystals

The orientation of apatite crystals in biological tissues has often been studied by
electron micro-diffraction. Although Raman and FTIR spectroscopies can also be
used to determine crystal orientation, the spatial resolution of FTIR is too broad
to analyze crystals with small sizes and can only give information on collections
of crystals in textured domains. Micro-Raman spectroscopy offers a unique tool
for assessing the orientation of crystals within rather small domains of a few �m3,
with some constrains due to the use of common optics on a single axis for both
the excitation and the scattered beam [79]. Micro-Raman spectroscopy has been
used for the determination of crystal orientations in tooth enamel and in bone.
In enamel, comprised of well-crystallized apatites and exhibiting a well-resolved
Raman spectrum, clear data can be obtained on specifically identified lines, and the
apatite crystals have been found to be oriented with the c-axis of the hexagonal
structure perpendicular to the tooth surface [25]. In bone the spectral resolution is
lower and lines are superimposed. In addition, the orientation of crystals has to be
compared to that of collagen fibers, which vary within an osteon and even a lamella.
The data are presented mainly as variations in intensity ratios of chosen lines of
the collagen matrix and the mineral [80]. An angular dependence of the spectra
of the collagen matrix and bone mineral can be detected, indicating orientation
correlations (Fig. 8.20). Using these correlations, variations in the orientation
of crystals could be detected within an osteon lamellae using polarized Raman
microscopy.

8.6.7 Maturity and Crystallinity of Bone Mineral

Bone mineral is a nanocrystalline apatite, and it evolves with age in a similar
manner to synthetic biomimetic nanocrystalline apatites: the nanocrystals exhibit,
just after their formation in early embryonic bone, a well developed hydrated
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Fig. 8.20 Angular variations
in the lines intensity ratios of
bone Raman microspectra of
an osteon lamella as a
function of sample
orientation with respect to the
polarization of the incident
beam. Collagen fibres:
1,669/1,243 cm�1; apatite
crystals: 1,046/960 cm�1

(Redraw from [80])

layer rich in HPO4
2� and non-apatitic carbonate species [81]. Upon aging, this

layer, which is thermodynamically less stable than apatite, is progressively replaced
by stable apatite domains, and carbonate ions are progressively incorporated in
the apatite domains. The precise characterization of bone mineral would then
necessitate the determination of both the extension and the content of the hydrated
layer and the apatite domain.

Maturation of bone mineral is related to its changes with age and is often
associated with an improvement in the crystallinity of the apatite phase, first
determined by X-ray diffraction [82]. Later spectroscopic methods using a spe-
cific ratio of phosphate bands were correlated to XRD determinations of apatite
crystallinity [29, 31], and a certain confusion exists about the maturation and
crystallinity of bone mineral. Maturity can be defined as the ratio between non-
apatitic surface environments present in the hydrated layer of the bone crystals and
apatite environments. Crystallinity is related to the size and strains of crystallized
apatite domains and ignores the surface hydrated layer. Although in many cases
these two parameters evolve concomitantly, this might not always be the case,
as shown by the example of fluorotic bone [80], and a careful characterization
of bone mineral should separate these two parameters. The crystallinity of the
apatite domains can be determined by XRD; however, such determinations at a
microscopic scale are difficult, and a crystallinity index can be obtained using the
FTIR line broadening of the �4 apatite line at 600 cm�1. A proposed maturity
index is obtained by determining the ratio of the integrated intensity of a line at
1,030 cm�1 assigned to phosphate ions in the apatite domain, with that of a line at
1,110 cm�1 assigned to phosphate groups in non-apatitic domains [83]. The results
on human bone compared to synthetic samples show a greater amount of non-
apatitic environments in bone mineral and a poor correlation with the crystallinity
index specifically related to the apatite domain as it is defined in this study. Although
we are still far from complete knowledge of the content and proportion of apatitic
and non-apatitic domains, this first approach confirms the importance of non-
apatitic domains in bone mineral characteristics and their possible stabilization or
renewal.
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8.7 Conclusion

The use of vibrational spectroscopies for the characterization of calcium phosphates
will continue to develop because of their several major advantages, including
the possibility of reaching micrometric domains and the related imaging ability,
the ease and rapidity of information recording, and their relatively low cost.
One of the major advantages of these techniques is their ability to give very
reproducible and accurate information on nanocrystalline calcium phosphates.
Future developments will include analyses of line shapes and improvements in
curve-fitting techniques in the case of solid solutions and ion interactions with the
possibility, thanks to theoretical spectra predictions, of reaching inhomogeneities
of ion distributions in the crystals. Other developments will include analyses of
images and association with chemometric techniques. These techniques, which can
easily be automated, will also permit unitary control of medical devices, each
device being analyzed and provided with its own characteristics. The standards
in use will have to take these developments into account and adaptations should
follow. The techniques related to vibrational spectroscopies have evolved rapidly
with ultrafast vibrational spectroscopy or multidimensional spectroscopy, opening
new possibilities in material science and chemistry.
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