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Abstract: Polycrystalline tetracalcium phosphate (TTCP), a
material of considerable interest for human implantation
due to its similarity to hydroxyapatite, was studied by
means of Raman and FT-IR spectroscopy. The spectra were
interpreted on the basis of group theoretical considerations.
In addition, the setting reaction of a calcium phosphate ce-
ment (CPC) consisting of an equimolar mixture of TTCP and
dicalcium phosphate (DCPA) was investigated by Raman
spectroscopy. The band of the totally symmetric phosphate
mode v; of TTCP showed marked factor group splittings.
The splitting components arose at coincident wave numbers
in the IR and Raman spectra. This observation was in accor-

dance with space group P2, (factor group C3, Z = 4). The
characteristic splitting of v, allowed the setting reaction of
CPC to hydroxyapatite to be followed. According to the Ra-
man spectroscopic results, considerable amounts of TTCP
must be present at the sample surface after 24 h of setting in
an aqueous environment. © 1998 John Wiley & Sons, Inc. |
Biomed Mater Res, 40, 640-645, 1998.
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INTRODUCTION

Tetracalcium phosphate (TTCP), Ca,(PO,),0, is the
calcium phosphate with the highest Ca/P ratio and
hence the highest basicity. Due to its structural and
chemical similarity to hydroxyapatite (HA), the main
component of human and animal hard tissue, interest
in the material as an implantable biomaterial has been
growing. TTCP shows only low in vivo resorption
rates, and its adhesion to bone tissue is comparable to
hydroxyapatite. It is supposed that TTCP plays an im-
portant role in biological calcification processes, its
biocompatibility being comparable to that of HA.!
Nevertheless, owing to its nontrivial synthesis via a
high-temperature solid-state reaction, tetracalcium
phosphate has been physically and physico-
chemically characterized only to a minor extent. A sys-
tematic investigation and interpretation of its vibra-
tional spectra are still missing.
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The discovery that the basic TTCP reacts with acid
dicalcium phosphate anhydrous CaHPO, (DCPA) to
form pure hydroxyapatite, according to Equation (1),
led to the development of a novel self-setting calcium
phosphate cement (CPC) by Brown and Chow in
1985.2

H,O
Ca,(PO,),0 + CaHPO, 0 0 0 - Cas(PO,);0H
1)

The combination of self-setting, molding, biocompat-
ibility, and the lack of any by-products makes CPC a
promising material for dental and orthopedic applica-
tions.? Calcium phosphate cement is indicated mainly
in cases of cranial defects and orbital and frontofacial
reconstructions.*”

The intention of this study was by means of Raman
and FT-IR spectroscopy to characterize tetracalcium
phosphate both in pure polycrystalline form and as a
constituent of calcium phosphate cement. Solid-state
splittings were interpreted on the basis of group theo-
retical considerations and were utilized to follow the
cement setting reaction kinetics.
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Figure 1. Raman spectrum of polycrystalline tetracalcium
phosphate. Excitation wave length A\, = 514.5 nm, power at
sample P = 25 mW, OMA detection.

MATERIALS AND METHODS
Synthesis of tetracalcium phosphate

Equimolar amounts of calcium carbonate (CC) flux grade
(J. T. Baker) and previously dried dicalcium phosphate an-
hydrous (DCPA, J. T. Baker) were ground by mortar and
pestle and stirred in doubly distilled water for 20 h in order
to obtain a homogeneous mixture. An alumina crucible was
filled with the dried mixture, annealed to 1500°C with a rate
of 10°C/min, and held at this temperature for 6 h. The prod-
uct rapidly was cooled to room temperature by means of a
lifting device. Rapid cooling was essential in order to pre-
vent formation of HA and calcium oxide, a side reaction
taking place between 800° and 1250°C in moist atmo-
spheres.® The product was characterized by EDX analysis
and powder X-ray diffraction to confirm phase purity. It was
maintained in anhydrous atmosphere.

Synthesis of calcium phosphate cement (CPC)

The solid phase of calcium phosphate cement was pre-
pared according to the procedure given by Fukase et al.” As
liquid phase aqua injectabilin was used. In order to obtain a
kneadable consistency, a powder-to-solid ratio of 3.3/1 was
chosen. After an initial mixing time of 30 s, the paste was
pressed into a sample holder with a circular nut according to
reference.'” The sample then was maintained at 37°C and
100% humidity.

Spectroscopic measurements

For excitation of Raman spectra the 514.5 nm line (50 mW)
of an Ar*-ion laser (Spectra Physics 2016) and the 647.1 nm
line (200 mW) of a Kr*-ion laser (Spectra Physics 2020) were
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used. In the case of 514.5 nm excitation, a triple monochro-
mator (Dilor X-Y) equipped with an optical multichannel
analyzer (OMA) was applied. Laser and Raman scattering
were focused by means of a micro-Raman setup described
by Lankers et al.'* A double monochromator SPEX model
1404 and a CCD (charge coupled device) system Photomet-
rics model CCD 9000, were used for dispersion and detec-
tion of spectra obtained by means of the 647.1 nm line. The
rotating-surface-scanning technique reported by Zimmerer
and Kiefer was applied in this case.'® Raman spectra of the
setting cement were measured in situ, in the sample holder
mentioned above. Spectral resolution was 2 cm™" if not oth-
erwise stated. FT-IR spectra were recorded from KBr pellets
by means of a Nicolet 320 FT-IR spectrometer with a spectral

resolution of 2 cm™*.

RESULTS AND DISCUSSION
Vibrational spectrum of polycrystalline TTCP

In 1983 Bertoluzza et al. published some vibrational
data on TTCP for comparison purposes. However,
they did not make any assignments or discuss the
solid-state effects obviously present.'” Figures 1 and 2
show the Raman and FT-IR spectra of pure polycrys-
talline TTCP in survey. The corresponding wave num-
bers are compiled in Table I. In general, the spectra
consisted of bands due to lattice vibrations of Ca** and
O*-ions (below 350 cm™') and those originating from
the vibrational modes of the phosphate ions, v,—v, (see
Table 11)."?

The Raman spectrum of TTCP was dominated by
the band of the totally symmetric stretching vibration
v; (A,) in the range between 961 and 940 cm™'. The
threefold degenerate stretching mode v; (T,) gave rise to
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Figure 2. FT-IR spectrum of polycrystalline tetracalcium
phosphate in KBr.
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TABLE I TABLE III
Vibrational Wave Numbers [cm™] of Polycrystalline Correlation Table for a Phosphate Ion Under Space
Tetracalcium Phosphate Group P2,
Raman FT-IR Free
Ny = 514.5 nm KBr Assignment Ion Ty  Site Group C, Factor Group C3
1119 vw ] v A, [Ra] A [IR, Ra] 2A [IR, Ra] + 2B {IR, Ra]
1101 w 1105 w | v, E[Ra] 2A {IR, Ra] 2 (2A [IR, Ra] + 2B {IR, Ra])
1091 sh 1093 w [ v, v, T,[IR] 3A[IR, Ra] 3 (2A [IR, Ra] + 2B [IR, Ra])
1076 vw 1073 w | .
1062 s b, threefold degenerate Spectral activity in brackets.
1045 vw 1046 s | stretching mode
}026 w 1033 m : in both the Raman and IR spectra. All band positions
008 w 010 were found to be coincident. This should be stated
983 vw 989 s ] . .
especially for the v; stretching mode, the four compo-
961 vs 262w 1 nents of which were recognized to be present at iden-
956 vs 956 w | . .
. . tical wave numbers in the Raman and the IR spectra
946 s 946 w bv,, symmetric stretching mode . . o X
940 s 941 w for the first time (see detail in Fig. 2).
615 vw 620 w 1
608 vw |
597 w 94w ' Structure and factor group analysis of TTCP
576 vw 571s bv,, threefold degenerate group y
566 sh | deformational mode
556 vw I Although the band patterns of TTCP can be corre-
495 sh 501 w 1 lated to the normal modes of the phosphate ion of
481 sh 471 m [ symmetry Ty, for successful interpretation of band
463 sh | numbers and spectral activities, spectra must be ana-
449 w 450 w Fv,, twofold degenerate lyzed in terms of factor group symmetry.'* The factor
414 sh 429 w | deformational mode ipe . .
407 w | group splittings of TTCP provided structural informa-
389 w 399 m | tion due to their close relation to crystal or unit cell
symmetries. Determination of the TTCP space group
346 vw ! was not straightforward. Single crystal X-ray diffrac-
324w [ ) & - dIngle cry y
249 vw? L lattice modes tion measurements revealed space group P2, (factor
218 vw? I group C5, formula units per unit cell Z = 4) to be
208 vw? | present although other space groups were discussed,

a crowd of weak bands between 983 and 1119 cm™?,

located on the high wave number side of the v, pat-
tern. In the IR spectrum the situation was complemen-
tary. An intense broad band around 1010 cm ™', show-
ing many shoulders, due to v;, and only weak IR ab-
sorptions arising from v; between 962 and 941cm™},
located at the low wave number end of the v; absorp-
tion, was observed. The degenerate deformational
modes v, (E) and v, (T,) gave rise to two isolated band
patterns between 556 and 620 cm™ and between 389
and 501 cm™, respectively, with medium intensity,
both in the infrared and the Raman spectra. Essen-
tially, all phosphate vibrational bands were observed

TABLE II
Vibrational Wave Numbers of the PO} -ion in Aqueous
solution

Wave number [cm™]

Ty vy (Ay) v, (E) v; (Ty) vy (T)

PO;~ 938 420 1017 567

among which only P2, /m (C3;,, Z = 4) should be men-
tioned here.'>'® P2, and P2,/m are different only in a
mirror plane. In Tables III and IV, according to the two
corresponding factor group symmetries C3 and C3,,
vibrational species of free tetrahedral phosphate ions
correlate with those of vibrationally coupled phos-
phate ions in TTCP. The most apparent splitting was
shown by the v, phosphate band, which consisted of a
characteristic pattern of four bands of similar intensity
(Fig. 3, Table V). The pattern was unchanged even at a
sample temperature of 18 K; no more than four com-
ponents could be resolved. The corresponding IR ab-
sorption profile of v; was observed at coincident wave

TABLE IV
Correlation Table for a Phosphate Ion Under Space
Group P2,/m

Free
Ion T, Site Group C, Factor Group C3;,
v A, [Ra] A [IR, Ra] A, B, [Ra] + A,, B, [IR]
v,  E[Ra] 2A[IR,Ra]  2(A, B, [Ra]+ A, B, [IR])
vy, v, T,[IRl 3A[IR, Ra] 3 (A, B, [Ra] + A, B, [IR])

Spectral activity in brackets.
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Figure 3. The v, band of polycrystalline tetracalcium phos-
phate at ambient and low sample temperature. \, = 647.1
nm, P = 200 mW, CCD detection, spectral resolution s = 0.15
cm™". Asterisks indicate artefacts.

numbers. These observations were in agreement with
the predictions made for space group P2, (factor
group C3), that is, splitting into four components 2A +
2B, all Raman and IR active (Table III). The rule of
mutual exclusion, that is, exclusive spectral activity of
gerade and ungerade modes in the Raman or IR spec-
tra, respectively, did not apply (Table IV). Therefore,
the centrosymmetric space group P2,/m could be ex-
cluded by theory. The degenerate stretching mode v,
and deformational modes v, and v, also showed, be-
neath the site symmetry related removal of degenera-
tions, marked factor group splittings, which gave rise
to extensive band structures of about 50 (v,: 620 to 556
cm ™) to over 100 wave numbers (v,: 501 to 389 cm™?,
vy 1119 to 983 cm™) broad. The extremely strong vy
absorption clearly dominated the IR spectrum of
TTCP. According to the correlation for P2, in Table III,
v,—v, were expected to consist of eight (v,) or twelve
(va, v4) components. Predicted and observed numbers
of bands did not agree, except for v;. This may have
been due to superimposed or hidden bands, or bands
of very low intensity. However, the maximum num-
ber of components permissible by symmetry restric-
tions was not exceeded in any case. For more detailed
analysis, single crystal measurements become inevi-
table.

TABLE V
Components of the v; Mode of TTCP Recorded at
Ambient and Low Temperature With Enhanced Spectral

Resolution
Temperature [K] Peak 1 Peak 2 Peak 3 Peak 4
18 942.2 948.7 958.5 964.5
298 942.0 948.7 958.0 963.9
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Figure 4. Raman spectra of calcium phosphate cement
(CPC). Spectrum a: unset cement; spectrum b: set cement
after 1 week immersion time. A, = 647.1 nm, P = 200 mW,
CCD detection.

Raman spectrum of calcium phosphate cement

Fukase et al. studied the cement reaction of CPC
[Eg. (1)] by means of quantitative X-ray diffractom-
etry. Their results showed that HA of low crystallinity
was the only reaction product and that about 90% of
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Figure 5. The v,(PO,) band of CPC during the setting re-
action. Immersion times indicated. N, = 647.1 nm, P = 200
mW, CCD detection.
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Figure 6. The v(OH) band of CPC during the setting reac-
tion. Immersion times indicated. A\, = 647.1 nm, P = 200 mW,
CCD detection.

the cement was converted to HA after 4 h.” In the
present study, the reaction of CPC to HA was fol-
lowed by means of Raman spectroscopy in order to
obtain further information about the setting kinetics.
In Figure 4, the Raman spectra of unset CPC-Paste
(spectrum a) and the set material (spectrum b) are
displayed. Obviously, spectrum a is identical to that of
TTCP. It is supposed that the intensities of PO,”>~ Ra-
man bands in TTCP are superior to those of the less
symmetric HPO,*™ ion in DCPA. As a consequence,
the DCPA lines simply would be superimposed. The
spectrum of CPC was suitable for studying conversion
of TTCP by means of v,. Spectrum b was observed
after setting in 100% humidity at 37°C for one week,
after which time only HA bands could be found.'” The
relatively high band widths in spectrum b resulted
from the low crystallinity of the set cement. Raman
spectra of the sample obtained in the v, domain at
various time intervals are shown in Figure 5. After 3 h
of setting, no change was observed (spectrum b). After
20 h the band shape significantly changed, but the
four-band pattern of TTCP still was present (spectrum
¢). According to spectrum e, the cement even con-
tained a considerable amount of TTCP after 43 h. Total
conversion of CPC to HA was seen after several days.

POSSET ET AL.

If HA formed, a hydroxyl vibrational band was ex-
pected to arise. In Figure 6, the Raman spectra in the
v(OH) region are given at various time intervals. The
v(OH) band of set CPC was observed at 3573 cm™.
This value was identical to that reported for polycrys-
talline, stoichiometric hydroxyapatite prepared by a
high-temperature procedure.'”

In contrast to the results obtained by Fukase et al.,
significant conversion could not be deduced from the
present Raman spectroscopic results until about 20 h.
This temporal discrepancy might be explained by the
different analytical techniques used. In order to obtain
powder diffractograms, samples had to be ground.
Consequently, the information obtained from X-ray
powder diffractometry was averaged over the sample
volume. In this study the setting sample was left intact
and placed inside the sample holder. Considering that
Raman spectra provided information only from the
focal region, and the laser was focused onto the
sample surface, the information obtained must have
originated from a superficial layer several hundred
micrometers thick. Probably, the acidic, more soluble
component of DCPA was leached out to some extent
so that conversion of CPC was slowed, especially at
the surface. Later on, hydration of the superficially
remaining TTCP to HA occurred.'® This hypothesis
was confirmed recently by SEM observations of TTCP
domains remaining on the surfaces of CPC samples
after 24 h of setting (U. Posset and R. Thull, unpub-
lished results).
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assistance, and helpful suggestions by Mr. ]J. Probst are
gratefully acknowledged.
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