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Carbonated fluorapatites were prepared by precipitation, using calcium acetate. After irradiation and
annealing at 150°C the X-band ESR spectrum of the CHj radical was recorded. The spin Hamiltonian
parameters were determined at RT, 110 K, and 16 K. From the thermal behavior of the spectrum it is
deduced that different recombination processes of the defect are involved. This radical originates from
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Introduction

The apatites constitute a large f: family of
isomorphous compounds the structural fea-
ture of which is that of the hydroxyapatite

n:

They form a wide ¢ of substitution
solid solutions hv narhal or rnmnlpte re-

pad il

placement of one kind of ion by another.
Thus in B-type carbonated apatites (B-
CAp), phosphate ions can be replaced by
carbonate ions. We have shown that there

ara tuwn wave of eanhetitiitian of thaca nhng-
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phate ions by carbonate ions (2, 3): on the
one hand, fixation of the associated
CO%# + F~ (or COZ" + OH") ions in the
PO%™ sites, on the other hand, substitution
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of a PO?~ ion by a CO%™ ion and, simulta-
neously, when the apatite is prepared in a
Na*-free medium, the appearance of vacan-
cies in a Ca?* and a F~ (or OH™) adjacent
site. The consequence of this last mecha-
nism is to partially empty the channels
present in the lattice along the screw axis.
These different methods of substitution,
which define the structure of the B-CAp,
have been supported by previous studies
(3), which have shown, especially, that the
number of oxygen vacancies in B-type car-
bonated fluorapatites (B-CFAp) reaches a
maximum value before decreasing with in-

ranging amannt af anselhanata tha ~thaew

Créasing amournt OL Carvoiiate. On the other
hand, these compounds exhibit, between 70
and 480°C, a weight loss generally attrib-
uted to water. In order to check whether
other species were present in the unheated
Sal“uples, mey‘ were X-irradiated and then
studied by ESR. The purpose of the present
paper is to give the results obtained.
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ACETATE IONS IN FLUORAPATITES

1. Samples Preparation

The (B- CFAp) specimens were prepared
at 90°C in two ways, following a method
analogous to that described by Labarthe et
al. (4). first, by dripping calcium acetate
solution (250 ml, 0.04 M) into a phosphate
solution (750 ml, 0.016 M) containing
fluoride ions (0.06 M) and different concen-
trations of carbonate (from 0 to 0.48 M);
second, by dripping phosphate solution
(250 ml, 0.096 M) containing fluoride ions
(0.06 M) and different concentrations of
carbonate (from 0 to 0.96 M) into a calcium
acetate solution (750 ml, 0.013 M). For the
sake of simplification, we shall henceforth
call the first ‘‘direct’”” B-CFAp and the
second ‘‘reverse’’ B-CFAp.

2. Experimental

X-Band ESR spectra were recorded us-
ing an E-type Varian spectrometer, fitted
with a variable temperature attachment. A
modulation frequency of 25 kHz, with a
peak-to-peak intensity =0.2 x 10 T, was
adopted for the major part of the measure-
ments. To avoid saturation effects we have
generally used an incident microwave
power <5 mW. All the irradiations were
carried out at RT with a CGR X-ray genera-
tor running at 50 kV and 10 mA.

Before being exposed to ionizing radia-
tion, powdered samples of B-CFAp with
different amounts of carbonate were either
annealed in air at temperatures ranging
between 190 and 300°C for 30 min or were
left untreated. No signal due to paramag-
netic species was observed at that time.
Various series of experiments were then
undertaken.

2.1. First Type of Experiments

The spectra recorded immediately after a
15-min irradiation (step A) contained sev-
eral lines, the number and the behavior of
which depended upon various parameters
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such as: carbonate content, heat treatment,
and observation temperature. No attempt
was made to determine the nature of the
paramagnetic defects responsible for these
lines.

The specimens were then heated in air at
150°C for 15 min (step B), the purpose of
such an annealing being to eliminate the
hole-trapped species (5): effectively some
of the lines previously observed have disap-
peared. The most striking feature of the RT
spectra then obtained with the major part of
the B-CFAp samples is the presence!: of
four narrow (AH ~ 0.6 x 107* T) symmetri-
cal lines of relative intensities 1:3:3:1
centered on g = 2.00248 = 0.00006 and
separated by A = (22.7 = 0.1) x 10* T.
These lines, which are characteristic of the
coupling of the unpaired electron with three
equivalent I = % nuclear spins arise from a
defect in a tumbling state, the maximum
concentration of which does not exceed 400
ppm. Their intensity, which is much greater
in “‘reverse’’ than in ‘“‘direct’” B-CFAp,
increases with the amount of carbonate,
reaches a maximum, and then decreases.

Lowering the observation temperature
causes a broadening of the lines and a
continuous decrease in their intensity. At
110 K, where the linewidth is
AH = 2.6 x 107* T, it is then possible to
observe, at about 5.3 x 107* T on both
sides of each of the outer main lines, one
line of lower intensity (Fig. 1). Such lines
are also present around the two inner lines
but two of them are hidden by the strong
central signal caused by an unknown de-
fect. Inside each of the three quartets the
intensities ratio remains equal to 1:3:3: 1.
At 10 K, the general shape of the spectrum
is always the same but the spectral intensity
is still lower and an extra line of strong
intensity is now present at g = 2.0287.

! With one sample (see table II) these lines are also
observed before annealing at 150°C, but their intensity
is very weak.
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FiG. 1. X-Band spectrum of the methyl radical in a
powdered sample of B-CFAp X-irradiated at RT and
subsequently warmed at 150°C. T = 110 K. The strong
central line is due to an unidentified species.

Such a spectrum is due to radicals con-
taining a methyl group (6, 7) and more
precisely to the methyl radical CH, as the
1:3:3:1RT spectrum does not transform
intoa 1:1:1:2:1:1:1: pattern below 30
K as expected for a CH,-C = type radical
when the frequency of tunneling rotation of
the methyl group becomes comparable with
the strength of the hyperfine interaction
measured in frequency units (8, 9).

The methyl radical having an axial sym-
metry, the small satellite lines cannot be
considered as reflecting a g-tensor aniso-
tropy. In fact, they are due to
A(M + m) = 2 transitions (‘‘flip—flip’’) and
AM + m) = 0 transitions (‘‘flip-flop”’),
which are partially allowed by the mixing of
m® = +1 states belonging to the same M
under the action of operators like S.I% (/0)
arising in the development of a spin Hamil-
tonian

3
H = gugMH Sy — gip 2 H -1§)
k=1

3
+ > S -A-IH, (D

k=1
where a small anisotropy (responsible of
the line broadening) of the hyperfine cou-
pling constant with the « protons is consi-

dered and with § = I* = .

These transitions arise respectively for
hv = (g + gPugH,. The best fit was ob-
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TABLE I

SPIN HAMILTONIAN PARAMETERS FOR THE CH,
RabpicaL IN B-CFAp

T (A) = (A'V/gu
(K) P 2 (1041
110 2.0022 = 0.0002 0.0033 + 0.0001 23.0 = 0.1

16 2.0024 = 0.0002 0.0033 + 0.0002 23.0 = 0.2

¢ With the values of up, uy, and g, quoted in (11), one finds
£ = 0.00306.

tained with the constants listed in Table I,
as we have found that the contributions of
the off-diagonal terms A;,S,/, and A},S,I,
were much lower than the experimental
uncertainty for all lines.

We shall specify here that such a para-
magnetic center is thermally stable up to
200°C but it decays with a half-life of 10 min
at 250°C (step C1). Figure 2 presents a plot
of 1/I (where is the intensity of the second
line of the quartet) as a function of time.
Such a linear variation is generally charac-
teristic of a bimolecular recombination.
Subsequent X irradiation for 15 min (step
D1) followed by an annealing at 150°C for
15 min (step E1) restore the initial spectral
intensity.

2.2. Second Type of Experiments

The sample which gave the strongest

S 10%i(a.u)
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Fi1G. 2. Decay of the spectral intensity under anneal-
ing in situ at 250°C. Plot of 1/I as a function of time.
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signal was divided in three equal parts
which were first respectively X-irradiated
for 10, 20, and 30 min (step A) without a
previous thermal treatment. Once their re-
spective spectrum was recorded they were
submitted to the following treatment: (1)
annealing at 160°C for 15 min (step B); (2) a
first irradiation for 15 min; (3) a second
irradiation for the same time (both 2 and 3
correspond to step C2).

Table II gives the intensity of each spec-
trum (sum of the intensities of each individ-
ual line in the quadruplet) recorded using
the same experimental conditions after
each step of the 1-2-3 sequence.

2.3. Complementary Experiments

As hydrogen is not an intrinsic constitu-
ent of B-CFAp, methyl radicals must result
from the degradation of an impurity under
the combined action of X rays and subse-
quent warming at 150°C.

We saw, in a previous section, that our
samples were prepared by precipitation at
90°C using calcium acetate and that the
quantity of defects is greater in ‘‘reverse”
apatites than in ‘“‘direct’” apatites. ‘‘Re-
verse’’ apatites were prepared in a medium
rich in acetate ions and ‘‘direct’’ apatites in
a medium lacking in acetate ions. Conse-
quently it is likely that traces (=400 ppm) of
acetate ions are present in the samples as
the four-line spectrum was not observed in
B-CFAp prepared using calcium nitrate in-
stead of calcium acetate.

TABLE II

INTENSITY OF SPECTRA RECORDED AFTER EACH
STEP OF THE PROCESS DESCRIBED IN THE TEXT®

After Spectral intensity (au)
Initial irradiation 13 21 30
160°C annealing 282 215 210
First reirradiation 116 90 95
Second reirradiation 66 65 67

¢ Section 2.2.
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In order to determine the location of
these ions, either at the surface of the
crystallites or inside the apatitic lattice, we
have undertaken the experiments which
will be described in the following.

First, calcium acetate was submitted to
the usual treatment (X rays and subsequent
annealing at 150°C): the signal was not
seen. This is not too surprising, as the
Kolbe reaction (/2):

CH,COO~ + h* (positive hole)
- CH3 + C02

and
2CH3 i Cz HG

is expected.

Then, we have treated a B-CFAp pre-
pared without the use of calcium acetate in
a boiling suspension of this acetate during
24 hr. After separation by filtration, wash-
ing and drying at 70°C, the obtained powder
submitted to X rays and to a subsequent
annealing at 150°C did not exhibit the
four-line spectrum. On the other hand, this
spectrum is not observed in fluorated apa-
tites prepared in acetate medium not con-
taining carbonate ions.

3. Discussion

The above results may be summarized as
follows:

(i) Acetate ions are trapped into the
apatitic lattice;

(ii) It is necessary to irradiate (step A)
and then to anneal the samples at 150°C
(step B) to observe the four-line spectrum;

(iii) This resonance disappears under
warming at 250°C (step C1) but the electron
traps are not destroyed;

(iv) Once the maximal spectral inten-
sity is obtained, the effect of extra exposure
to ionizing radiations (step C2) is to lower
the spectral intensity.

Our observations involve the existence
of different recombination processes, the
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nature of which is not clear at all as we shall
see in the following.

The conditions of creation of CH; in B-
CFAp and its thermal stability up to 200°C
are already surprising, as the methyl radi-
cals observed in other compounds were
created and observed at liquid nitrogen
temperature (/3-/5) or liquid helium tem-
perature (/6) and it was found that they
diffused and reacted rapidly above 77 K to
give C,Hg.

It has been suggested (/5) that in +y-
irradiated crystals of sodium acetate - 3D,O
the CH, radicals might be formed at 77 K
by thermal decomposition of CH;CO, radi-
cals produced by the ionization of the pa-
rent CH3COg3.

Such a process is likely to account for
steps A and B, but it seems difficult to
explain why the spectral intensity de-
creases under the effect of X rays (step C2).
Nevertheless, this difficulty could be over-
come assuming that ionizing radiation
would create an unknown paramagnetic
species, labeled X, reacting very efficiently
with CH,, the obtained diamagnetic entity
having a bonding energy sufficiently weak
to be broken under the action of a 150°C
annealing. It is then worthwhile to say that
this last sequence can also explain the steps
A and B:

Step A
CH,CO; + hv — CH, + CO,,
X +hv> X,
CH; + X — CH,X.
This first type of recombination would

explain why the Kolbe reaction does not
occur.

Step B
CH,X - CH, + X,

and
X > X.

As we have observed a weak CH, spec-
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trum in one sample after step A, we think
that this last sequence is probably the right
one.

The major difficulty is now the explana-
tion of the step C1 as the decay of the
spectral intensity under warming at 250°C
seems to be characteristic of a bimolecular
recombination. As an example, let us sup-
pose that the CH, can migrate at 250°C (this
is not the case for T < 200°C!) and recom-
bine together leading to C,Hg. It seems first
surprising that gaseous ethane, which
would then be the product of this second
type of recombination, stays trapped into
the lattice at 250°C. If this were the case,
what could be the effects of a subsequent
irradiation (step D1) which does not permit
us to observe the CH; spectrum? One could
imagine, for instance, the following se-
quence:

C,H; — 2CH;,
X - X,
CH, + X —» CH,X.

This would mean that the reactivity be-
tween X and CH, is much greater than that
between the two neighbor CH, (they cannot
migrate at RT).

But if the effect of the annealing at 150°C
is always the same, i.e.,

CH;X — CH; + X
and
X-oX
why the neighbor CH; would not recom-
bine together (the CH; spectrum is now
observed with the same intensity as before
the step C1)?

In fact, the only certainties we have are
the existence of at least two recombination
processs involving the presence of different
unknown entities and that the usual path-
way of a Kolbe reaction does not take

place.
On the basis of all our experiments, we
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shall say in conclusion that acetate ions are
trapped into the B-CFAp lattice during the
sample preparation and more specially at
the monovalent anion sites of the channels,
where the free space is important. This is
confirmed by the fact that the spectrum
intensity depends on the amount of carbon-
ate ions introduced in the B-CFAp lattice:
the number of acetate ions detected is a
function of the number of vacancies present
in and near the tunnels. This result can be
compared to that obtained in the case of the
F* (3) and constitutes a confirmation of the
formula we have proposed for the B-CFAp
structure.
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